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Abstract: The human T-cell lymphotropic virus type 1 (HTLV-1) is the etiological agent of adult T-cell
leukemia/lymphoma (ATLL), a neoplasm of CD4+CD25+ T cells that occurs in 2–5% of infected
individuals after decades of asymptomatic latent infection. Multiple HTLV-1-encoded regulatory
proteins, including Tax and HTLV-1 basic leucine zipper factor (HBZ), play key roles in viral persistence
and latency. The HTLV-1 Tax oncoprotein interacts with a plethora of host cellular proteins to regulate
viral gene expression and also promote the aberrant activation of signaling pathways such as NF-κB
to drive clonal proliferation and survival of T cells bearing the HTLV-1 provirus. Tax undergoes
various post-translational modifications such as phosphorylation and ubiquitination that regulate
its function and subcellular localization. Tax shuttles in different subcellular compartments for the
activation of anti-apoptotic genes and deregulates the cell cycle with the induction of DNA damage
for the accumulation of genomic instability that can result in cellular immortalization and malignant
transformation. However, Tax is highly immunogenic and therefore HTLV-1 has evolved numerous
strategies to tightly regulate Tax expression while maintaining the pool of anti-apoptotic genes
through HBZ. In this review, we summarize the key findings on the oncogenic mechanisms used
by Tax that set the stage for the development of ATLL, and the strategies used by HTLV-1 to tightly
regulate Tax expression for immune evasion and viral persistence.
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1. Introduction

The human T-cell lymphotropic virus type 1 (HTLV-1) is the first oncogenic retrovirus discovered
in humans in the early 1980s by two independent research groups in Japan and America [1,2]. HTLV-1
is an enveloped complex retrovirus that belongs to the family Retroviridae and genus deltaretrovirus.
This genus also includes three additional HTLV members, HTLV-2, -3, and -4 [3–5]. HTLV-1 is the
causative agent of a neoplasm of CD4+CD25+ T cells known as adult T-cell leukemia/lymphoma
(ATLL), which consists of four clinical subtypes: smoldering, chronic, lymphoma, and acute. Whereas
smoldering and chronic ATLL represent more indolent forms of the disease, lymphoma and acute ATLL
are highly aggressive with a dismal prognosis and a median survival of ~6 months. HTLV-1 infection
is also associated with a variety of inflammatory and autoimmune diseases such as HTLV-1-associated
myelopathy/tropical spastic paraparesis (HAM/TSP), uveitis, arthritis, dermatitis and bronchiectasis as
a result of an immune-deficient state [6,7]. Although HTLV-1 and HTLV-2 share a similar genomic
structure with 70% nucleotide similarity, no clear correlation between HTLV-2 and lymphoproliferative
disease has been established [8].

HTLV-1 transmission occurs by three different routes: vertical transmission from a carrier mother
to her infant through breast-feeding, horizontal transmission of infected lymphocytes through sexual
contact, and parenteral (e.g., intravenous drug injection, blood transfusion and organ transplant) [9–12].
As vertical transmission is the primary route of infection to new individuals, HTLV-1 infection
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groups are mostly clustered in specific geographical areas of the world including southern Japan,
sub-Saharan Africa, the Caribbean basin, South America (in particular Brazil, Colombia, Chile,
and Peru), parts of the Middle East (Iran), and Australia [13]. Recent epidemiological studies have
revealed extremely high (>40% of adults) HTLV-1 infection rates in indigenous communities in
central Australia (e.g., Alice Springs) [14]. However, epidemiological data are very limited in highly
populated regions, such as China and India, therefore the number of infected people world-wide
may be underestimated. Approximately 10 million HTLV-1-infected people world-wide remain
asymptomatic throughout life; however, 2–5% of infected individuals develop aggressive ATLL
40–60 years after infection. Thus, the majority of ATLL patients contracted HTLV-1 at birth from a
carrier mother rather than adulthood infection. However, viral RNA is rarely detected in the plasma
of infected individuals as HTLV-1 persists for decades in the host by cell-to-cell transmission of
viral particles (de novo infection) and clonal proliferation or mitotic expansion of infected cells while
limiting its replication [15–17]. ATLL has a poor prognosis and survival which is influenced by key
prognostic factors such as poor performance status, elevated LDH levels, a minimum of four involved
lesions, hypercalcemia, minimum age of 40 years, thrombocytopenia, eosinophilia, bone marrow
involvement, high interleukin-5 serum levels, C–C chemokine receptor 4 (CCR4) expression, lung
resistance-related protein, p53 mutation and p16 deletion [18]. The current treatment options for ATLL
include watchful waiting, zidovudine plus interferon-alpha (AZT/IFN), multi-agent chemotherapy or
allogeneic hematopoietic stem cell transplantation (allo-HSCT); however, chemoresistance prevents
long-term disease-free survival. HTLV-1 is a highly oncogenic virus that manipulates host cellular
signaling pathways to induce the hallmarks of cancer with successful evasion of immune-surveillance.
The oncogenic ability of HTLV-1 is mediated by viral gene products and their interaction with host
proteins to alter their function and thus favor viral infection and persistence. In this review, we will
discuss recent findings on the mechanisms of HTLV-1-mediated transformation of T lymphocytes by
the viral oncoprotein Tax.

2. HTLV-1 Genomic Structure and Modes of Entry

The HTLV-1 virion is enveloped, ~100 nm in diameter, and carries two identical strands of genomic
RNA inside a protein capsid. The viral capsid also contains functional protease (pro), integrase (IN),
and reverse transcriptase (RT) enzymes. CD4+ T lymphocytes harbor the vast majority (>90%) of the
HTLV-1 viral load in vivo [19]. However, HTLV-1 can also infect CD8+ T cells, B cells, monocytes
and dendritic cells (DCs) as additional reservoirs of infection [20,21]. HTLV-1 cell-free virions are less
infectious in most cell types, except for DCs [22], and cell-to-cell contact for transmission of the virus
can occur through a variety of mechanisms, including a virological synapse, viral biofilm, cellular
conduit or tunnelling nanotube [23–27]. The virological synapse is a virus-induced specialized area
of cell–cell contact that promotes transmission of HTLV-1 to an uninfected T cell. Virus-infected
T cells form the virological synapse by intercellular adhesion molecule 1 (ICAM-1) binding to its
ligand, the integrin lymphocyte function-associated antigen 1 (LFA-1) at the cell surface, followed by
reorientation of the microtubule organizing center (MTOC) in HTLV-1-infected T cells towards the site
of cell–cell contact in uninfected cells [28,29]. The virological synapse facilitates the accumulation of
complexes of HTLV-1 core protein (Gag), and the viral RNA genome at the area of cell–cell contact
followed by transfer to the uninfected cell.

HTLV-1 entry into cells depends on sequential interactions with three host components.
The HTLV-1 viral envelope (Env) is thought to initially interact with heparin sulfate proteoglycans
(HSPGs) followed by the formation of a complex with neuropilin-1 (NRP1) and glucose transporter-1
(GLUT1), which results in fusion [30–33]. Subsequently, the viral RNA is delivered into the cytoplasm
of infected cells and undergoes reverse transcription to form double-stranded DNA for integration
into the host genome as a provirus. The HTLV-1 genome is approximately 9 kb in length; however,
the viral genome has the potential to express multiple products by exploiting various strategies such
as frameshifting, polycistronic translation, alternative mRNA splicing and protease-mediated cleavage
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of large viral proteins into smaller proteins with specific functions. The viral genome contains flanking
regions of 5’ and 3’ long terminal repeats (LTRs), containing cis-acting promoter elements that drive
the transcription of viral genes such as the structural protein Gag (capsid, nucleocapsid, matrix),
Pro (Protease), polymerase (Pol) and Env from unspliced/singly spliced mRNA [34]. The regulatory
and accessory proteins of HTLV-1 are generated by alternatively spliced mRNA transcripts [35–38].
During viral assembly, the viral genomic RNA, along with Gag, Env, and Gag-pol proteins are
transported to the plasma membrane of cells to form an immature viral particle [39]. The matrix
protein binds directly to the inner leaflet of the cell membrane, and the capsid protein drives Gag–Gag
interactions to form the Gag lattice in immature particles as well as the viral capsid core in mature
particles [40,41]. The nucleocapsid protein interacts with and coats the viral RNA genome. Upon release
from the cell surface, the budding viral particle undergoes maturation triggered by viral-mediated
proteolysis to form an infectious viral particle [42]. During virus maturation, Gag is cleaved by the viral
protease, after which capsid proteins reassemble into a capsid core that encapsulates the nucleocapsid
RNA complexes and the viral replication enzymes.

The HTLV-1 regulatory genes Tax, Rex, p21, p12, p13 and p30 are all encoded by various open
reading frames (ORFs) in the pX region located in the 3’ end of the genome [43–45]. The accessory genes
p12, p13 and p30 play significant roles in establishing and maintaining viral persistence, whereas Rex
regulates post-transcriptional viral gene expression and increases the stability of viral RNA for the
latency phase of the viral life cycle [46–49]. The HTLV-1 basic leucine zipper factor (HBZ) regulatory
protein is transcribed in an antisense manner directed by the 3’ LTR and is consistently expressed
in ATLL [50,51]. HBZ plays a crucial role in the oncogenesis and maintenance of the transformed
phenotype [52]. Of note, the 5’ LTR is frequently deleted and methylated, whereas the 3’ LTR remains
intact in all cases of ATLL [53]. The HTLV-1 trans-activator protein Tax is expressed from a doubly
spliced mRNA transcript and is a multifunctional protein that triggers a plethora of events, such as
the activation of cell signaling pathways that drive proliferation and survival of T cells that can
promote their immortalization and transformation [54,55]. However, a complete understanding of the
mechanisms of Tax-mediated modulation of host cellular proteins and oncogenesis is yet to be achieved.

3. Oncogenic Functions and Regulation of Viral Gene Expression by HTLV-1 Tax

The oncogenic function of Tax has been demonstrated in vivo by the generation of different Tax
transgenic mouse strains, which develop distinct tumors and/or inflammatory lesions depending
on the promoter used to drive Tax expression [56–59]. Tax can transform murine fibroblasts [60],
immortalize primary human CD4+ lymphocytes [61] and induce ATLL-like disease in transgenic
mice [62]. Moreover, Tax-immortalized lymphoid cells resemble the phenotype of HTLV-1 transformed
T cells and possess the ability to induce tumors in immunodeficient mice, which closely resemble
ATLL [62–64]. Tax-induced changes in gene expression and epigenetic modifications persist in
ATLL, despite the common downregulation of Tax [65]. Tax profoundly alters gene expression and
dysregulates genes involved in cell cycle regulation, cell survival, and cell proliferation, as well as
cytokines and cytokine receptors [66], and these genes are also dysregulated in ATLL [67]. Similar
to ATLL cells, Tax immortalized cells accumulate H3 lysine 27 trimethylation (H3K27me3) marks,
responsible for chromatin condensation and gene silencing and can indirectly suppress diverse target
genes through modulation of host epigenetic machinery via interaction with enhancer of zeste homolog
2 (EZH2), the active core subunit of polycomb repressive complex 2 (PRC2) [68].

Tax is a critical regulator of viral gene expression and recruits host transcription factors such as
cyclic AMP (cAMP)-response element-binding protein (CREB) and the coactivators, CREB binding
protein (CBP) and p300 to the LTR for trans-activation of the viral promoter [69]. Tax forms a
homodimer and interacts with CREB homodimers or CREB/ATF (CREB-Activating transcription
factor family protein) heterodimers to enhance DNA binding affinity for viral TREs (Tax responsive
elements) and ensure optimal transcription even in the absence of CREB phosphorylation [70,71].
Interestingly, recruitment of the CBP/300 complex by Tax promotes chromatin remodeling for maximal
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transcription [72,73], and the addition of Tax to the SWI/SNF (switch/sucrose non-Fermentable) complex
could boost the rate of chromatin remodeling of the nucleosome to aid the function of CBP/300 [74].
Moreover, the transcription factor Myocyte Enhancer Factor (MEF)-2 is highly expressed in ATLL
and is associated with the stabilization of the Tax/CREB complex to support LTR activation and viral
replication [75]. Tax also regulates the binding of repressors to the HTLV-1 promoter via interaction
with histone deacetylase 1 (HDAC1) and inhibits binding of HDAC1 to the HTLV-1 promoter [76].
Furthermore, Tax interacts with the histone methyltransferase SUV39H1 for tethering to the LTR to
self-limit HTLV-1 viral gene expression in a negative feedback loop [77]. Together, Tax exerts tight
control over viral gene expression through selective protein–protein interactions.

Tax controls virus replication and persistence by regulating its localization in different
compartments of cells, including the cytosol, nucleus, Golgi apparatus, and endoplasmic reticulum (ER)
via different sequences including a nuclear localization sequence (NLS) and nuclear export sequence
(NES) [78–82]. However, Tax localization is dynamic and its relocalization to the nucleus can be
triggered by stimuli such as genotoxic stress, whereas cell-free Tax secreted into the extracellular space
contributes to inflammation and pathogenesis [83,84]. The oncogenic properties of Tax are tightly
associated with its ability to dysregulate, manipulate, and exploit host cellular signaling pathways
through interaction with multiple cellular factors [85].

4. HTLV-1 Tax Activation of NF-κB

NF-κB is an evolutionarily conserved transcription factor family with diverse physiological roles
including cell proliferation, apoptosis, oncogenesis, development and the innate and adaptive immune
response. NF-κB family members consist of p65 (RelA), c-Rel, RelB, p50/p105 and p52/p100 [86].
NF-κB dimers are sequestered in the cytoplasm as inactive forms bound to a member of the IκB
family. IκB proteins can mask the NLS of the NF-κB proteins resulting in their sequestration as latent
transcription factors in the cytoplasm [87]. Upon activation, IκB is phosphorylated by the IκB kinase
(IKK) complex consisting of the catalytic subunits IKKα and IKKβ, and the regulatory subunit IKKγ

(also known as NF-κB essential modulator (NEMO)) [88]. IKK-mediated phosphorylation of IκBs
results in their ubiquitination and proteasomal degradation, thus allowing NF-κB to translocate to
the nucleus. This NF-κB activation pathway is known as the classical or canonical pathway. There is
also a noncanonical NF-κB pathway centered upon the kinases NF-κB-inducing kinase (NIK) and
IKKα which trigger the processing of NF-κB2/p100 to p52 [89,90]. RelB/p52 heterodimers can activate
a unique subset of genes encoding chemokines and anti-apoptotic proteins. The noncanonical NF-κB
pathway is activated by tumor necrosis factor receptor (TNFR) superfamily members such as B-cell
activating factor (BAFF), CD40 and lymphotoxin beta receptor (LT-βR).

NF-κB signaling is normally transiently activated by acute stimuli and terminated as a result of
induction by negative feedback inhibitors. However, oncogenic viruses have evolved various strategies
to manipulate NF-κB signaling to establish long-term persistence within their hosts, and inhibition
of NF-κB signaling impairs the proliferation and survival of virus-infected cells [91–93]. Canonical
and noncanonical NF-κB pathways are constitutively activated in HTLV-1-transformed cell lines,
Tax-expressing cells, and ATLL patient samples, with aberrant expression of cytokines and cytokine
receptors [94–97]. Indeed, Tax acts on multiple levels to induce and maintain pathological NF-κB
activation through post-translational modifications (PTMs) (Figure 1). With regard to canonical NF-κB
activation, Tax triggers the persistent phosphorylation, ubiquitination, and subsequent proteasomal
degradation of IκBα, leading to aberrant NF-κB activation. Tax induces the constitutive phosphorylation
and activation of the IKK complex to sustain NF-κB activation [98]. Tax binds to the IKK complex
via direct interaction with NEMO to facilitate the recruitment of the catalytic subunits of IKK to
activate downstream events [99,100]. Tax may also promote NF-κB activation through dysregulation
of IκB proteins since Tax can directly interact with IκB proteins, specifically IκBα [101] and p105 [102],
via their ankyrin repeat domains. This interaction promotes NF-κB activation, either by disrupting
NF-κB/IκB complexes or by recruiting IκB proteins directly to the proteasome for degradation. Tax can
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target p105 to the proteasome to accelerate its cleavage to the active form p50 [103]. The precursor
NF-κB2/p100 is another target of Tax, as well as IκBβ [104,105]. Tax can also directly engage the
NF-κB proteins p50, p52, RelA and c-Rel [106] by binding to the Rel homology domain to trigger
their homo- or hetero-dimerization, resulting in an enhancement of DNA binding and transcriptional
activity. It has also been reported that Tax, RelA, p50, RNA polymerase II and CBP/p300 co-localize in
transcriptionally active nuclear foci [107]. The transcriptional co-activators CBP/p300 are recruited to
RelA by Tax to potentiate NF-κB transcriptional activity [108].
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Figure 1. Tax activation of canonical and noncanonical NF-κB signaling. Tax interacts with ring finger
protein 8 (RNF8) and linear ubiquitin assembly complex (LUBAC) to recruit K63-linked polyubiquitin
chains and linear ubiquitin chains, respectively, to induce IκB kinase (IKK) activation. Tax also
interacts with IκBα and p105 to disrupt NF-κB/IκB complexes with subsequent phosphorylation and
proteasomal degradation of IκBα and processing to p50, respectively. Tax interacts with and promotes
the nuclear translocation of active NF-κB dimers to enhance DNA binding and transcriptional activity.
Tax also activates noncanonical NF-κB signaling through interaction with IκB kinase α (IKKα) and
NF-κB essential modulator (NEMO) to induce the proteasomal processing of p100 to active p52 and
trigger its nuclear translocation along with RelB to activate NF-κB target genes. Tax also interacts
with TAX1BP1 to disrupt the Itch, RNF11, NRP and A20 complex to potentiate and sustain NF-κB
activation. Cell adhesion molecule 1 (CADM1) interaction with Tax also facilitates Ubc13-mediated
K63-linked polyubiquitination of Tax and NF-κB activation. Tax interacts with HSP90 for protection
against proteasomal degradation mediated by PDLIM2-triggered K48-linked polyubiquitination in
the nuclear matrix. Tax is also monoubiquitinated upon genotoxic stress to trigger its nuclear export
in a CRM-1-dependent manner. SUMOylation of Tax is mediated by Ubc9 and SUMOylated Tax is
found in nuclear bodies. Acetylated Tax also interacts with p300 in the nucleus. Tax interacts with
TRAF6 to stabilize MCL-1 through K63-linked polyubiquitination in mitochondria, and its interaction
with USP10 leads to increased reactive oxygen species (ROS) production to inhibit apoptosis. Tax also
interacts with CREB-activating transcription factor family protein (CREB/ATF) and recruits CBP/300 to
the long terminal repeat (LTR) for trans-activation of the viral promoter. The NF-κB canonical pathway
is indicated by solid black lines with arrows. The noncanonical NF-κB pathway is indicated by solid
red lines with arrows.
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Tax also chronically activates the noncanonical NF-κB pathway, which contributes to cell survival
and oncogenesis. Surprisingly, in contrast to TNFR superfamily members which require only IKKα, Tax
requires both IKKα and NEMO to activate the noncanonical NF-κB pathway via formation of a complex
that also contains p100 [109]. Tax physically recruits IKKα to p100, triggering its phosphorylation,
ubiquitination, and proteasomal processing to p52 [110]. Although NIK appears to be dispensable for
Tax-induced noncanonical NF-κB activation [109], overexpression of NIK due to epigenetic changes
can drive oncogenic NF-κB activation in ATLL [111].

Tax interacts with a host of signaling proteins to impart persistent NF-κB activation. Tax has
been reported to interact with and activate the kinase activity of TGF-β-activating kinase 1 (TAK1)
through TAB2 (TAK1 binding protein 2) [112]. Tax also mediates the recruitment of the IKK complex to
TAK1 [113]. In addition to activating kinase complexes, Tax can also modulate the activity of ubiquitin
E3 ligases such as Ring Finger Protein 8 (RNF8). Tax stimulates RNF8 activity to assemble unanchored
long lysine 63 (K63)-linked polyubiquitin chains, which induce IKK and canonical NF-κB activation
along with downstream kinases including c-Jun N-terminal kinase (JNK) [114]. Tax also interacts with
and recruits the linear (M1-linked) ubiquitin E3 ligase complex LUBAC (linear ubiquitin assembly
complex) to NEMO and the IKK complex in HTLV-1-transformed T cell lines, and together with a
K63-Ub-specific E3 ligase, generate K63/M1-linked hybrid polyubiquitin chains [115]. Finally, Tax can
activate the K63-Ub specific E3 ligase, TRAF6, through direct interaction with a TRAF6-binding motif
in its carboxyl-terminus, which stabilizes anti-apoptotic MCL-1 through K63-linked polyubiquitination
to inhibit apoptosis [116].

Tax relies on a number of mechanisms and binding proteins to ensure persistent NF-κB signaling
including cross-talk between canonical and non-canonical pathways, the establishment of feed-forward
signaling loops and inactivation of negative regulators. Tax-mediated activation of the noncanonical
pathway suppresses the expression of the WWOX (WW domain containing oxidoreductase) tumor
suppressor gene, which inhibits canonical NF-κB signaling [117]. Tax-IKK activation induces the
expression of the receptor IL-17RB which promotes a feed-forward signaling loop that sustains
canonical NF-κB activation in HTLV-1-transformed T cells [118]. Peptidylproline cis-trans isomerase
(PIN1), overexpressed in HTLV-1-infected T-cells and Tax transfected cells, may also contribute to
NF-κB activation by Tax [119]. The histone methyltransferase, SMYD3 (SET and MYND domain
containing 3) has been shown to bind to Tax and promote NF-κB activation, and SMYD3 also regulates
the nucleo-cytoplasmic shuttling of Tax [120]. As part of its mechanism to induce chronic NF-κB
signaling, Tax targets and inactivates several negative regulators of NF-κB signaling. At the level of IKK
activation, Tax can inhibit the serine/threonine protein phosphatase 2A (PP2A) which dephosphorylates
and inactivates IKK [121]. A20 (also known as TNFAIP3) is a ubiquitin-editing enzyme and negative
regulator of NF-κB activation that can form a complex with the selective autophagy receptor TAX1BP1
and the E3 ligases Itch and RNF11 by IKKα-mediated phosphorylation of TAX1BP1; this complex
inhibits NF-κB signaling to maintain transient NF-κB activation [122,123]. However, Tax interacts
with TAX1BP1 and inhibits IKKα-induced phosphorylation of TAX1BP1 to disrupt its interactions
with A20 and Itch, thereby inactivating a critical checkpoint for NF-κB inhibition [124]. A20 can also
disrupt interactions between E2 ubiquitin conjugating enzymes (e.g., Ubc13) and E3 ubiquitin ligases
to inhibit NF-κB signaling; however, Tax can block A20-Ubc13 binding to sustain Ubc13-dependent
K63-linked polyubiquitination of substrates [125]. In addition to TAX1BP1, Tax can also interact with
other autophagy receptors to promote NF-κB activation. NEMO-related protein (NRP), also known as
Optineurin, is a selective autophagy receptor that has been demonstrated to interact with ubiquitinated
Tax through its ubiquitin-binding domain (UBD), for its stabilization and to enhance NF-κB activation
by Tax [126]. A recent study also demonstrated that Tax potentiates NF-κB activation through
its interaction with the selective autophagy receptor SQSTM-1/p62 [127]. Furthermore, Tax also
interacts with the cytoplasmic tail of cell adhesion molecule 1 (CADM1), and this interaction facilitates
Tax interaction with NEMO, TAX1BP1 and NRP for activation of the IKK complex [128]. CADM1
also supports the K63-linked polyubiquitination of Tax by Ubc13 for the activation of NEMO [128].
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The deubiquitinase cylindromatosis (CYLD) can interact with and inhibit Tax ubiquitination and
downstream IKK activation; however, CYLD is constitutively phosphorylated and inactivated in
HTLV-1-transformed cells [129]. Taken together, Tax interacts with an array of proteins and utilizes
diverse strategies to promote persistent NF-κB signaling.

5. Post-translational Modifications (PTMs) of Tax and Its Contribution to Cellular Transformation

Like other viruses, HTLV-1 hijacks the host cellular machinery to promote PTMs of viral, as well
as cellular proteins to enhance viral replication and persistence, and immune evasion. These PTMs can
also influence signaling pathways contributing to uncontrolled cell proliferation and transformation.
Tax PTMs regulate its cellular localization, trans-activation, and interaction with host proteins to
modulate their function in order to enhance viral persistence and spread. Tax is subject to multiple
PTMs including ubiquitination, SUMOylation, acetylation and phosphorylation, which influence
Tax protein-protein interactions and trafficking to different compartments of the cell, and ultimately
modulate distinct Tax functions. It is likely there is cross-talk or interdependence among the different
PTMs of Tax; however, the chronological order of these modifications essential for NF-κB activation
and the enzymes involved in the different modifications are not fully realized.

5.1. Tax Ubiquitination

Mutagenesis studies have revealed that Tax undergoes ubiquitination at multiple lysines including
K263, K280 and K284, which modulates its stability, cellular trafficking and NF-κB signaling [81,130].
Although ubiquitinated Tax binds to the proteasome, this does not induce its degradation suggesting
that Tax ubiquitination has non-proteolytic functions [130,131]. Polyubiquitin chains can be linked
either head-to-tail (known as linear or M1) or via one of seven lysine residues (K6, K11, K27, K29,
K33, K48 and K63). The K63-linked polyubiquitination of Tax supports NF-κB activation, likely by
acting as a molecular scaffold to recruit kinases such as IKK and TAK1 [112,132]. Tax ubiquitination
also promotes the relocalization of NEMO and the IKK complex to a perinuclear region colocalizing
with markers of the Golgi or centrosome [133,134]. The E2 ubiquitin conjugating enzyme Ubc13
is essential for K63-linked Tax polyubiquitination and NF-κB activation [132], while an E3 enzyme
necessary for Tax K63-linked polyubiquitination has yet to be identified. The ubiquitinated form of Tax
interacts with NRP/Optineurin and forms a complex with NEMO for sustained NF-κB activation [126].
Tax is also monoubiquitinated upon genotoxic or cellular stress at K280 and K284 which triggers its
nuclear export in a CRM-1-dependent manner [135]. Furthermore, Tax can also be conjugated with
K48-linked polyubiquitin chains by the E3 ligase PDLIM2 (PDZ-LIM domain-containing protein 2)
and degraded in the nuclear matrix [136]. Tax interacts directly with PDLIM2 through its α-helix motif
located between amino acids 236 and 254, and inhibits the NF-κB transcriptional activity of Tax [137].
Interestingly, the expression of PDLIM2 is suppressed by DNA methylation in HTLV-1-transformed
T lymphocytes [138]. Tax interacts with the heat shock protein HSP90 to enhance its stability and
evade proteasomal degradation in the nuclear matrix [139,140]. Although the vast majority of Tax
polyubiquitination is thought to consist of K48- and K63-linked polyubiquitination chains, it remains
unknown if Tax can be conjugated with other polyubiquitin chains. Deubiquitinases (DUBs) such as
USP20 and CYLD have the potential to deubiquitinate Tax and thus suppress NF-κB activation [129,141].
However, USP20 expression is downregulated, and CYLD deubiquitinase activity is suppressed by
phosphorylation in HTLV-1 transformed cell lines [129,141].

5.2. Tax SUMOylation

SUMOylation refers to the reversible covalent attachment of a SUMO (small ubiquitin-like
modifier) moiety to target proteins executed by sequential enzymatic reactions catalyzed by E1, E2
and E3 enzymes, analogous to ubiquitination. Tax has been shown to be SUMOylated at K280 and
K284, sites which can also be ubiquitinated [142]. The modifications of Tax through ubiquitination
and SUMOylation are thought to regulate its shuttling from the cytoplasm to the nucleus where it
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interacts with p300, RelA and NEMO exclusively in nuclear bodies [85,143]. The SUMOylated Tax is
found in Tax nuclear bodies while ubiquitinated forms of Tax are largely localized in a perinuclear
region in Golgi-associated structures [133,142]. The SUMOylation of Tax is mediated by the E2
SUMO-conjugating enzyme, Ubc9, and the inhibition of its catalytic activity impairs Tax conjugation to
endogenous SUMO-1 or SUMO-2/3 [144]; however, other host enzymes regulating Tax SUMOylation
are yet to be discovered. Although Tax SUMOylation was initially proposed to mediate NF-κB
trans-activation in the nucleus [145], another study showed that non-SUMOylated Tax protein remains
fully functional for activation of the NF-κB pathway [144].

5.3. Tax Phosphorylation

Tax is a phosphoprotein which can be phosphorylated at serines 300 and 301 (S300 and S301).
Tax phosphorylation promotes its localization to nuclear bodies and activation of gene expression by
the ATF/CREB and NF-κB pathways [146]. Tax has also been shown to be phosphorylated at additional
sites including T48, T184, T215 and S336; of these phosphorylation sites only T48 and T215 were
implicated in the regulation of either CREB and/or NF-κB [147]. It remains unknown what kinases can
phosphorylate Tax and where in the cell Tax phosphorylation occurs.

5.4. Tax Acetylation

Tax has also been shown to be acetylated at lysine 346 (K346) and phosphorylation of Tax may
serve as a prerequisite event for its acetylation [148]. Tax acetylation likely occurs in the nucleus where
acetylated Tax interacts with p300 in nuclear bodies. The functional consequence of Tax acetylation is
mostly correlated with NF-κB activation. Tax acetylation is mediated by p300 and is counteracted by
HDAC7 in nuclear bodies; notably a Tax acetylation mutant (K346R) is impaired in the transformation
of Rat-1 cells [149].

6. HTLV-1-mediated Inhibition of Apoptosis

In cancer cells, there is a loss of balance between cell division and cell death due to dysregulated
signaling pathways. Programmed cell death or apoptosis is tightly regulated by pro- and anti-apoptotic
factors, and evasion of apoptosis can lead to the accumulation of genetic abnormalities and malignant
transformation. Like other oncogenic viruses, HTLV-1 specifically targets apoptosis signaling
mechanisms in order to suppress apoptosis for the uncontrolled proliferation of virally-infected
cells which can eventually result in tumorigenesis. The evasion of apoptosis by cancer cells can be
broadly categorized into two groups: (1) an imbalance between pro- and anti-apoptotic proteins and
(2) impaired caspase signaling and compromised death receptor signaling (Figure 2).

6.1. The Imbalance between Pro- and Anti-apoptotic Proteins

Tax modulates the expression of numerous genes regulating cell survival [150]. For example, Tax
enhances the expression of X-linked inhibitor of apoptosis (XIAP) through the activation of NF-κB
signaling [151]. The anti-apoptotic protein survivin is overexpressed in HTLV-1-infected T cells as
well as in ATLL through Tax-mediated stimulation of NF-κB signaling [152–154]. Interestingly, HBZ
RNA, which has oncogenic activity, can induce survivin expression by activating its promoter [155].
HTLV-1 drives the expression of anti-apoptotic BCL-2 and Bcl-xL through Tax-mediated activation of
transcription factors NF-κB, c-Jun and JunD [156]. Tax also upregulates the expression of the BCL-2
family member Bfl-1/A1 via the NF-κB pathway, and Bfl-1 knockdown diminished the survival of
HTLV-1-infected T cell lines [157]. Myeloid cell factor-1 (MCL-1) is a death inhibiting member of
the BCL-2 family which is highly expressed in B-cell chronic lymphocytic leukemia (B-CLL), acute
myeloid leukemia (AML), and acute lymphoblastic leukemia (ALL) [158]. HTLV-1 Tax maintains
MCL-1 protein stability through interaction with TRAF6, and prevents its degradation from genotoxic
stress by K63-linked polyubiquitination [116]. Interestingly, HBZ also promotes MCL-1 stabilization
by disrupting the interaction between CUL1 and Skp1 in the SCF (Skp, Cullin, F-box) ubiquitin ligase
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complex [159]. Proapoptotic BCL-2-like protein 11 (BCL2L11; commonly called BIM) is downregulated
in ATLL cell lines both at the mRNA level and through BIM protein degradation by Tax; re-expression
of BIM induced apoptosis in ATLL cell lines [160]. HBZ has been shown to suppress transcription of
the Bim gene by inhibiting the function of the FoxO3a transcription factor [161]. Together, it is clear
that both Tax and HBZ exhibit overlapping and complementary functions to inhibit cell death.Pathogens 2020, 9, x FOR PEER REVIEW 9 of 28 
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Figure 2. Tax induction of DNA damage, deregulation of the cell cycle, inhibition of apoptosis,
and modulation of miRNA expression. Upon DNA damage, Tax suppresses ataxia-telangiectasia
mutated (ATM) kinase activation and mediator of DNA damage checkpoint 1 (MDC1) to increase
genomic instability with subsequent impairment of homologous recombination, and inhibits mismatch
repair (MMR) regulatory genes to block mismatch repair to induce DNA damage. Additionally,
Tax increases proliferating cell nuclear antigen (PCNA) expression to overcome the p21waf1/cip1-mediated
replication block to sustain DNA replication with increased mutation frequency for the accumulation
of genomic instability. Tax deregulates the cell cycle and transcribes S phase genes through the
hyperphosphorylation of Rb and enhances WIP1 phosphatase activity with concomitant inhibition
of CDK4 inhibitors such as p15, p16, p18 and p19, and tumor suppressor p53. Tax also facilitates M
phase transition by the activation of anaphase-promoting complex (APC) and its binding partner cdc20
and induces centrosome amplification to trigger aneuploidy. Tax inhibits apoptosis by enhancing
the expression of anti-apoptotic proteins such as X-linked inhibitor of apoptosis (XIAP), survivin,
BCL-2, Bcl-xL, Bfl-1/A1 and cFLIP and impairs caspase signaling by inactivation of caspase-3, -7,
-8 and -9. Tax also stabilizes anti-apoptotic MCL-1 through K63-linked polyubiquitination. Tax
promotes functional inactivation of p53 through its phosphorylation and induces expression of Ras
proteins and cyclic AMP (cAMP) to augment cell proliferation with increased metabolism. Tax also
modulates miRNA expression to fine-tune gene expression for cellular transformation. Tax upregulates
miR-146a, miR-130b and miR-155, and downregulates miR-149, miR-135b, miR-872 and miR-873 to
promote the proliferation of infected T cells.
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Tax also targets tumor suppressors to enhance cell survival and sustained cell proliferation.
Tax inhibits the tumor suppressor p53 through either CREB or NF-κB pathways to induce
immortalization of HTLV-1-infected T cells [162,163]. Tax promotes the constitutive phosphorylation
of p53 at serines 15 and 392 (S15 and S392) for functional inactivation [164], and also represses
p53-mediated trans-activation by CBP/p300 sequestration [165,166]. Since Tax functionally inhibits
p53, the TP53 gene is not mutated in all ATLL patients, but rather ~30% of ATLLs exhibit p53
mutations [167,168].

Ras proteins are small GTPases that regulate cell differentiation, proliferation, and survival,
and when aberrantly expressed or dysregulated contribute to oncogenesis. Tax targets and induces
the expression of Ras family members to protect cells from apoptosis [169]. Tax also targets
Ras-Raf-MEK signaling through interaction with Erbin (ErbB2 binding protein) to augment cancer cell
proliferation [170]. HTLV-1-infected T cells display an elevated level of cyclic AMP (cAMP), via the
Tax protein, for long-term survival through increased metabolism [171]. Interestingly, Tax targets and
activates the mTOR signaling pathway and induces phosphorylation of p70S6K and ribosomal protein
S6 in T cells for uncontrolled cell growth, even in the absence of the growth factor IL-2 [172].

The survival and proliferation of HTLV-1-infected T cells also depends on Tax-driven dysregulation
of cytokines [173]. Tax promotes the expression of multiple cytokines and their cognate receptors
including IL-6/IL-6R and IL-2/IL-2Rα to induce cell proliferation and suppress apoptosis [174–177].
Similarly, IL-9 and IL-13 expression is also induced by Tax in an NF-κB-dependent manner to support
the proliferation and survival of infected cells [178–180].

6.2. Impaired Caspase Signaling and Compromised Death Receptor Signaling

The caspase family of proteases induces apoptosis and are categorized as initiators (i.e., caspase 2,
8, 9 and 10) or effectors (i.e., caspases 3, 6 and 7) based on their function. Tax drives the expression of the
caspase inhibitor XIAP through activation of NF-κB signaling, and XIAP inactivates caspases-3, -7 and
-9 for the inhibition of apoptosis [151,181,182]. Tax also inactivates caspase-3 through the inhibition of
caspase-8 [151]. The inactivated isoform of caspase-8 is also responsible for the inhibition of apoptosis
through the attenuation of Fas-mediated signaling in ATLL [183]. CD95/Fas death receptor-mediated
apoptosis is inhibited by cFLIP, and Tax protects against CD95-mediated cell death through the
induction of cFLIP in HTLV-1-infected cells [184,185]. The stress-responsive gene A20 serves as a dual
protector against tumor necrosis factor (TNF)-mediated apoptosis through the inhibition of caspase-8
signaling as well as inflammation through the suppression of NF-κB signaling [186]. Tax promotes
the expression of anti-apoptotic A20 to protect from cell death; however, NF-κB remains persistently
activated, even in the presence of A20 [187,188].

7. HTLV-1 Deregulation of Cell Cycle and DNA Repair

The highly regulated multi-step process of cell cycle regulation and DNA repair safeguards the
errorless inheritance of genetic material; however, oncogenic viruses such as HTLV-1 modulate the
function of cell cycle regulatory proteins including cyclin/CDK complexes as well as key DNA repair
enzymes, resulting in increased error frequency and uncontrolled cell proliferation [189]. Tax induces
the hyperphosphorylation of the tumor suppressor Rb through the interaction with cyclin-dependent
kinase 4 (CDK4) for the continuous progression through the G1 phase of the cell cycle [190,191].
Tax also interacts with the E2F transcription factor to transcribe E2F-dependent S phase genes to enable
entry into the S phase of the cell cycle [192]. Tax also controls the function of cyclin-CDK complexes
through the inhibition of CDK4 inhibitors including p15, p16, p18 and p19 to facilitate S phase entry
and cell proliferation, and genetic alterations in these genes have been identified in ATLL [193–199].
Notably, Tax also facilitates the proteasomal degradation of the hypo-phosphorylated form of Rb to
stabilize E2F levels [200].
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The tumor suppressor protein p53 also regulates G1 to S transition through the expression of cell
cycle control proteins such as p21waf1/cip1, which binds and inactivates CDK2 to mediate cell cycle
arrest in response to various cellular stresses to prevent progression to the S phase of the cell cycle until
DNA repair is completed [201]. However, Tax inactivates p53 signaling while upregulating p21waf1/cip1

and CDK2 in a p53-independent manner in HTLV-1-infected T cells to sequester p21waf1/cip1 from cyclin
E/CDK2, possibly as a mechanism for the active cyclin-CDK complex to phosphorylate Rb proteins
and accelerate the progression through the G1/S checkpoint [202,203]. Finally, Tax enhances WIP1
(wild-type p53-induced phosphatase 1) phosphatase activity resulting in diminished phosphorylation
of histone H2AX [204]. Thus, via WIP1, Tax can bypass the G1/S checkpoint and suppress the DNA
damage response (DDR) to allow for S phase entry in the presence of DNA lesions.

Similarly, S phase or DNA replication is tightly regulated by cyclin A/CDK2 which phosphorylates
the pre-replication protein complex to restrict a single round of replication [205]. Interestingly,
Tax suppresses the cyclin A promoter through CREB/ATF resulting in abnormal DNA replication and
the accumulation of DNA double-strand breaks (DSBs) that accelerate genomic instability, in part by
production of nitric oxide and reactive oxygen species (ROS) [206,207]. Finally, M phase transition
is also dysregulated by Tax due to premature activation of the ubiquitin ligase anaphase-promoting
complex (APC) and its binding partner cell-division cycle protein 20 (cdc20), which controls the
availability of mitotic cyclins for entry into mitosis [208]. Interestingly, centrosome amplification or the
induction of supernumerary centrosomes was also observed in Tax-expressing cells through interaction
with RanBP1 and re-localization at the centrosome in M phase to trigger aneuploidy [209,210].

The ATM (ataxia-telangiectasia mutated) and ATR (ATM- and Rad3-Related) kinases regulate
checkpoint activation in response to DNA damage [211]. ATM and ATR are activated upon DNA
DSBs or stalled replication forks, respectively, and phosphorylate downstream targets, resulting in p53
activation and cell cycle arrest to allow for the repair of DNA damage or the induction of apoptosis
in the event of irreparable damage. Tax inhibits ATM activation and kinase activity following DNA
damage due to reduced accumulation of mediator of DNA damage checkpoint 1 (MDC1) at DNA
repair foci, thus increasing genomic mutation frequency [212,213]. Base excision repair (BER) corrects
small base lesions throughout the cell cycle, and Tax blocks BER triggered by oxidative damage in
HTLV-1-transformed T cells [214]. In the presence of a DNA lesion, accumulated p21waf1/cip1 interacts
with endogenous proliferating cell nuclear antigen (PCNA) to prevent DNA replication while allowing
PCNA-dependent DNA repair or nucleotide excision repair (NER). Notably, Tax increases PCNA gene
expression to overcome the p21waf1/cip1-mediated replication block and to sustain DNA replication by
impairing NER, thus promoting genomic instability by elevating the frequency of mutations [215–217].
Furthermore, the mismatch repair (MMR) pathway is attenuated in Tax-expressing cells, and mutations
of MMR regulatory genes such as hMLH1, hMLH2, hMLH3 and hMLH6 have been observed in
ATLL [218]. Double-stranded breaks represent a more severe form of DNA damage that can result in
faulty DNA replication and transcription products associated with cellular transformation; these lesions
are mainly repaired via homologous recombination (HR). Interestingly, Tax-mediated NF-κB activation
results in impaired HR activity that can lead to cellular transformation [219].

8. Tax Modulation of miRNA Expression for T cell Proliferation and Transformation

MicroRNAs (miRNAs) are a class of small non-coding RNAs that regulate the expression of various
genes by the inhibition of protein translation or degradation of target mRNA transcripts upon binding
to their untranslated regions (UTRs). The regulation of miRNA expression has garnered much attention
due to their crucial regulatory roles in several pathophysiological processes, including cancer [220].
Generally, miRNAs are transcribed as primary miRNAs (pri-miRNAs) by RNA polymerase II followed
by processing by the Drosha Ribonuclease III (DROSHA)/DiGeorge syndrome critical region 8 (DGRC8)
complex into intermediate precursor miRNAs (pre-miRNAs) within the nucleus [221]. The pre-miRNAs
are then transported from the nucleus to the cytoplasm and then cleaved by the endonuclease DICER,
which results in the removal of the terminal loop to produce a mature miRNA duplex, while one
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strand of the duplex protein combines with argonaute (AGO) protein into the RNA-induced silencing
complex (RISC) [222].

Several studies have described a dysregulation of miRNA expression in HTLV-1-infected T cell
lines, ATLL cell lines, and ATLL patient samples suggesting potential roles in ATLL pathogenesis [111,
223–228]. Tax interferes with the miRNA machinery by forming a complex with DROSHA to trigger its
degradation through the proteasomal pathway, thus repressing its function and resulting in enhanced
viral replication [229]. Tax induces the expression of miR-146a and miR-155 in an NF-κB-dependent
manner to promote the proliferation of HTLV-1-infected T cells [230,231]. Similarly, miR-130b is
also upregulated by Tax in an NF-κB-dependent manner [228]. Tax also downregulates miRNAs
including miR-149 and miR-873, possibly to modulate the expression of histone acetyltransferase (HAT)
family factors through chromatin remodeling enzymes p/CAF and p300 [232]. Additional miRNAs
identified in this study that are downregulated by Tax include miR-135b and miR-872 [232]. A global
profiling analysis of miRNAs in ATLL revealed a downregulation of miR-31; interestingly, NIK is an
important target of miR-31 [111]. Thus, aberrant expression of NIK and persistent NF-κB activation
may be linked to miR-31 repression in ATLL [111]; however, it remains unclear if Tax plays any role in
miR-31 suppression.

9. Negative Regulation of Tax through Its Repression by Viral and Cellular genes

Several oncogenic viruses have evolved to counteract host immune signaling by diverse
strategies [233]. A key strategy utilized by HTLV-1 is through the tight regulation of the expression
of viral proteins to evade host immune surveillance and ensure long-term persistence. Tax is
required for viral gene expression and plays important roles in cell transformation by inducing the
aberrant expression of anti-apoptotic genes while suppressing the expression of pro-apoptotic genes.
Therefore, it is not surprising that Tax is a principal target of CD8+ T cells and antibodies specific for
viral antigens [234,235]. However, persistent expression of Tax leads to p21waf1/cip1 and p27-mediated
cellular senescence through the hyper-activation of NF-κB signaling [208,236]. Tax also interacts with
the deubiquitinase USP10 to stimulate ROS production, which can contribute to Tax driven-senescence
in HTLV-1-infected T cells [237]. Given that Tax regulates expression from the 5’ LTR, it therefore
upregulates structural and enzymatic proteins such as Env, Gag and Pol, which are also targets of
immune responses. Since Tax is highly immunogenic, and persistent or high levels of Tax expression
induce DNA damage and senescence [236,238], HTLV-1 has evolved unique strategies to tightly control
the expression of Tax through its transient but inducible expression by stress stimuli such as hypoxia,
p38-MAPK signaling and oxidative stress [239–242]. It is an emerging theme that Tax and HTLV-1
plus-strand transcription are commonly silenced as a mechanism of immune evasion, but this can be
reversed in response to stress stimuli.

Tax is also tightly regulated by other HTLV-1-encoded genes. HTLV-1 p30 inhibits Tax expression
by sequestering doubly spliced viral RNA in the nucleus and also blocks Tax trans-activation
of the viral LTR by competitive binding to CBP/300 [243,244]. Similarly, HBZ also suppresses
Tax-mediated transcription and the HTLV-1 LTR by sequestering CREB/ATF transcription factors [245].
However, HBZ RNA may increase Tax expression indirectly through the downregulation of p30,
thus highlighting the complexity and cross-regulation between different HTLV-1-encoded regulatory
genes [246]. Interestingly, constitutively expressed HBZ upregulates the transcription factor BATF3
(basic leucine zipper ATF-like transcription factor 3) as well as BATF3/Interferon regulatory factor
4 (IRF4) target genes by binding to a super-enhancer region in the BATF3 locus and establishing an
auto-regulatory loop; genetic ablation of either BATF3 or IRF4 in ATLL cells induces a profound
cell-cycle arrest, possibly due to the downregulation of the target gene MYC, even in the absence of
Tax [247]. Thus, HBZ plays important roles in the survival of ATLL cells, which commonly exhibit
downregulated Tax expression.
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As discussed earlier, Tax protein levels can be downregulated by host E3 ligases such as PDLIM2
which inhibits Tax expression through ubiquitin-mediated degradation in the nuclear matrix [136].
However, PDLIM2 expression is downregulated in HTLV-1-transformed T cells and primary ATLL cells
due to DNA methylation that could be reversed by 5-aza-2’deoxycytidine treatment [138]. Constitutive
NF-κB signaling is a hallmark of ATLL, even in the absence of Tax, partly due to epigenetic mechanisms
such as the downregulation of miR-31 and concomitant upregulation of NIK [111,248]. In addition,
activating mutations in critical signaling proteins (i.e., PLCG1, PRKCB and CARD11) in the T-cell
receptor (TCR) signaling pathway likely also contribute to persistent NF-κB activation in the absence
of Tax [249]. Interestingly, a recent study showed that IRF4 and NF-κB coordinately bind to super
enhancers in key growth and survival genes such as Myc, Ccr4 and Birc3 and form a feed-forward loop
driving cell survival in ATLL [250].

Anti-sense RNAs containing the HTLV-1 LTR region, and RNA from the Rex-responsive element
in the LTR have been proposed to regulate NF-κB activation by stimulating pattern recognition
receptors (PRRs) such as RNA-dependent protein kinase (PKR) and 2’5’-oligoadenylate synthetase,
an interferon stimulated gene (ISG), in Tax-negative ATLL cells [251,252]. Interestingly, ATLL patients
express high serum levels of the cytokine IL-10, likely induced by NF-κB signaling, which exhibits
immunosuppressive functions partly via regulatory T cells (Tregs) in a positive feedback regulation
resulting in impairment of Tax-specific CD8+ T cells [253–255]. The persistent levels of IL-10 are
also maintained through the activation and phosphorylation of signal transducer and activator
of transcription 3 (STAT3), which likely plays a role in the expression of anti-apoptotic genes for
lymphoproliferation, even in the absence of Tax [256]. Tax expression is downregulated in ~60% of
ATLL due to mutations, deletions or epigenetic changes [257]. Intriguingly, Tax expression in a minor
fraction of ATLL leukemic cells maintains the whole population of leukemic cells, and Tax expression
fluctuates between on and off states [242]. Taken together, HTLV-1 fine-tunes the expression of Tax,
which is commonly downregulated in ATLL, to evade anti-viral immune responses and establish
a persistent infection which could lead to leukemia/lymphoma in a subset of infected individuals
(Figure 3).
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doubly spliced viral RNA in the nucleus. However, Tax expression can be induced by hypoxia and 
oxidative stress. In Tax-negative cells, HBZ is constitutively expressed, and chronic activation of NF-
κB signaling is maintained by aberrant expression of NF-κB-inducing kinase (NIK) to transcribe anti-
apoptotic genes for sustained lymphoproliferation. It is also possible that activated interferon-
stimulated genes (ISGs)/pattern recognition receptors (PRRs) triggered by sensing of anti-sense RNA 
containing the HTLV-1 LTR may contribute to NF-κB activation. 
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Figure 3. Regulation of Tax expression by viral and cellular mechanisms. The CD8+ T cells specific for
Tax antigens are impaired by activated Tregs via the secretion of IL-10 through Tax-mediated NF-κB
activation. However, levels of IL-10 are maintained by a positive feedback loop of signal transducer
and activator of transcription 3 (STAT3) to maintain the pool of anti-apoptotic genes even in the absence
of Tax. As Tax is highly immunogenic, human T-cell lymphotropic virus type 1 (HTLV-1) basic leucine
zipper factor (HBZ) suppresses Tax-mediated transcription (1), and HTLV-1 p30 (2) also blocks Tax
trans-activation of the viral LTR by competitive binding to CBP/300 and sequestering doubly spliced
viral RNA in the nucleus. However, Tax expression can be induced by hypoxia and oxidative stress.
In Tax-negative cells, HBZ is constitutively expressed, and chronic activation of NF-κB signaling
is maintained by aberrant expression of NF-κB-inducing kinase (NIK) to transcribe anti-apoptotic
genes for sustained lymphoproliferation. It is also possible that activated interferon-stimulated genes
(ISGs)/pattern recognition receptors (PRRs) triggered by sensing of anti-sense RNA containing the
HTLV-1 LTR may contribute to NF-κB activation.

10. Conclusions

HTLV-1 has evolved multiple strategies to exploit and disrupt the host cellular machinery for its
long-term persistence that can ultimately cause the immortalization and transformation of infected T
cells. In this review, we have highlighted the mechanisms of HTLV-1 Tax manipulation and subversion
of key cellular pathways and checkpoints and discussed the functional roles of Tax PTMs in the
regulation of its protein-protein interactions and subcellular localization. Tax expression is also tightly
regulated at the transcriptional and post-translational levels by other HTLV-1 regulatory proteins as
well as host factors that optimize viral immune evasion and persistence. Although recent studies
have identified stress stimuli and host factors (e.g., p38 and histone H2A) that can regulate Tax
expression and the reactivation of latent HTLV-1, there are likely additional pathways and mechanisms
important for HTLV-1 latency. Ubiquitination (mono-and poly-) represents a versatile PTM and
critical regulatory mechanism for Tax shuttling between cytoplasmic and nuclear compartments as
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well as chronic NF-κB activation and oncogenicity. Ubiquitination of host proteins is also key for
HTLV-1 persistence as histone H2A monoubiquitination plays a critical role in silencing of the HTLV-1
provirus [241]. However, the host factors that regulate Tax PTMs are largely unknown, and thus
further studies are needed to identify proteins that modulate Tax ubiquitination, phosphorylation,
etc. These host factors could potentially be exploited as drug targets to modulate HTLV-1 latency
or antagonize HTLV-1-induced oncogenesis. It also remains unclear how Tax counteracts DUBs to
acquire resistance to autophagic or proteasomal degradation despite interacting with several selective
autophagy receptors and the proteasome. There are intriguing links between Tax-NF-κB signaling
and autophagy, yet the mechanistic basis for Tax utilizing autophagy components such as Beclin1 for
NF-κB signaling [258] remains unknown. Finally, it remains poorly understood how NF-κB remains
chronically activated in Tax-negative ATLL. Dysregulated microRNAs and somatic mutations in
TCR signaling proteins represent two established mechanisms of Tax-independent NF-κB activation,
however there are likely additional drivers of NF-κB signaling in ATLL that can emerge in the absence
of Tax.

In addition to Tax, HBZ is a key viral factor important for HTLV-1 persistence and oncogenesis.
There exists a complex and cooperative interplay between Tax and HBZ that maintains the fragile
equilibrium of NF-κB signaling for driving clonal expansion that is balanced by the inhibition of
senescence. This optimal level of signal transduction fine-tuned by Tax-HBZ is likely critical for
malignant transformation of infected T cells. Further elucidation of the cross-talk between Tax and
HBZ is needed to understand the oncogenic mechanisms of HTLV-1. Another interesting avenue of
exploration is to understand how Tax protects and maintains the entire pool of ATLL cells despite
its low expression in a negligible fraction of infected cells [242]. Together, research progress in these
areas may inform new and efficacious therapeutic interventions to target Tax and/or HBZ in either a
pre-ATLL stage or ATLL.

Author Contributions: Conceptualization, S.M. and E.W.H.; writing—original draft preparation, S.M.;
writing—review and editing, S.M. and E.W.H.; supervision, E.W.H.; funding acquisition, E.W.H. All authors have
read and agreed to the published version of the manuscript.

Funding: E.W.H. was funded by a grant (RO1 CA135362) from the National Institutes of Health.

Acknowledgments: BioRender software was used for the generation of figures. The authors apologize for not
citing all relevant papers due to space considerations.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Poiesz, B.J.; Ruscetti, F.W.; Gazdar, A.F.; Bunn, P.A.; Minna, J.D.; Gallo, R.C. Detection and isolation of type
C retrovirus particles from fresh and cultured lymphocytes of a patient with cutaneous T-cell lymphoma.
Proc. Natl. Acad. Sci. USA 1980, 77, 7415–7419. [CrossRef]

2. Yoshida, M.; Miyoshi, I.; Hinuma, Y. Isolation and characterization of retrovirus from cell lines of human
adult T-cell leukemia and its implication in the disease. Proc. Natl. Acad. Sci. USA 1982, 79, 2031–2035.
[CrossRef] [PubMed]

3. Calattini, S.; Chevalier, S.A.; Duprez, R.; Bassot, S.; Froment, A.; Mahieux, R.; Gessain, A. Discovery of a new
human T-cell lymphotropic virus (HTLV-3) in Central Africa. Retrovirology 2005, 2, 30. [CrossRef]

4. Kalyanaraman, V.; Sarngadharan, M.; Robert-Guroff, M.; Miyoshi, I.; Golde, D.; Gallo, R. A new subtype of
human T-cell leukemia virus (HTLV-II) associated with a T-cell variant of hairy cell leukemia. Science 1982,
218, 571–573. [CrossRef]

5. Wolfe, N.D.; Heneine, W.; Carr, J.K.; Garcia, A.D.; Shanmugam, V.; Tamoufe, U.; Torimiro, J.N.; Prosser, A.T.;
Lebreton, M.; Mpoudi-Ngole, E.; et al. Emergence of unique primate T-lymphotropic viruses among central
African bushmeat hunters. Proc. Natl. Acad. Sci. USA 2005, 102, 7994–7999. [CrossRef] [PubMed]

6. Hermine, O.; Ramos, J.C.; Tobinai, K. A Review of New Findings in Adult T-cell Leukemia-Lymphoma:
A Focus on Current and Emerging Treatment Strategies. Adv. Ther. 2018, 35, 135–152. [CrossRef]

http://dx.doi.org/10.1073/pnas.77.12.7415
http://dx.doi.org/10.1073/pnas.79.6.2031
http://www.ncbi.nlm.nih.gov/pubmed/6979048
http://dx.doi.org/10.1186/1742-4690-2-30
http://dx.doi.org/10.1126/science.6981847
http://dx.doi.org/10.1073/pnas.0501734102
http://www.ncbi.nlm.nih.gov/pubmed/15911757
http://dx.doi.org/10.1007/s12325-018-0658-4


Pathogens 2020, 9, 543 16 of 28

7. Martin, F.; Taylor, G.P.; Jacobson, S. Inflammatory manifestations of HTLV-1 and their therapeutic options.
Expert Rev. Clin. Immunol. 2014, 10, 1531–1546. [CrossRef]

8. Martinez, M.P.; Al-Saleem, J.; Green, P.L. Comparative virology of HTLV-1 and HTLV-2. Retrovirology 2019,
16, 1–12. [CrossRef] [PubMed]

9. Kajiyama, W.; Kashiwagi, S.; Ikematsu, H.; Hayashi, J.; Nomura, H.; Okochi, K. Intrafamilial Transmission of
Adult T Cell Leukemia Virus. J. Infect. Dis. 1986, 154, 851–857. [CrossRef] [PubMed]

10. Kaplan, J.E.; Khabbaz, R.F.; Murphy, E.L.; Hermansen, S.; Roberts, C.; Lal, R.; Heneine, W.; Wright, D.;
Matijas, L.; Thomson, R.; et al. Male-to-Female Transmission of Human T-Cell Lymphotropic Virus Types
I and II: Association with Viral Load. J. Acquir. Immune Defic. Syndr. Hum. Retrovirol. 1996, 12, 193–201.
[CrossRef]

11. Murphy, E.L.; Figueroa, J.P.; Gibbs, W.N.; Brathwaite, A.; Holding-Cobham, M.; Waters, D.; Cranston, B.;
Hanchard, B.; Blattner, W.A. Sexual Transmission of Human T-Lymphotropic Virus Type I (HTLV-I).
Ann. Intern. Med. 1989, 111, 555. [CrossRef] [PubMed]

12. Ureta-Vidal, A.; Angelin-Duclos, C.; Tortevoye, P.; Murphy, E.; Jolly, N.; Joubert, M.; Carles, G.; Moreau, J.-P.;
Gessain, A. Mother-to-child transmission of human T-cell-leukemia/lymphoma virus type I: Implication
of high antiviral antibody titer and high proviral load in carrier mothers. Int. J. Cancer 1999, 82, 832–836.
[CrossRef]

13. Gessain, A.; Cassar, O. Epidemiological Aspects and World Distribution of HTLV-1 Infection. Front. Microbiol.
2012, 3. [CrossRef] [PubMed]

14. Einsiedel, L.; Pham, H.; Woodman, R.J.; Pepperill, C.; A Taylor, K. The prevalence and clinical associations of
HTLV-1 infection in a remote Indigenous community. Med. J. Aust. 2016, 205, 305–309. [CrossRef] [PubMed]

15. Demontis, M.A.; Sadiq, M.T.; Golz, S.; Taylor, G.P. HTLV-1 viral RNA is detected rarely in plasma of HTLV-1
infected subjects. J. Med. Virol. 2015, 87, 2130–2134. [CrossRef]

16. Melamed, A.; Laydon, D.J.; Gillet, N.A.; Tanaka, Y.; Taylor, G.P.; Bangham, C.R.M. Genome-wide Determinants
of Proviral Targeting, Clonal Abundance and Expression in Natural HTLV-1 Infection. PLoS Pathog. 2013,
9, e1003271. [CrossRef] [PubMed]

17. Philip, S.; Zahoor, M.A.; Zhi, H.; Ho, Y.K.; Giam, C.Z. Regulation of human T-lymphotropic virus type I
latency and reactivation by HBZ and Rex. PLoS Pathog. 2014, 10, e1004040. [CrossRef] [PubMed]

18. Tsukasaki, K.; Hermine, O.; Bazarbachi, A.; Ratner, L.; Ramos, J.C.; Harrington, W.; O’Mahony, D.; Janik, J.E.;
Bittencourt, A.L.; Taylor, G.P.; et al. Definition, Prognostic Factors, Treatment, and Response Criteria of Adult
T-Cell Leukemia-Lymphoma: A Proposal From an International Consensus Meeting. J. Clin. Oncol. 2009, 27,
453–459. [CrossRef]

19. Richardson, J.H.; Edwards, A.J.; Cruickshank, J.K.; Rudge, P.; Dalgleish, A.G. In vivo cellular tropism of
human T-cell leukemia virus type 1. J. Virol. 1990, 64, 5682–5687. [CrossRef] [PubMed]

20. Franchini, G.; Mann, D.L.; Popovic, M.; Zicht, R.R.; Gallo, R.C.; Wong-Staal, F. HTLV-I infection of T and B
cells of a patient with adult T-cell leukemia-lymphoma (ATLL) and transmission of HTLV-I from B cells to
normal T cells. Leuk. Res. 1985, 9, 1305–1314. [CrossRef]

21. De Castro-Amarante, M.F.; Pise-Masison, C.A.; McKinnon, K.; Parks, R.W.; Galli, V.; Omsland, M.;
Andresen, V.; Massoud, R.; Brunetto, G.; Caruso, B.; et al. Human T Cell Leukemia Virus Type 1 Infection of
the Three Monocyte Subsets Contributes to Viral Burden in Humans. J. Virol. 2015, 90, 2195–2207. [CrossRef]

22. Jones, K.S.; Petrow-Sadowski, C.; Huang, Y.K.; Bertolette, D.C.; Ruscetti, F.W. Cell-free HTLV-1 infects
dendritic cells leading to transmission and transformation of CD4+ T cells. Nat. Med. 2008, 14, 429–436.
[CrossRef] [PubMed]

23. Igakura, T.; Núñez, L.; Grosjean, M.; Cartajena, I. Spread of HTLV-I Between Lymphocytes by Virus-Induced
Polarization of the Cytoskeleton. Science 2003, 299, 1713–1716. [CrossRef]

24. Gross, C.; Thoma-Kress, A.K. Molecular Mechanisms of HTLV-1 Cell-to-Cell Transmission. Viruses 2016,
8, 74. [CrossRef] [PubMed]

25. Pique, C.; Jones, K.S. Pathways of cell-cell transmission of HTLV-1. Front. Microbiol. 2012, 3. [CrossRef]
[PubMed]

26. Pais-Correia, A.-M.; Sachse, M.; Guadagnini, S.; Robbiati, V.; Lasserre, R.; Gessain, A.; Gout, O.; Alcover, A.;
Thoulouze, M.-I. Biofilm-like extracellular viral assemblies mediate HTLV-1 cell-to-cell transmission at
virological synapses. Nat. Med. 2009, 16, 83–89. [CrossRef] [PubMed]

http://dx.doi.org/10.1586/1744666X.2014.966690
http://dx.doi.org/10.1186/s12977-019-0483-0
http://www.ncbi.nlm.nih.gov/pubmed/31391116
http://dx.doi.org/10.1093/infdis/154.5.851
http://www.ncbi.nlm.nih.gov/pubmed/2877031
http://dx.doi.org/10.1097/00042560-199606010-00014
http://dx.doi.org/10.7326/0003-4819-111-7-555
http://www.ncbi.nlm.nih.gov/pubmed/2789009
http://dx.doi.org/10.1002/(SICI)1097-0215(19990909)82:6&lt;832::AID-IJC11&gt;3.0.CO;2-P
http://dx.doi.org/10.3389/fmicb.2012.00388
http://www.ncbi.nlm.nih.gov/pubmed/23162541
http://dx.doi.org/10.5694/mja16.00285
http://www.ncbi.nlm.nih.gov/pubmed/27681971
http://dx.doi.org/10.1002/jmv.24264
http://dx.doi.org/10.1371/journal.ppat.1003271
http://www.ncbi.nlm.nih.gov/pubmed/23555266
http://dx.doi.org/10.1371/journal.ppat.1004040
http://www.ncbi.nlm.nih.gov/pubmed/24699669
http://dx.doi.org/10.1200/JCO.2008.18.2428
http://dx.doi.org/10.1128/JVI.64.11.5682-5687.1990
http://www.ncbi.nlm.nih.gov/pubmed/1976827
http://dx.doi.org/10.1016/0145-2126(85)90116-X
http://dx.doi.org/10.1128/JVI.02735-15
http://dx.doi.org/10.1038/nm1745
http://www.ncbi.nlm.nih.gov/pubmed/18376405
http://dx.doi.org/10.1126/science.1080115
http://dx.doi.org/10.3390/v8030074
http://www.ncbi.nlm.nih.gov/pubmed/27005656
http://dx.doi.org/10.3389/fmicb.2012.00378
http://www.ncbi.nlm.nih.gov/pubmed/23109932
http://dx.doi.org/10.1038/nm.2065
http://www.ncbi.nlm.nih.gov/pubmed/20023636


Pathogens 2020, 9, 543 17 of 28

27. Van Prooyen, N.; Gold, H.; Andresen, V.; Schwartz, O.; Jones, K.; Ruscetti, F.; Lockett, S.; Gudla, P.;
Venzon, D.; Franchini, G. Human T-cell leukemia virus type 1 p8 protein increases cellular conduits and
virus transmission. Proc. Natl. Acad. Sci. USA 2010, 107, 20738–20743. [CrossRef] [PubMed]

28. Nejmeddine, M.; Barnard, A.L.; Tanaka, Y.; Taylor, G.P.; Bangham, C.R.M. Human T-lymphotropic Virus,
Type 1, Tax Protein Triggers Microtubule Reorientation in the Virological Synapse. J. Biol. Chem. 2005, 280,
29653–29660. [CrossRef] [PubMed]

29. Nejmeddine, M.; Negi, V.S.; Mukherjee, S.; Tanaka, Y.; Orth, K.; Taylor, G.P.; Bangham, C.R.M. HTLV-1–Tax
and ICAM-1 act on T-cell signal pathways to polarize the microtubule-organizing center at the virological
synapse. Blood 2009, 114, 1016–1025. [CrossRef]

30. Jones, K.S.; Petrow-Sadowski, C.; Bertolette, D.C.; Huang, Y.; Ruscetti, F.W. Heparan Sulfate Proteoglycans
Mediate Attachment and Entry of Human T-Cell Leukemia Virus Type 1 Virions into CD4+ T Cells. J. Virol.
2005, 79, 12692–12702. [CrossRef]

31. Lambert, S.; Bouttier, M.; Vassy, R.; Seigneuret, M.; Petrow-Sadowski, C.; Janvier, S.; Heveker, N.; Ruscetti, F.W.;
Perret, G.; Jones, K.S.; et al. HTLV-1 uses HSPG and neuropilin-1 for entry by molecular mimicry of VEGF165.
Blood 2009, 113, 5176–5185. [CrossRef] [PubMed]

32. Ghez, D.; Lepelletier, Y.; Lambert, S.; Fourneau, J.-M.; Blot, V.; Janvier, S.; Arnulf, B.; Van Endert, P.;
Heveker, N.; Pique, C.; et al. Neuropilin-1 Is Involved in Human T-Cell Lymphotropic Virus Type 1 Entry.
J. Virol. 2006, 80, 6844–6854. [CrossRef] [PubMed]

33. Manel, N.; Kim, F.J.; Kinet, S.; Taylor, N.; Sitbon, M.; Battini, J.-L. The Ubiquitous Glucose Transporter GLUT-1
Is a Receptor for HTLV. Cell 2003, 115, 449–459. [CrossRef]

34. Kannian, P.; Green, P.L. Human T Lymphotropic Virus Type 1 (HTLV-1, Molecular Biology and Oncogenesis.
Viruses 2010, 2, 2037–2077. [CrossRef] [PubMed]

35. Cavallari, I.; Rende, F.; D’Agostino, D.M.; Ciminale, V. Converging Strategies in Expression of Human
Complex Retroviruses. Viruses 2011, 3, 1395–1414. [CrossRef] [PubMed]

36. Ciminale, V.; Pavlakis, G.N.; Derse, D.; Cunningham, C.P.; Felber, B.K. Complex splicing in the human T-cell
leukemia virus (HTLV) family of retroviruses: Novel mRNAs and proteins produced by HTLV type I. J. Virol.
1992, 66. [CrossRef]

37. Cavanagh, M.-H.; Landry, S.; Audet, B.; Arpin-André, C.; Hivin, P.; Paré, M.-E.; Thête, J.; Wattel, E.;
Marriott, S.J.; Mesnard, J.-M.; et al. HTLV-I antisense transcripts initiating in the 3’LTR are alternatively
spliced and polyadenylated. Retrovirology 2006, 3, 15. [CrossRef] [PubMed]

38. Rende, F.; Cavallari, I.; Andresen, V.; Valeri, V.W.; D’Agostino, D.M.; Franchini, G.; Ciminale, V. Identification
of novel monocistronic HTLV-1 mRNAs encoding functional Rex isoforms. Retrovirology 2015, 12, 58.
[CrossRef]

39. Zhang, W.; Cao, S.; Martin, J.L.; Mueller, J.D.; Mansky, L.M. Morphology and ultrastructure of retrovirus
particles. AIMS Biophys. 2015, 2, 343–369. [CrossRef] [PubMed]

40. Fogarty, K.H.; Zhang, W.; Grigsby, I.F.; Johnson, J.L.; Chen, Y.; Mueller, J.D.; Mansky, L.M. New Insights into
HTLV-1 Particle Structure, Assembly, and Gag-Gag Interactions in Living Cells. Viruses 2011, 3, 770–793.
[CrossRef] [PubMed]

41. Maldonado, J.O.; Martin, J.L.; Mueller, J.D.; Zhang, W.; Mansky, L.M. New insights into retroviral Gag–Gag
and Gag–membrane interactions. Front. Microbiol. 2014, 5. [CrossRef] [PubMed]

42. Konvalinka, J.; Kräusslich, H.-G.; Müller, B. Retroviral proteases and their roles in virion maturation. Virology
2015, 479, 403–417. [CrossRef] [PubMed]

43. Bai, X.T.; Nicot, C. Overview on HTLV-1 p12, p8, p30, p13: Accomplices in persistent infection and viral
pathogenesis. Front. Microbiol. 2012, 3. [CrossRef] [PubMed]

44. Moles, R.; Sarkis, S.; Galli, V.; Omsland, M.; Purcell, D.F.J.; Yurick, D.; Khoury, G.; Pise-Masison, C.A.;
Franchini, G. p30 protein: A critical regulator of HTLV-1 viral latency and host immunity. Retrovirology 2019,
16, 42. [CrossRef] [PubMed]

45. Matsuoka, M.; Jeang, K.-T. Human T-cell leukaemia virus type 1 (HTLV-1) infectivity and cellular
transformation. Nat. Rev. Cancer 2007, 7, 270–280. [CrossRef]

46. Bartoe, J.T.; Albrecht, B.; Collins, N.D.; Robek, M.D.; Ratner, L.; Green, P.L.; Lairmore, M.D. Functional Role
of pX Open Reading Frame II of Human T-Lymphotropic Virus Type 1 in Maintenance of Viral Loads In
Vivo. J. Virol. 2000, 74, 1094–1100. [CrossRef]

http://dx.doi.org/10.1073/pnas.1009635107
http://www.ncbi.nlm.nih.gov/pubmed/21076035
http://dx.doi.org/10.1074/jbc.M502639200
http://www.ncbi.nlm.nih.gov/pubmed/15975923
http://dx.doi.org/10.1182/blood-2008-03-136770
http://dx.doi.org/10.1128/JVI.79.20.12692-12702.2005
http://dx.doi.org/10.1182/blood-2008-04-150342
http://www.ncbi.nlm.nih.gov/pubmed/19270265
http://dx.doi.org/10.1128/JVI.02719-05
http://www.ncbi.nlm.nih.gov/pubmed/16809290
http://dx.doi.org/10.1016/S0092-8674(03)00881-X
http://dx.doi.org/10.3390/v2092037
http://www.ncbi.nlm.nih.gov/pubmed/21994719
http://dx.doi.org/10.3390/v3081395
http://www.ncbi.nlm.nih.gov/pubmed/21994786
http://dx.doi.org/10.1128/JVI.66.3.1737-1745.1992
http://dx.doi.org/10.1186/1742-4690-3-15
http://www.ncbi.nlm.nih.gov/pubmed/16512901
http://dx.doi.org/10.1186/s12977-015-0184-2
http://dx.doi.org/10.3934/biophy.2015.3.343
http://www.ncbi.nlm.nih.gov/pubmed/26448965
http://dx.doi.org/10.3390/v3060770
http://www.ncbi.nlm.nih.gov/pubmed/21994753
http://dx.doi.org/10.3389/fmicb.2014.00302
http://www.ncbi.nlm.nih.gov/pubmed/25009535
http://dx.doi.org/10.1016/j.virol.2015.03.021
http://www.ncbi.nlm.nih.gov/pubmed/25816761
http://dx.doi.org/10.3389/fmicb.2012.00400
http://www.ncbi.nlm.nih.gov/pubmed/23248621
http://dx.doi.org/10.1186/s12977-019-0501-2
http://www.ncbi.nlm.nih.gov/pubmed/31852501
http://dx.doi.org/10.1038/nrc2111
http://dx.doi.org/10.1128/JVI.74.3.1094-1100.2000


Pathogens 2020, 9, 543 18 of 28

47. Silverman, L.R.; Phipps, A.J.; Montgomery, A.; Ratner, L.; Lairmore, M.D. Human T-Cell Lymphotropic
Virus Type 1 Open Reading Frame II-Encoded p30II Is Required for In Vivo Replication: Evidence of In Vivo
Reversion. J. Virol. 2004, 78, 3837–3845. [CrossRef] [PubMed]

48. Unge, T.; Solomin, L.; Mellini, M.; Derse, D.; Felber, B.K.; Pavlakis, G.N. The Rex regulatory protein of human
T-cell lymphotropic virus type I binds specifically to its target site within the viral RNA. Proc. Natl. Acad.
Sci. USA 1991, 88, 7145–7149. [CrossRef]

49. D’Agostino, D.M.; Cavallari, I.; Romanelli, M.G.; Ciminale, V. Post-transcriptional Regulation of HTLV Gene
Expression: Rex to the Rescue. Front. Microbiol. 2019, 10, 1958. [CrossRef]

50. Gaudray, G.; Gachon, F.; Basbous, J.; Biard-Piechaczyk, M.; Devaux, C.; Mesnard, J.-M. The Complementary
Strand of the Human T-Cell Leukemia Virus Type 1 RNA Genome Encodes a bZIP Transcription Factor That
Down-Regulates Viral Transcription. J. Virol. 2002, 76, 12813–12822. [CrossRef]

51. Satou, Y.; Yasunaga, J.-I.; Yoshida, M.; Matsuoka, M. HTLV-I basic leucine zipper factor gene mRNA supports
proliferation of adult T cell leukemia cells. Proc. Natl. Acad. Sci. USA 2006, 103, 720–725. [CrossRef]

52. Arnold, J.; Zimmerman, B.; Li, M.; Lairmore, M.D.; Green, P.L. Human T-cell leukemia virus type-1
antisense-encoded gene, Hbz, promotes T-lymphocyte proliferation. Blood 2008, 112, 3788–3797. [CrossRef]
[PubMed]

53. Taniguchi, Y.; Nosaka, K.; Yasunaga, J.-I.; Maeda, M.; Mueller, N.; Okayama, A.; Matsuoka, M. Silencing of
human T-cell leukemia virus type I gene transcription by epigenetic mechanisms. Retrovirology 2005, 2, 64.
[CrossRef]

54. Currer, R.; Van Duyne, R.; Jaworski, E.; Guendel, I.; Sampey, G.; Das, R.; Narayanan, A.; Kashanchi, F. HTLV
Tax: A Fascinating Multifunctional Co-Regulator of Viral and Cellular Pathways. Front. Microbiol. 2012, 3.
[CrossRef] [PubMed]

55. Giam, C.-Z.; Semmes, O.J. HTLV-1 Infection and Adult T-Cell Leukemia/Lymphoma—A Tale of Two Proteins:
Tax and HBZ. Viruses 2016, 8, 161. [CrossRef]

56. Grossman, W.J.; Kimata, J.T.; Wong, F.H.; Zutter, M.; Ley, T.J.; Ratner, L. Development of leukemia in mice
transgenic for the tax gene of human T-cell leukemia virus type I. Proc. Natl. Acad. Sci. USA 1995, 92,
1057–1061. [CrossRef] [PubMed]

57. Nerenberg, M.; Hinrichs, S.; Reynolds, R.; Khoury, G.; Jay, G. The tat gene of human T-lymphotropic virus
type 1 induces mesenchymal tumors in transgenic mice. Science 1987, 237, 1324–1329. [CrossRef]

58. Rauch, D.; Gross, S.; Harding, J.; Niewiesk, S.; Lairmore, M.; Piwnica-Worms, D.; Ratner, L. Imaging
spontaneous tumorigenesis: Inflammation precedes development of peripheral NK tumors. Blood 2009, 113,
1493–1500. [CrossRef]

59. Kwon, H.; Ogle, L.; Benitez, B.; Bohuslav, J.; Montaño, M.; Felsher, D.W.; Greene, W.C. Lethal Cutaneous
Disease in Transgenic Mice Conditionally Expressing Type I Human T Cell Leukemia Virus Tax. J. Biol. Chem.
2005, 280, 35713–35722. [CrossRef] [PubMed]

60. Tanaka, A.; Takahashi, C.; Yamaoka, S.; Nosaka, T.; Maki, M.; Hatanaka, M. Oncogenic transformation by
the tax gene of human T-cell leukemia virus type I in vitro. Proc. Natl. Acad. Sci. USA 1990, 87, 1071–1075.
[CrossRef] [PubMed]

61. Robek, M.D.; Ratner, L. Immortalization of CD4(+) and CD8(+) T lymphocytes by human T-cell leukemia
virus type 1 Tax mutants expressed in a functional molecular clone. J. Virol. 1999, 73, 4856–4865. [CrossRef]
[PubMed]

62. Hasegawa, H.; Sawa, H.; Lewis, M.J.; Orba, Y.; Sheehy, N.; Yamamoto, Y.; Ichinohe, T.; Tsunetsugu-Yokota, Y.;
Katano, H.; Takahashi, H.; et al. Thymus-derived leukemia-lymphoma in mice transgenic for the Tax gene of
human T-lymphotropic virus type I. Nat. Med. 2006, 12, 466–472. [CrossRef] [PubMed]

63. Akagi, T.; Ono, H.; Shimotohno, K. Characterization of T cells immortalized by Tax1 of human T-cell leukemia
virus type 1. Blood 1995, 86, 4243–4249. [CrossRef] [PubMed]

64. Banerjee, P.; Tripp, A.; Lairmore, M.D.; Crawford, L.; Sieburg, M.; Ramos, J.C.; Harrington, W.; Beilke, M.A.;
Feuer, G. Adult T-cell leukemia/lymphoma development in HTLV-1–infected humanized SCID mice. Blood
2010, 115, 2640–2648. [CrossRef] [PubMed]

65. Yamagishi, M.; Fujikawa, D.; Watanabe, T.; Uchimaru, K. HTLV-1-Mediated Epigenetic Pathway to Adult
T-Cell Leukemia–Lymphoma. Front. Microbiol. 2018, 9. [CrossRef] [PubMed]

http://dx.doi.org/10.1128/JVI.78.8.3837-3845.2004
http://www.ncbi.nlm.nih.gov/pubmed/15047799
http://dx.doi.org/10.1073/pnas.88.16.7145
http://dx.doi.org/10.3389/fmicb.2019.01958
http://dx.doi.org/10.1128/JVI.76.24.12813-12822.2002
http://dx.doi.org/10.1073/pnas.0507631103
http://dx.doi.org/10.1182/blood-2008-04-154286
http://www.ncbi.nlm.nih.gov/pubmed/18689544
http://dx.doi.org/10.1186/1742-4690-2-64
http://dx.doi.org/10.3389/fmicb.2012.00406
http://www.ncbi.nlm.nih.gov/pubmed/23226145
http://dx.doi.org/10.3390/v8060161
http://dx.doi.org/10.1073/pnas.92.4.1057
http://www.ncbi.nlm.nih.gov/pubmed/7862633
http://dx.doi.org/10.1126/science.2888190
http://dx.doi.org/10.1182/blood-2008-07-166462
http://dx.doi.org/10.1074/jbc.M504848200
http://www.ncbi.nlm.nih.gov/pubmed/16105841
http://dx.doi.org/10.1073/pnas.87.3.1071
http://www.ncbi.nlm.nih.gov/pubmed/2300570
http://dx.doi.org/10.1128/JVI.73.6.4856-4865.1999
http://www.ncbi.nlm.nih.gov/pubmed/10233947
http://dx.doi.org/10.1038/nm1389
http://www.ncbi.nlm.nih.gov/pubmed/16550188
http://dx.doi.org/10.1182/blood.V86.11.4243.bloodjournal86114243
http://www.ncbi.nlm.nih.gov/pubmed/7492783
http://dx.doi.org/10.1182/blood-2009-10-246959
http://www.ncbi.nlm.nih.gov/pubmed/20124219
http://dx.doi.org/10.3389/fmicb.2018.01686
http://www.ncbi.nlm.nih.gov/pubmed/30087673


Pathogens 2020, 9, 543 19 of 28

66. Ng, P.W.P.; Iha, H.; Iwanaga, Y.; Bittner, M.; Chen, Y.; Jiang, Y.; Gooden, G.; Trent, J.M.; Meltzer, P.; Jeang, K.-T.;
et al. Genome-wide expression changes induced by HTLV-1 Tax: Evidence for MLK-3 mixed lineage kinase
involvement in Tax-mediated NF-κB activation. Oncogene 2001, 20, 4484–4496. [CrossRef] [PubMed]

67. Pise-Masison, C.A.; Radonovich, M.; Dohoney, K.; Morris, J.C.; O’Mahony, D.; Lee, M.-J.; Trepel, J.;
Waldmann, T.A.; Janik, J.E.; Brady, J.N. Gene expression profiling of ATL patients: Compilation of
disease-related genes and evidence for TCF4 involvement in BIRC5 gene expression and cell viability.
Blood 2009, 113, 4016–4026. [CrossRef]

68. Fujikawa, D.; Nakagawa, S.; Hori, M.; Kurokawa, N.; Soejima, A.; Nakano, K.; Yamochi, T.; Nakashima, M.;
Kobayashi, S.; Tanaka, Y.; et al. Polycomb-dependent epigenetic landscape in adult T-cell leukemia. Blood
2016, 127, 1790–1802. [CrossRef]

69. Zhao, L.J.; Giam, C.Z. Human T-cell lymphotropic virus type I (HTLV-I) transcriptional activator, Tax,
enhances CREB binding to HTLV-I 21-base-pair repeats by protein-protein interaction. Proc. Natl. Acad.
Sci. USA 1992, 89, 7070–7074. [CrossRef]

70. Franklin, A.A.; Kubik, M.F.; Uittenbogaard, M.N.; Brauweiler, A.; Utaisincharoen, P.; Matthews, M.A.;
Dynan, W.S.; Hoeffler, J.P.; Nyborg, J.K. Transactivation by the human T-cell leukemia virus Tax protein is
mediated through enhanced binding of activating transcription factor-2 (ATF-2) ATF-2 response and cAMP
element-binding protein (CREB). J. Biol. Chem. 1993, 268, 21225–21231.

71. Yin, M.J.; Gaynor, R.B. Complex formation between CREB and Tax enhances the binding affinity of CREB for
the human T-cell leukemia virus type 1 21-base-pair repeats. Mol. Cell. Biol. 1996, 16, 3156–3168. [CrossRef]
[PubMed]

72. Kwok, R.P.S.; Laurance, M.E.; Lundblad, J.R.; Goldman, P.S.; Shih, H.-M.; Connor, L.M.; Marriott, S.J.;
Goodman, R.H. Control of cAMP-regulated enhancers by the viral transactivator Tax through CREB and the
co-activator CBP. Nature 1996, 380, 642–646. [CrossRef]

73. Sharma, N.; Nyborg, J.K. The coactivators CBP/p300 and the histone chaperone NAP1 promote
transcription-independent nucleosome eviction at the HTLV-1 promoter. Proc. Natl. Acad. Sci. USA
2008, 105, 7959–7963. [CrossRef] [PubMed]

74. Easley, R.; Carpio, L.; Guendel, I.; Klase, Z.; Choi, S.; Kehn-Hall, K.; Brady, J.N.; Kashanchi, F. Human
T-Lymphotropic Virus Type 1 Transcription and Chromatin-Remodeling Complexes. J. Virol. 2010, 84,
4755–4768. [CrossRef] [PubMed]

75. Jain, P.; Lavorgna, A.; Sehgal, M.; Gao, L.; Ginwala, R.; Sagar, D.; Harhaj, E.W.; Khan, Z.K. Myocyte enhancer
factor (MEF)-2 plays essential roles in T-cell transformation associated with HTLV-1 infection by stabilizing
complex between Tax and CREB. Retrovirology 2015, 12, 23. [CrossRef]

76. Lu, H.; Pise-Masison, C.A.; Linton, R.; Park, H.U.; Schiltz, R.L.; Sartorelli, V.; Brady, J.N. Tax Relieves
Transcriptional Repression by Promoting Histone Deacetylase 1 Release from the Human T-Cell Leukemia
Virus Type 1 Long Terminal Repeat. J. Virol. 2004, 78, 6735–6743. [CrossRef]

77. Kamoi, K.; Yamamoto, K.; Misawa, A.; Miyake, A.; Ishida, T.; Tanaka, Y.; Mochizuki, M.; Watanabe, T.
SUV39H1 interacts with HTLV-1 Tax and abrogates Tax transactivation of HTLV-1 LTR. Retrovirology 2006,
3, 5. [CrossRef]

78. Alefantis, T.; Barmak, K.; Harhaj, E.W.; Grant, C.; Wigdahl, B. Characterization of a Nuclear Export Signal
within the Human T Cell Leukemia Virus Type I Transactivator Protein Tax. J. Biol. Chem. 2003, 278,
21814–21822. [CrossRef]

79. Burton, M.; Upadhyaya, C.D.; Maier, B.; Hope, T.J.; Semmes, O.J. Human T-Cell Leukemia Virus Type 1 Tax
Shuttles between Functionally Discrete Subcellular Targets. J. Virol. 2000, 74, 2351–2364. [CrossRef]

80. Smith, M.R.; Greene, W.C. Characterization of a novel nuclear localization signal in the HTLV-I tax
transactivator protein. Virology 1992, 187, 316–320. [CrossRef]

81. Lavorgna, A.; Harhaj, E.W. Regulation of HTLV-1 tax stability, cellular trafficking and NF-kappaB activation
by the ubiquitin-proteasome pathway. Viruses 2014, 6, 3925–3943. [CrossRef] [PubMed]

82. Lodewick, J.; Lamsoul, I.; Bex, F. Move or Die: The Fate of the Tax Oncoprotein of HTLV-1. Viruses 2011, 3,
829–857. [CrossRef]

83. Alefantis, T.; Mostoller, K.; Jain, P.; Harhaj, E.; Grant, C.; Wigdahl, B. Secretion of the Human T Cell Leukemia
Virus Type I Transactivator Protein Tax. J. Biol. Chem. 2005, 280, 17353–17362. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/sj.onc.1204513
http://www.ncbi.nlm.nih.gov/pubmed/11494144
http://dx.doi.org/10.1182/blood-2008-08-175901
http://dx.doi.org/10.1182/blood-2015-08-662593
http://dx.doi.org/10.1073/pnas.89.15.7070
http://dx.doi.org/10.1128/MCB.16.6.3156
http://www.ncbi.nlm.nih.gov/pubmed/8649426
http://dx.doi.org/10.1038/380642a0
http://dx.doi.org/10.1073/pnas.0800534105
http://www.ncbi.nlm.nih.gov/pubmed/18523016
http://dx.doi.org/10.1128/JVI.00851-09
http://www.ncbi.nlm.nih.gov/pubmed/20164218
http://dx.doi.org/10.1186/s12977-015-0140-1
http://dx.doi.org/10.1128/JVI.78.13.6735-6743.2004
http://dx.doi.org/10.1186/1742-4690-3-5
http://dx.doi.org/10.1074/jbc.M211576200
http://dx.doi.org/10.1128/JVI.74.5.2351-2364.2000
http://dx.doi.org/10.1016/0042-6822(92)90320-O
http://dx.doi.org/10.3390/v6103925
http://www.ncbi.nlm.nih.gov/pubmed/25341660
http://dx.doi.org/10.3390/v3060829
http://dx.doi.org/10.1074/jbc.M409851200
http://www.ncbi.nlm.nih.gov/pubmed/15659397


Pathogens 2020, 9, 543 20 of 28

84. Gatza, M.L.; Marriott, S.J. Genotoxic Stress and Cellular Stress Alter the Subcellular Distribution of Human
T-Cell Leukemia Virus Type 1 Tax through a CRM1-Dependent Mechanism. J. Virol. 2006, 80, 6657–6668.
[CrossRef] [PubMed]

85. Kfoury, Y.; Nasr, R.; Journo, C.; Mahieux, R.; Pique, C.; Bazarbachi, A. The Multifaceted Oncoprotein Tax.
Adv. Cancer Res. 2012, 113, 85–120. [CrossRef]

86. Ghosh, S.; Hayden, M. New regulators of NF-κB in inflammation. Nat. Rev. Immunol. 2008, 8, 837–848.
[CrossRef] [PubMed]

87. Henkel, T.; Zabel, U.; Van Zee, K.; Müller, J.M.; Fanning, E.; A Baeuerle, P. Intramolecular masking of the
nuclear location signal and dimerization domain in the precursor for the p50 NF-kappa B subunit. Cell 1992,
68, 1121–1133. [CrossRef]

88. Hinz, M.; Scheidereit, C. The IkappaB kinase complex in NF-kappaB regulation and beyond. EMBO Rep.
2014, 15, 46–61. [CrossRef]

89. Xiao, G.; Harhaj, E.W.; Sun, S.C. NF-kappaB-inducing kinase regulates the processing of NF-kappaB2 p100.
Mol. Cell 2001, 7, 401–409. [CrossRef]

90. Sun, S.C. The non-canonical NF-kappaB pathway in immunity and inflammation. Nat. Rev. Immunol. 2017,
17, 545–558. [CrossRef]

91. Mohanty, S.; Kumar, A.; Das, P.; Sahu, S.K.; Choudhuri, T. Multi-targeted therapy of everolimus in Kaposi’s
sarcoma associated herpes virus infected primary effusion lymphoma. Apoptosis 2017, 22, 1098–1115.
[CrossRef] [PubMed]

92. Zhao, J.; He, S.; Minassian, A.; Li, J.; Feng, P. Recent advances on viral manipulation of NF-kappaB signaling
pathway. Curr. Opin. Virol. 2015, 15, 103–111. [CrossRef] [PubMed]

93. Tilborghs, S.; Corthouts, J.; Verhoeven, Y.; Arias, D.; Rolfo, C.; Trinh, X.B.; Van Dam, P. The role of Nuclear
Factor-kappa B signaling in human cervical cancer. Crit. Rev. Oncol. 2017, 120, 141–150. [CrossRef]

94. Siekevitz, M.; Feinberg, M.B.; Holbrook, N.; Wong-Staal, F.; Greene, W.C. Activation of interleukin 2 and
interleukin 2 receptor (Tac) promoter expression by the trans-activator (tat) gene product of human T-cell
leukemia virus, type I. Proc. Natl. Acad. Sci. USA 1987, 84, 5389–5393. [CrossRef]

95. Harhaj, E.W.; Giam, C.Z. NF-kappaB signaling mechanisms in HTLV-1-induced adult T-cell
leukemia/lymphoma. FEBS J. 2018, 285, 3324–3336. [CrossRef] [PubMed]

96. Mori, N.; Fujii, M.; Ikeda, S.; Yamada, Y.; Tomonaga, M.; Ballard, D.W.; Yamamoto, N. Constitutive activation
of NF-kappaB in primary adult T-cell leukemia cells. Blood 1999, 93, 2360–2368. [PubMed]

97. Sun, S.C.; Elwood, J.; Béraud, C.; Greene, W.C. Human T-cell leukemia virus type I Tax activation of NF-kappa
B/Rel involves phosphorylation and degradation of I kappa B alpha and RelA (p65)-mediated induction of
the c-rel gene. Mol. Cell. Biol. 1994, 14, 7377–7384. [CrossRef]

98. Geleziunas, R.; Ferrell, S.; Lin, X.; Mu, Y.; Cunningham, E.T., Jr.; Grant, M.; Connelly, M.A.; Hambor, J.E.;
Marcu, K.B.; Greene, W.C. Human T-cell leukemia virus type 1 Tax induction of NF-kappaB involves
activation of the IkappaB kinase alpha (IKKalpha) and IKKbeta cellular kinases. Mol. Cell Biol. 1998, 18,
5157–5165. [CrossRef]

99. Harhaj, E.W.; Sun, S.C. IKKgamma serves as a docking subunit of the IkappaB kinase (IKK) and mediates
interaction of IKK with the human T-cell leukemia virus Tax protein. J. Biol. Chem. 1999, 274, 22911–22914.
[CrossRef]

100. Chu, Z.L.; Shin, Y.A.; Yang, J.M.; DiDonato, J.A.; Ballard, D.W. IKKgamma mediates the interaction of cellular
IkappaB kinases with the tax transforming protein of human T cell leukemia virus type 1. J. Biol. Chem. 1999,
274, 15297–15300. [CrossRef]

101. Petropoulos, L.; Hiscott, J. Association between HTLV-1 Tax and I kappa B alpha is dependent on the I kappa
B alpha phosphorylation state. Virology 1998, 252, 189–199. [CrossRef] [PubMed]

102. Hirai, H.; Fujisawa, J.; Suzuki, T.; Ueda, K.; Muramatsu, M.; Tsuboi, A.; Arai, N.; Yoshida, M. Transcriptional
activator Tax of HTLV-1 binds to the NF-kappa B precursor p105. Oncogene 1992, 7, 1737–1742.

103. Rousset, R.; Desbois, C.; Bantignies, F.; Jalinot, P. Effects on NF-kappa B1/p105 processing of the interaction
between the HTLV-1 transactivator Tax and the proteasome. Nature 1996, 381, 328–331. [CrossRef] [PubMed]

104. Lanoix, J.; Lacoste, J.; Pepin, N.; Rice, N.; Hiscott, J. Overproduction of NFKB2 (lyt-10) and c-Rel: A mechanism
for HTLV-I Tax-mediated trans-activation via the NF-kappa B signalling pathway. Oncogene 1994, 9, 841–852.

105. Good, L.; Sun, S.C. Persistent activation of NF-kappa B/Rel by human T-cell leukemia virus type 1 tax
involves degradation of I kappa B beta. J. Virol. 1996, 70, 2730–2735. [CrossRef]

http://dx.doi.org/10.1128/JVI.02270-05
http://www.ncbi.nlm.nih.gov/pubmed/16775353
http://dx.doi.org/10.1016/b978-0-12-394280-7.00003-8
http://dx.doi.org/10.1038/nri2423
http://www.ncbi.nlm.nih.gov/pubmed/18927578
http://dx.doi.org/10.1016/0092-8674(92)90083-O
http://dx.doi.org/10.1002/embr.201337983
http://dx.doi.org/10.1016/S1097-2765(01)00187-3
http://dx.doi.org/10.1038/nri.2017.52
http://dx.doi.org/10.1007/s10495-017-1391-1
http://www.ncbi.nlm.nih.gov/pubmed/28653223
http://dx.doi.org/10.1016/j.coviro.2015.08.013
http://www.ncbi.nlm.nih.gov/pubmed/26385424
http://dx.doi.org/10.1016/j.critrevonc.2017.11.001
http://dx.doi.org/10.1073/pnas.84.15.5389
http://dx.doi.org/10.1111/febs.14492
http://www.ncbi.nlm.nih.gov/pubmed/29722927
http://www.ncbi.nlm.nih.gov/pubmed/10090947
http://dx.doi.org/10.1128/MCB.14.11.7377
http://dx.doi.org/10.1128/MCB.18.9.5157
http://dx.doi.org/10.1074/jbc.274.33.22911
http://dx.doi.org/10.1074/jbc.274.22.15297
http://dx.doi.org/10.1006/viro.1998.9430
http://www.ncbi.nlm.nih.gov/pubmed/9875328
http://dx.doi.org/10.1038/381328a0
http://www.ncbi.nlm.nih.gov/pubmed/8692272
http://dx.doi.org/10.1128/JVI.70.5.2730-2735.1996


Pathogens 2020, 9, 543 21 of 28

106. Suzuki, T.; Hirai, H.; Yoshida, M. Tax protein of HTLV-1 interacts with the Rel homology domain of NF-kappa
B p65 and c-Rel proteins bound to the NF-kappa B binding site and activates transcription. Oncogene 1994, 9,
3099–3105.

107. Bex, F.; McDowall, A.; Burny, A.; Gaynor, R. The human T-cell leukemia virus type 1 transactivator protein Tax
colocalizes in unique nuclear structures with NF-kappaB proteins. J. Virol. 1997, 71, 3484–3497. [CrossRef]

108. Bex, F.; Yin, M.-J.; Burny, A.; Gaynor, R.B. Differential Transcriptional Activation by Human T-Cell Leukemia
Virus Type 1 Tax Mutants Is Mediated by Distinct Interactions with CREB Binding Protein and p300.
Mol. Cell. Boil. 1998, 18, 2392–2405. [CrossRef]

109. Xiao, G.; Cvijic, M.E.; Fong, A.; Harhaj, E.W.; Uhlik, M.T.; Waterfield, M.; Sun, S.C. Retroviral oncoprotein
Tax induces processing of NF-kappaB2/p100 in T cells: Evidence for the involvement of IKKalpha. EMBO J.
2001, 20, 6805–6815. [CrossRef]

110. Xiao, G.; Fong, A.; Sun, S.C. Induction of p100 processing by NF-kappaB-inducing kinase involves docking
IkappaB kinase alpha (IKKalpha) to p100 and IKKalpha-mediated phosphorylation. J. Biol. Chem. 2004, 279,
30099–30105. [CrossRef]

111. Yamagishi, M.; Nakano, K.; Miyake, A.; Yamochi, T.; Kagami, Y.; Tsutsumi, A.; Matsuda, Y.; Sato-Otsubo, A.;
Muto, S.; Utsunomiya, A.; et al. Polycomb-mediated loss of miR-31 activates NIK-dependent NF-kappaB
pathway in adult T cell leukemia and other cancers. Cancer Cell 2012, 21, 121–135. [CrossRef] [PubMed]

112. Yu, Q.; Minoda, Y.; Yoshida, R.; Yoshida, H.; Iha, H.; Kobayashi, T.; Yoshimura, A.; Takaesu, G. HTLV-1
Tax-mediated TAK1 activation involves TAB2 adapter protein. Biochem. Biophys. Res. Commun. 2008, 365,
189–194. [CrossRef] [PubMed]

113. Wu, X.; Sun, S.C. Retroviral oncoprotein Tax deregulates NF-kappaB by activating Tak1 and mediating the
physical association of Tak1-IKK. EMBO Rep. 2007, 8, 510–515. [CrossRef] [PubMed]

114. Ho, Y.-K.; Zhi, H.; Bowlin, T.; Dorjbal, B.; Philip, S.; Zahoor, M.A.; Shih, H.-M.; Semmes, O.J.; Schaefer, B.;
Glover, J.N.M.; et al. HTLV-1 Tax Stimulates Ubiquitin E3 Ligase, Ring Finger Protein 8, to Assemble Lysine
63-Linked Polyubiquitin Chains for TAK1 and IKK Activation. PLoS Pathog. 2015, 11, e1005102. [CrossRef]

115. Shibata, Y.; Tokunaga, F.; Goto, E.; Komatsu, G.; Gohda, J.; Saeki, Y.; Tanaka, K.; Takahashi, H.; Sawasaki, T.;
Inoue, S.; et al. HTLV-1 Tax Induces Formation of the Active Macromolecular IKK Complex by Generating
Lys63- and Met1-Linked Hybrid Polyubiquitin Chains. PLoS Pathog. 2017, 13, e1006162. [CrossRef]

116. Choi, Y.B.; Harhaj, E.W. HTLV-1 Tax Stabilizes MCL-1 via TRAF6-Dependent K63-Linked Polyubiquitination
to Promote Cell Survival and Transformation. PLoS Pathog. 2014, 10, e1004458. [CrossRef] [PubMed]

117. Fu, J.; Qu, Z.; Yan, P.; Ishikawa, C.; Aqeilan, R.I.; Rabson, A.B.; Xiao, G. The tumor suppressor gene WWOX
links the canonical and noncanonical NF-kappaB pathways in HTLV-I Tax-mediated tumorigenesis. Blood
2011, 117, 1652–1661. [CrossRef] [PubMed]

118. Lavorgna, A.; Matsuoka, M.; Harhaj, E.W. A critical role for IL-17RB signaling in HTLV-1 tax-induced
NF-kappaB activation and T-cell transformation. PLoS Pathog. 2014, 10, e1004418. [CrossRef] [PubMed]

119. Peloponese, J.-M.; Yasunaga, J.-I.; Kinjo, T.; Watashi, K.; Jeang, K.-T. Peptidylproline cis-trans-Isomerase Pin1
Interacts with Human T-Cell Leukemia Virus Type 1 Tax and Modulates Its Activation of NF-κB. J. Virol.
2009, 83, 3238–3248. [CrossRef]

120. Yamamoto, K.; Ishida, T.; Nakano, K.; Yamagishi, M.; Yamochi, T.; Tanaka, Y.; Furukawa, Y.; Nakamura, Y.;
Watanabe, T. SMYD3 interacts with HTLV-1 Tax and regulates subcellular localization of Tax. Cancer Sci.
2010, 102, 260–266. [CrossRef]

121. Fu, D.X.; Kuo, Y.L.; Liu, B.Y.; Jeang, K.T.; Giam, C.Z. Human T-lymphotropic virus type I tax activates I-kappa
B kinase by inhibiting I-kappa B kinase-associated serine/threonine protein phosphatase 2A. J. Biol Chem.
2003, 278, 1487–1493. [CrossRef]

122. Shembade, N.; Harhaj, N.S.; Parvatiyar, K.; Copeland, N.G.; A Jenkins, N.; E Matesic, L.; Harhaj, E.W. The
E3 ligase Itch negatively regulates inflammatory signaling pathways by controlling the function of the
ubiquitin-editing enzyme A20. Nat. Immunol. 2008, 9, 254–262. [CrossRef]

123. Harhaj, E.W.; Dixit, V.M. Regulation of NF-kappaB by deubiquitinases. Immunol Rev. 2012, 246, 107–124.
[CrossRef] [PubMed]

124. Shembade, N.; Pujari, R.; Harhaj, N.S.; Abbott, D.W.; Harhaj, E.W. The kinase IKKalpha inhibits activation of
the transcription factor NF-kappaB by phosphorylating the regulatory molecule TAX1BP1. Nat. Immunol.
2011, 12, 834–843. [CrossRef] [PubMed]

http://dx.doi.org/10.1128/JVI.71.5.3484-3497.1997
http://dx.doi.org/10.1128/MCB.18.4.2392
http://dx.doi.org/10.1093/emboj/20.23.6805
http://dx.doi.org/10.1074/jbc.M401428200
http://dx.doi.org/10.1016/j.ccr.2011.12.015
http://www.ncbi.nlm.nih.gov/pubmed/22264793
http://dx.doi.org/10.1016/j.bbrc.2007.10.172
http://www.ncbi.nlm.nih.gov/pubmed/17986383
http://dx.doi.org/10.1038/sj.embor.7400931
http://www.ncbi.nlm.nih.gov/pubmed/17363973
http://dx.doi.org/10.1371/journal.ppat.1005102
http://dx.doi.org/10.1371/journal.ppat.1006162
http://dx.doi.org/10.1371/journal.ppat.1004458
http://www.ncbi.nlm.nih.gov/pubmed/25340740
http://dx.doi.org/10.1182/blood-2010-08-303073
http://www.ncbi.nlm.nih.gov/pubmed/21115974
http://dx.doi.org/10.1371/journal.ppat.1004418
http://www.ncbi.nlm.nih.gov/pubmed/25340344
http://dx.doi.org/10.1128/JVI.01824-08
http://dx.doi.org/10.1111/j.1349-7006.2010.01752.x
http://dx.doi.org/10.1074/jbc.M210631200
http://dx.doi.org/10.1038/ni1563
http://dx.doi.org/10.1111/j.1600-065X.2012.01100.x
http://www.ncbi.nlm.nih.gov/pubmed/22435550
http://dx.doi.org/10.1038/ni.2066
http://www.ncbi.nlm.nih.gov/pubmed/21765415


Pathogens 2020, 9, 543 22 of 28

125. Shembade, N.; Ma, A.; Harhaj, E.W. Inhibition of NF-κB Signaling by A20 Through Disruption of Ubiquitin
Enzyme Complexes. Science 2010, 327, 1135–1139. [CrossRef] [PubMed]

126. Journo, C.; Filipe, J.; About, F.; Chevalier, S.A.; Afonso, P.V.; Brady, J.N.; Flynn, D.; Tangy, F.; Israel, A.;
Vidalain, P.O.; et al. NRP/Optineurin Cooperates with TAX1BP1 to potentiate the activation of NF-kappaB
by human T-lymphotropic virus type 1 tax protein. PLoS Pathog. 2009, 5, e1000521. [CrossRef] [PubMed]

127. Schwob, A.; Teruel, E.; Dubuisson, L.; Lormieres, F.; Verlhac, P.; Abudu, Y.P.; Gauthier, J.; Naoumenko, M.;
Cloarec-Ung, F.M.; Faure, M.; et al. SQSTM-1/p62 potentiates HTLV-1 Tax-mediated NF-kappaB activation
through its ubiquitin binding function. Sci. Rep. 2019, 9, 16014. [CrossRef]

128. Pujari, R.; Hunte, R.; Thomas, R.; van der Weyden, L.; Rauch, D.; Ratner, L.; Nyborg, J.K.; Ramos, J.C.;
Takai, Y.; Shembade, N. Human T-cell leukemia virus type 1 (HTLV-1) tax requires CADM1/TSLC1 for
inactivation of the NF-kappaB inhibitor A20 and constitutive NF-kappaB signaling. PLoS Pathog. 2015,
11, e1004721. [CrossRef]

129. Wu, X.-F.; Zhang, M.; Sun, S.-C. Mutual regulation between deubiquitinase CYLD and retroviral oncoprotein
Tax. Cell Biosci. 2011, 1, 27. [CrossRef]

130. Chiari, E.; Lamsoul, I.; Lodewick, J.; Chopin, C.; Bex, F.; Pique, C. Stable Ubiquitination of Human T-Cell
Leukemia Virus Type 1 Tax Is Required for Proteasome Binding. J. Virol. 2004, 78, 11823–11832. [CrossRef]

131. Péloponèse, J.-M.; Iha, H.; Yedavalli, V.R.K.; Miyazato, A.; Li, Y.; Haller, K.; Benkirane, M.; Jeang, K.-T.
Ubiquitination of Human T-Cell Leukemia Virus Type 1 Tax Modulates Its Activity. J. Virol. 2004, 78,
11686–11695. [CrossRef]

132. Shembade, N.; Harhaj, N.S.; Yamamoto, M.; Akira, S.; Harhaj, E.W. The Human T-Cell Leukemia Virus Type
1 Tax Oncoprotein Requires the Ubiquitin-Conjugating Enzyme Ubc13 for NF-κB Activation. J. Virol. 2007,
81, 13735–13742. [CrossRef] [PubMed]

133. Harhaj, N.S.; Sun, S.C.; Harhaj, E.W. Activation of NF-kappaB by the human T cell leukemia virus type I Tax
oncoprotein is associated with ubiquitin-dependent relocalization of IkappaB kinase. J. Biol. Chem. 2007, 282,
4185–4192. [CrossRef] [PubMed]

134. Kfoury, Y.; Nasr, R.; Favre-Bonvin, A.; El-Sabban, M.; Renault, N.; Giron, M.-L.; Setterblad, N.; El Hajj, H.;
Chiari, E.; Mikati, A.G.; et al. Ubiquitylated Tax targets and binds the IKK signalosome at the centrosome.
Oncogene 2007, 27, 1665–1676. [CrossRef] [PubMed]

135. Gatza, M.L.; Dayaram, T.; Marriott, S.J. Ubiquitination of HTLV-I Tax in response to DNA damage regulates
nuclear complex formation and nuclear export. Retrovirology 2007, 4, 95. [CrossRef] [PubMed]

136. Yan, P.; Fu, J.; Qu, Z.; Li, S.; Tanaka, T.; Grusby, M.J.; Xiao, G. PDLIM2 suppresses human T-cell leukemia virus
type I Tax-mediated tumorigenesis by targeting Tax into the nuclear matrix for proteasomal degradation.
Blood 2009, 113, 4370–4380. [CrossRef]

137. Fu, J.; Yan, P.; Li, S.; Qu, Z.; Xiao, G. Molecular determinants of PDLIM2 in suppressing HTLV-I Tax-mediated
tumorigenesis. Oncogene 2010, 29, 6499–6507. [CrossRef]

138. Yan, P.; Qu, Z.; Ishikawa, C.; Mori, N.; Xiao, G. Human T-Cell Leukemia Virus Type I-Mediated Repression of
PDZ-LIM Domain-Containing Protein 2 Involves DNA Methylation But Independent of the Viral Oncoprotein
Tax. Neoplasia 2009, 11, 1036–1041. [CrossRef]

139. Gao, L.; Harhaj, E.W. HSP90 protects the human T-cell leukemia virus type 1 (HTLV-1) tax oncoprotein
from proteasomal degradation to support NF-kappaB activation and HTLV-1 replication. J. Virol. 2013, 87,
13640–13654. [CrossRef]

140. Ikebe, E.; Kawaguchi, A.; Tezuka, K.; Taguchi, S.; Hirose, S.; Matsumoto, T.; Mitsui, T.; Senba, K.; Nishizono, A.;
Hori, M.; et al. Oral administration of an HSP90 inhibitor, 17-DMAG, intervenes tumor-cell infiltration into
multiple organs and improves survival period for ATL model mice. Blood Cancer J. 2013, 3, e132. [CrossRef]

141. Yasunaga, J.; Lin, F.C.; Lu, X.; Jeang, K.T. Ubiquitin-specific peptidase 20 targets TRAF6 and human T
cell leukemia virus type 1 tax to negatively regulate NF-kappaB signaling. J. Virol. 2011, 85, 6212–6219.
[CrossRef]

142. Lamsoul, I.; Lodewick, J.; Lebrun, S.; Brasseur, R.; Burny, A.; Gaynor, R.B.; Bex, F. Exclusive ubiquitination
and sumoylation on overlapping lysine residues mediate NF-kappaB activation by the human T-cell leukemia
virus tax oncoprotein. Mol. Cell Biol. 2005, 25, 10391–10406. [CrossRef]

143. Kfoury, Y.; Setterblad, N.; El-Sabban, M.; Zamborlini, A.; Dassouki, Z.; El Hajj, H.; Hermine, O.; Pique, C.;
de The, H.; Saib, A.; et al. Tax ubiquitylation and SUMOylation control the dynamic shuttling of Tax and
NEMO between Ubc9 nuclear bodies and the centrosome. Blood 2011, 117, 190–199. [CrossRef]

http://dx.doi.org/10.1126/science.1182364
http://www.ncbi.nlm.nih.gov/pubmed/20185725
http://dx.doi.org/10.1371/journal.ppat.1000521
http://www.ncbi.nlm.nih.gov/pubmed/19609363
http://dx.doi.org/10.1038/s41598-019-52408-x
http://dx.doi.org/10.1371/journal.ppat.1004721
http://dx.doi.org/10.1186/2045-3701-1-27
http://dx.doi.org/10.1128/JVI.78.21.11823-11832.2004
http://dx.doi.org/10.1128/JVI.78.21.11686-11695.2004
http://dx.doi.org/10.1128/JVI.01790-07
http://www.ncbi.nlm.nih.gov/pubmed/17942533
http://dx.doi.org/10.1074/jbc.M611031200
http://www.ncbi.nlm.nih.gov/pubmed/17145747
http://dx.doi.org/10.1038/sj.onc.1210804
http://www.ncbi.nlm.nih.gov/pubmed/17891179
http://dx.doi.org/10.1186/1742-4690-4-95
http://www.ncbi.nlm.nih.gov/pubmed/18081936
http://dx.doi.org/10.1182/blood-2008-10-185660
http://dx.doi.org/10.1038/onc.2010.374
http://dx.doi.org/10.1593/neo.09752
http://dx.doi.org/10.1128/JVI.02006-13
http://dx.doi.org/10.1038/bcj.2013.30
http://dx.doi.org/10.1128/JVI.00079-11
http://dx.doi.org/10.1128/MCB.25.23.10391-10406.2005
http://dx.doi.org/10.1182/blood-2010-05-285742


Pathogens 2020, 9, 543 23 of 28

144. Pene, S.; Waast, L.; Bonnet, A.; Benit, L.; Pique, C. A non-SUMOylated tax protein is still functional for
NF-kappaB pathway activation. J. Virol. 2014, 88, 10655–10661. [CrossRef]

145. Nasr, R.; Chiari, E.; El-Sabban, M.; Mahieux, R.; Kfoury, Y.; Abdulhay, M.; Yazbeck, V.; Hermine, O.;
de The, H.; Pique, C.; et al. Tax ubiquitylation and sumoylation control critical cytoplasmic and nuclear steps
of NF-kappaB activation. Blood 2006, 107, 4021–4029. [CrossRef]

146. Bex, F.; Murphy, K.; Wattiez, R.; Burny, A.; Gaynor, R.B. Phosphorylation of the Human T-Cell Leukemia
Virus Type 1 Transactivator Tax on Adjacent Serine Residues Is Critical for Tax Activation. J. Virol. 1999, 73,
738–745. [CrossRef]

147. Durkin, S.S.; Ward, M.D.; Fryrear, K.A.; Semmes, O.J. Site-specific phosphorylation differentiates active
from inactive forms of the human T-cell leukemia virus type 1 Tax oncoprotein. J. Biol. Chem. 2006, 281,
31705–31712. [CrossRef]

148. Lodewick, J.; Lamsoul, I.; Polania, A.; Lebrun, S.; Burny, A.; Ratner, L.; Bex, F. Acetylation of the human
T-cell leukemia virus type 1 Tax oncoprotein by p300 promotes activation of the NF-κB pathway. Virology
2009, 386, 68–78. [CrossRef]

149. Lodewick, J.; Sampaio, C.; Boxus, M.; Rinaldi, A.-S.; Coulonval, K.; Willems, L.; Roger, P.; Bex, F. Acetylation
at lysine 346 controls the transforming activity of the HTLV-1 Tax oncoprotein in the Rat-1 fibroblast model.
Retrovirology 2013, 10, 75. [CrossRef]

150. Harhaj, E.W.; Good, L.; Xiao, G.; Sun, S.-C. Gene expression profiles in HTLV-I-immortalized T cells:
Deregulated expression of genes involved in apoptosis regulation. Oncogene 1999, 18, 1341–1349. [CrossRef]

151. Kawakami, A.; Nakashima, T.; Sakai, H.; Urayama, S.; Yamasaki, S.; Hida, A.; Tsuboi, M.; Nakamura, H.;
Ida, H.; Migita, K.; et al. Inhibition of caspase cascade by HTLV-I tax through induction of NF-kappaB
nuclear translocation. Blood 1999, 94, 3847–3854. [CrossRef]

152. Kamihira, S.; Yamada, Y.; Hirakata, Y.; Tomonaga, M.; Sugahara, K.; Hayashi, T.; Dateki, N.; Harasawa, H.;
Nakayama, K. Aberrant expression of caspase cascade regulatory genes in adult T-cell leukaemia: Survivin
is an important determinant for prognosis. Br. J. Haematol. 2001, 114, 63–69. [CrossRef]

153. Kawakami, H.; Tomita, M.; Matsuda, T.; Ohta, T.; Tanaka, Y.; Fujii, M.; Hatano, M.; Tokuhisa, T.; Mori, N.
Transcriptional activation of survivin through the NF-kappaB pathway by human T-cell leukemia virus type
I tax. Int. J. Cancer 2005, 115, 967–974. [CrossRef]

154. Mori, N.; Yamada, Y.; Hata, T.; Ikeda, S.; Yamasaki, Y.; Tomonaga, M.; Yamamoto, N. Expression of Survivin in
HTLV-I-Infected T-Cell Lines and Primary ATL Cells. Biochem. Biophys. Res. Commun. 2001, 282, 1110–1113.
[CrossRef]

155. Mitobe, Y.; Yasunaga, J.-I.; Furuta, R.; Matsuoka, M. HTLV-1 bZIP Factor RNA and Protein Impart Distinct
Functions on T-cell Proliferation and Survival. Cancer Res. 2015, 75, 4143–4152. [CrossRef]

156. Zhang, M.; Griner, L.A.M.; Ju, W.; Duveau, D.Y.; Guha, R.; Petrus, M.; Wen, B.; Maeda, M.; Shinn, P.; Ferrer, M.;
et al. Selective targeting of JAK/STAT signaling is potentiated by Bcl-xL blockade in IL-2-dependent adult
T-cell leukemia. Retrovirology 2015, 12, O42. [CrossRef]

157. Macaire, H.; Riquet, A.; Moncollin, V.; Biemont-Trescol, M.C.; Duc Dodon, M.; Hermine, O.; Debaud, A.L.;
Mahieux, R.; Mesnard, J.M.; Pierre, M.; et al. Tax protein-induced expression of antiapoptotic Bfl-1 protein
contributes to survival of human T-cell leukemia virus type 1 (HTLV-1)-infected T-cells. J. Biol. Chem. 2012,
287, 21357–21370. [CrossRef]

158. Wei, A.H.; Roberts, A.W.; Spencer, A.; Rosenberg, A.S.; Siegel, D.; Walter, R.B.; Caenepeel, S.; Hughes, P.;
McIver, Z.; Mezzi, K.; et al. Targeting MCL-1 in hematologic malignancies: Rationale and progress. Blood Rev.
2020, 2020, 100672. [CrossRef]

159. Mukai, R.; Ohshima, T. Enhanced Stabilization of MCL1 by the Human T-Cell Leukemia Virus Type 1 bZIP
Factor Is Modulated by Blocking the Recruitment of Cullin 1 to the SCF Complex. Mol. Cell. Boil. 2016, 36,
3075–3085. [CrossRef]

160. Higuchi, M.; Takahashi, M.; Tanaka, Y.; Fujii, M. Downregulation of proapoptotic Bim augments
IL-2-independent T-cell transformation by human T-cell leukemia virus type-1 Tax. Cancer Med. 2014, 3,
1605–1614. [CrossRef]

161. Tanaka, A.; Yasunaga, J.-I.; Takai, K.; Matsuoka, M. HTLV-1 bZIP Factor Suppresses Apoptosis by Attenuating
the Function of FoxO3a and Altering Its Localization. Cancer Res. 2013, 74, 188–200. [CrossRef]

162. Pise-Masison, C.A.; Jeong, S.-J.; Brady, J.N. Human T cell leukemia virus type 1: The role of Tax in
leukemogenesis. Arch. Immunol. Ther. Exp. 2005, 53, 283–296.

http://dx.doi.org/10.1128/JVI.01827-14
http://dx.doi.org/10.1182/blood-2005-09-3572
http://dx.doi.org/10.1128/JVI.73.1.738-745.1999
http://dx.doi.org/10.1074/jbc.M607011200
http://dx.doi.org/10.1016/j.virol.2008.12.043
http://dx.doi.org/10.1186/1742-4690-10-75
http://dx.doi.org/10.1038/sj.onc.1202405
http://dx.doi.org/10.1182/blood.V94.11.3847
http://dx.doi.org/10.1046/j.1365-2141.2001.02902.x
http://dx.doi.org/10.1002/ijc.20954
http://dx.doi.org/10.1006/bbrc.2001.4708
http://dx.doi.org/10.1158/0008-5472.CAN-15-0942
http://dx.doi.org/10.1186/1742-4690-12-S1-O42
http://dx.doi.org/10.1074/jbc.M112.340992
http://dx.doi.org/10.1016/j.blre.2020.100672
http://dx.doi.org/10.1128/MCB.00450-16
http://dx.doi.org/10.1002/cam4.329
http://dx.doi.org/10.1158/0008-5472.CAN-13-0436


Pathogens 2020, 9, 543 24 of 28

163. Jeong, S.J.; Radonovich, M.; Brady, J.N.; Pise-Masison, C.A. HTLV-I Tax induces a novel interaction between
p65/RelA and p53 that results in inhibition of p53 transcriptional activity. Blood 2004, 104, 1490–1497.
[CrossRef]

164. Pise-Masison, C.A.; Mahieux, R.; Jiang, H.; Ashcroft, M.; Radonovich, M.; Duvall, J.; Guillerm, C.; Brady, J.N.
Inactivation of p53 by human T-cell lymphotropic virus type 1 Tax requires activation of the NF-kappaB
pathway and is dependent on p53 phosphorylation. Mol. Cell Biol. 2000, 20, 3377–3386. [CrossRef]

165. Ariumi, Y.; Kaida, A.; Lin, J.-Y.; Hirota, M.; Masui, O.; Yamaoka, S.; Taya, Y.; Shimotohno, K. HTLV-1 Tax
oncoprotein represses the p53-mediated trans-activation function through coactivator CBP sequestration.
Oncogene 2000, 19, 1491–1499. [CrossRef]

166. Suzuki, T.; Uchida-Toita, M.; Yoshida, M. Tax protein of HTLV-1 inhibits CBP/p300-mediated transcription by
interfering with recruitment of CBP/p300 onto DNA element of E-box or p53 binding site. Oncogene 1999, 18,
4137–4143. [CrossRef]

167. Tawara, M.; Hogerzeil, S.J.; Yamada, Y.; Takasaki, Y.; Soda, H.; Hasegawa, H.; Murata, K.; Ikeda, S.;
Imaizumi, Y.; Sugahara, K.; et al. Impact of p53 aberration on the progression of Adult T-cell
Leukemia/Lymphoma. Cancer Lett. 2006, 234, 249–255. [CrossRef]

168. Nicot, C. Tumor Suppressor Inactivation in the Pathogenesis of Adult T-Cell Leukemia. J. Oncol. 2015,
2015, 1–11. [CrossRef]

169. Vajente, N.; Trevisan, R.; Saggioro, D. HTLV-1 Tax protein cooperates with Ras in protecting cells from
apoptosis. Apoptosis 2008, 14, 153–163. [CrossRef]

170. Song, C.; Wang, W.; Li, M.; Liu, Y.; Zheng, D. Tax1 enhances cancer cell proliferation via Ras-Raf-MEK-ERK
signaling pathway. IUBMB Life 2009, 61, 685–692. [CrossRef]

171. Thoma-Kress, A.K.; Schneider, G.; Pichler, K.; Kalmer, M.; Fleckenstein, B.; Grassmann, R. Elevated Cyclic
AMP Levels in T Lymphocytes Transformed by Human T-Cell Lymphotropic Virus Type 1. J. Virol. 2010, 84,
8732–8742. [CrossRef]

172. Yoshita, M.; Higuchi, M.; Takahashi, M.; Oie, M.; Tanaka, Y.; Fujii, M. Activation of mTOR by human T-cell
leukemia virus type 1 Tax is important for the transformation of mouse T cells to interleukin-2-independent
growth. Cancer Sci. 2011, 103, 369–374. [CrossRef] [PubMed]

173. Futsch, N.; Prates, G.; Mahieux, R.; Casseb, J.; Dutartre, H. Cytokine Networks Dysregulation during HTLV-1
Infection and Associated Diseases. Viruses 2018, 10, 691. [CrossRef] [PubMed]

174. Mori, N.; Shirakawa, F.; Shimizu, H.; Murakami, S.; Oda, S.; Yamamoto, K.; Eto, S. Transcriptional regulation
of the human interleukin-6 gene promoter in human T-cell leukemia virus type I-infected T-cell lines:
Evidence for the involvement of NF-kappa B. Blood 1994, 84, 2904–2911. [CrossRef]

175. Horiuchi, S.; Yamamoto, N.; Dewan, Z.; Takahashi, Y.; Yamashita, A.; Yoshida, T.; Nowell, M.; Richards, P.;
Jones, S.A.; Yamamoto, N. Human T-cell leukemia virus type-I Tax induces expression of interleukin-6
receptor (IL-6R, Shedding of soluble IL-6R and activation of STAT3 signaling. Int. J. Cancer 2006, 119, 823–830.
[CrossRef]

176. Good, L.; Maggirwar, S.B.; Sun, S.C. Activation of the IL-2 gene promoter by HTLV-I tax involves induction
of NF-AT complexes bound to the CD28-responsive element. EMBO J. 1996, 15, 3744–3750. [CrossRef]

177. Leung, K.; Nabel, G.J. HTLV-1 transactivator induces interleukin-2 receptor expression through an NF-κB-like
factor. Nature 1988, 333, 776–778. [CrossRef]

178. Chung, H.-K.; Young, H.A.; Goon, P.K.C.; Heidecker, G.; Princler, G.L.; Shimozato, O.; Taylor, G.P.;
Bangham, C.R.M.; Derse, D. Activation of interleukin-13 expression in T cells from HTLV-1-infected
individuals and in chronically infected cell lines. Blood 2003, 102, 4130–4136. [CrossRef]

179. Silbermann, K.; Schneider, G.; Grassmann, R. Stimulation of interleukin-13 expression by human T-cell
leukemia virus type 1 oncoprotein Tax via a dually active promoter element responsive to NF-kappaB and
NFAT. J. Gen. Virol. 2008, 89 (Pt 11), 2788–2798. [CrossRef]

180. Fung, M.M.; Chu, Y.-L.; Fink, J.L.; Wallace, A.; McGuire, K.L. IL-2- and STAT5-regulated cytokine gene
expression in cells expressing the Tax protein of HTLV-1. Oncogene 2005, 24, 4624–4633. [CrossRef]

181. Deveraux, Q.L.; Leo, E.; Stennicke, H.R.; Welsh, K.; Salvesen, G.S.; Reed, J.C. Cleavage of human inhibitor
of apoptosis protein XIAP results in fragments with distinct specificities for caspases. EMBO J. 1999, 18,
5242–5251. [CrossRef] [PubMed]

182. Riedl, S.J.; Renatus, M.; Schwarzenbacher, R.; Zhou, Q.; Sun, C.; Fesik, S.W.; Liddington, R.C.; Salvesen, G.S.
Structural basis for the inhibition of caspase-3 by XIAP. Cell 2001, 104, 791–800. [CrossRef]

http://dx.doi.org/10.1182/blood-2003-12-4174
http://dx.doi.org/10.1128/MCB.20.10.3377-3386.2000
http://dx.doi.org/10.1038/sj.onc.1203450
http://dx.doi.org/10.1038/sj.onc.1202766
http://dx.doi.org/10.1016/j.canlet.2005.03.039
http://dx.doi.org/10.1155/2015/183590
http://dx.doi.org/10.1007/s10495-008-0289-3
http://dx.doi.org/10.1002/iub.221
http://dx.doi.org/10.1128/JVI.00487-10
http://dx.doi.org/10.1111/j.1349-7006.2011.02123.x
http://www.ncbi.nlm.nih.gov/pubmed/22010857
http://dx.doi.org/10.3390/v10120691
http://www.ncbi.nlm.nih.gov/pubmed/30563084
http://dx.doi.org/10.1182/blood.V84.9.2904.2904
http://dx.doi.org/10.1002/ijc.21918
http://dx.doi.org/10.1002/j.1460-2075.1996.tb00744.x
http://dx.doi.org/10.1038/333776a0
http://dx.doi.org/10.1182/blood-2003-04-1043
http://dx.doi.org/10.1099/vir.0.2008/003699-0
http://dx.doi.org/10.1038/sj.onc.1208507
http://dx.doi.org/10.1093/emboj/18.19.5242
http://www.ncbi.nlm.nih.gov/pubmed/10508158
http://dx.doi.org/10.1016/S0092-8674(01)00274-4


Pathogens 2020, 9, 543 25 of 28

183. Sugahara, K.; Hayashi, T.; Dateki, N.; Hirakata, Y.; Harasawa, H.; Tomonaga, M.; Yamada, Y.; Kamihira, S.
Possible Attenuation of Fas-Mediated Signaling by Dominant Expression of Caspase-8 Aberrant Isoform in
Adult T-cell Leukemia Cells. Int. J. Hematol. 2002, 76, 50–54. [CrossRef]

184. Krueger, A.; Fas, S.C.; Giaisi, M.; Bleumink, M.; Merling, A.; Stumpf, C.; Baumann, S.; Holtkotte, D.; Bosch, V.;
Krammer, P.H.; et al. HTLV-1 Tax protects against CD95-mediated apoptosis by induction of the cellular
FLICE-inhibitory protein (c-FLIP). Blood 2006, 107, 3933–3939. [CrossRef]

185. Okamoto, K.; Fujisawa, J.; Reth, M.; Yonehara, S. Human T-cell leukemia virus type-I oncoprotein Tax inhibits
Fas-mediated apoptosis by inducing cellular FLIP through activation of NF-kappaB. Genes Cells 2006, 11,
177–191. [CrossRef]

186. Daniel, S.; Arvelo, M.B.; Patel, V.I.; Longo, C.R.; Shrikhande, G.; Shukri, T.; Mahiou, J.; Sun, D.W.; Mottley, C.;
Grey, S.T.; et al. A20 protects endothelial cells from TNF-, Fas-, and NK-mediated cell death by inhibiting
caspase 8 activation. Blood 2004, 104, 2376–2384. [CrossRef]

187. Laherty, C.D.; Perkins, N.D.; Dixit, V.M. Human T cell leukemia virus type I Tax and phorbol 12-myristate
13-acetate induce expression of the A20 zinc finger protein by distinct mechanisms involving nuclear factor
kappa B. J. Boil. Chem. 1993, 268, 5032–5039.

188. Saitoh, Y.; Hamano, A.; Mochida, K.; Kakeya, A.; Uno, M.; Tsuruyama, E.; Ichikawa, H.; Tokunaga, F.;
Utsunomiya, A.; Watanabe, T.; et al. A20 targets caspase-8 and FADD to protect HTLV-I-infected cells.
Leukemia 2016, 30, 716–727. [CrossRef]

189. Miyake, H.; Suzuki, T.; Hirai, H.; Yoshida, M. Trans-activator Tax of Human T-Cell Leukemia Virus Type 1
Enhances Mutation Frequency of the Cellular Genome. Virology 1999, 253, 155–161. [CrossRef]

190. Haller, K.; Wu, Y.; Derow, E.; Schmitt, I.; Jeang, K.-T.; Grassmann, R. Physical Interaction of Human
T-Cell Leukemia Virus Type 1 Tax with Cyclin-Dependent Kinase 4 Stimulates the Phosphorylation of
Retinoblastoma Protein. Mol. Cell. Boil. 2002, 22, 3327–3338. [CrossRef]

191. Ohtani, K.-I.; Iwanaga, R.; Arai, M.; Huang, Y.; Matsumura, Y.; Nakamura, M. Cell Type-specific E2F
Activation and Cell Cycle Progression Induced by the Oncogene Product Tax of Human T-cell Leukemia
Virus Type I. J. Boil. Chem. 2000, 275, 11154–11163. [CrossRef] [PubMed]

192. Lemasson, I.; Thebault, S.; Sardet, C.; Devaux, C.; Mesnard, J.-M. Activation of E2F-mediated Transcription
by Human T-cell Leukemia Virus Type I Tax Protein in a p16INK4A-negative T-cell Line. J. Boil. Chem. 1998,
273, 23598–23604. [CrossRef] [PubMed]

193. Akagi, T.; Ono, H.; Shimotohno, K. Expression of cell-cycle regulatory genes in HTLV-I infected T-cell
lines: Possible involvement of Tax1 in the altered expression of cyclin D2, p18Ink4 and p21Waf1/Cip1/Sdi1.
Oncogene 1996, 12, 1645–1652. [PubMed]

194. Hatta, Y.; Hirama, T.; Miller, C.W.; Yamada, Y.; Tomonaga, M.; Koeffler, H.P. Homozygous deletions of the
p15 (MTS2) and p16 (CDKN2/MTS1) genes in adult T-cell leukemia. Blood 1995, 85, 2699–2704. [CrossRef]

195. Low, K.G.; Dorner, L.F.; Fernando, D.B.; Grossman, J.; Jeang, K.T.; Comb, M.J. Human T-cell leukemia virus
type 1 Tax releases cell cycle arrest induced by p16INK4a. J. Virol. 1997, 71, 1956–1962. [CrossRef]

196. Suzuki, T.; Kitao, S.; Matsushime, H.; Yoshida, M. HTLV-1 Tax protein interacts with cyclin-dependent kinase
inhibitor p16INK4A and counteracts its inhibitory activity towards CDK4. EMBO J. 1996, 15, 1607–1614.
[CrossRef]

197. Suzuki, T.; Narita, T.; Uchida-Toita, M.; Yoshida, M. Down-regulation of the INK4 Family of Cyclin-Dependent
Kinase Inhibitors by Tax Protein of HTLV-1 through Two Distinct Mechanisms. Virology 1999, 259, 384–391.
[CrossRef]

198. Uchida, T.; Kinoshita, T.; Murate, T.; Saito, H.; Hotta, T. CDKN2 (MTS1/p16INK4A) gene alterations in adult
T-cell leukemia/lymphoma. Leuk. Lymphoma 1998, 29, 27–35. [CrossRef]

199. Iwanaga, R.; Ohtani, K.; Hayashi, T.; Nakamura, M. Molecular mechanism of cell cycle progression induced
by the oncogene product Tax of human T-cell leukemia virus type I. Oncogene 2001, 20, 2055–2067. [CrossRef]

200. Kehn-Hall, K.; De La Fuente, C.; Strouss, K.; Berro, R.; Jiang, H.; Brady, J.; Mahieux, R.; Pumfery, A.;
Bottazzi, M.E.; Kashanchi, F. The HTLV-I Tax oncoprotein targets the retinoblastoma protein for proteasomal
degradation. Oncogene 2004, 24, 525–540. [CrossRef]

201. Laptenko, O.; Prives, C. Transcriptional regulation by p53: One protein, many possibilities. Cell Death Differ.
2006, 13, 951–961. [CrossRef] [PubMed]

http://dx.doi.org/10.1007/BF02982718
http://dx.doi.org/10.1182/blood-2005-06-2567
http://dx.doi.org/10.1111/j.1365-2443.2006.00927.x
http://dx.doi.org/10.1182/blood-2003-02-0635
http://dx.doi.org/10.1038/leu.2015.267
http://dx.doi.org/10.1006/viro.1998.9500
http://dx.doi.org/10.1128/MCB.22.10.3327-3338.2002
http://dx.doi.org/10.1074/jbc.275.15.11154
http://www.ncbi.nlm.nih.gov/pubmed/10753922
http://dx.doi.org/10.1074/jbc.273.36.23598
http://www.ncbi.nlm.nih.gov/pubmed/9722600
http://www.ncbi.nlm.nih.gov/pubmed/8622884
http://dx.doi.org/10.1182/blood.V85.10.2699.bloodjournal85102699
http://dx.doi.org/10.1128/JVI.71.3.1956-1962.1997
http://dx.doi.org/10.1002/j.1460-2075.1996.tb00505.x
http://dx.doi.org/10.1006/viro.1999.9760
http://dx.doi.org/10.3109/10428199809058379
http://dx.doi.org/10.1038/sj.onc.1204304
http://dx.doi.org/10.1038/sj.onc.1208105
http://dx.doi.org/10.1038/sj.cdd.4401916
http://www.ncbi.nlm.nih.gov/pubmed/16575405


Pathogens 2020, 9, 543 26 of 28

202. Chowdhury, I.H.; Farhadi, A.; Wang, X.F.; Robb, M.L.; Birx, D.L.; Kim, J.H. Human T-cell leukemia virus
type 1 Tax activates cyclin-dependent kinase inhibitor p21/Waf1/Cip1 expression through a p53-independent
mechanism: Inhibition of cdk2. Int. J. Cancer 2003, 107, 603–611. [CrossRef]

203. Kehn, K.; Deng, L.; de la Fuente, C.; Strouss, K.; Wu, K.; Maddukuri, A.; Baylor, S.; Rufner, R.; Pumfery, A.;
Bottazzi, M.E.; et al. The role of cyclin D2 and p21/waf1 in human T-cell leukemia virus type 1 infected cells.
Retrovirology 2004, 1, 6. [CrossRef] [PubMed]

204. Dayaram, T.; Lemoine, F.J.; Donehower, L.A.; Marriott, S.J. Activation of WIP1 Phosphatase by HTLV-1 Tax
Mitigates the Cellular Response to DNA Damage. PLoS ONE 2013, 8, e55989. [CrossRef] [PubMed]

205. Yam, C.H.; Fung, T.K.; Poon, R.Y. Cyclin A in cell cycle control and cancer. Cell Mol. Life Sci. 2002, 59,
1317–1326. [CrossRef] [PubMed]

206. Baydoun, H.H.; A Cherian, M.; Green, P.L.; Ratner, L. Inducible nitric oxide synthase mediates DNA double
strand breaks in Human T-Cell Leukemia Virus Type 1-induced leukemia/lymphoma. Retrovirology 2015,
12, 71. [CrossRef]

207. Kibler, K.V.; Jeang, K.-T. CREB/ATF-Dependent Repression of Cyclin A by Human T-Cell Leukemia Virus
Type 1 Tax Protein. J. Virol. 2001, 75, 2161–2173. [CrossRef]

208. Kuo, Y.L.; Giam, C.Z. Activation of the anaphase promoting complex by HTLV-1 tax leads to senescence.
EMBO J. 2006, 25, 1741–1752. [CrossRef]

209. Nitta, T.; Kanai, M.; Sugihara, E.; Tanaka, M.; Sun, B.; Nagasawa, T.; Sonoda, S.; Saya, H.; Miwa, M.
Centrosome amplification in adult T-cell leukemia and human T-cell leukemia virus type 1 Tax-induced
human T cells. Cancer Sci. 2006, 97, 836–841. [CrossRef]

210. Péloponèse, J.-M.; Haller, K.; Miyazato, A.; Jeang, K.-T. Abnormal centrosome amplification in cells through
the targeting of Ran-binding protein-1 by the human T cell leukemia virus type-1 Tax oncoprotein. Proc. Natl.
Acad. Sci. USA 2005, 102, 18974–18979. [CrossRef]

211. Blackford, A.N.; Jackson, S.P. ATM, ATR, and DNA-PK: The Trinity at the Heart of the DNA Damage
Response. Mol. Cell 2017, 66, 801–817. [CrossRef]

212. Chandhasin, C.; Ducu, R.I.; Berkovich, E.; Kastan, M.B.; Marriott, S.J. Human T-Cell Leukemia Virus Type 1
Tax Attenuates the ATM-Mediated Cellular DNA Damage Response. J. Virol. 2008, 82, 6952–6961. [CrossRef]
[PubMed]

213. Belgnaoui, S.M.; Fryrear, K.A.; Nyalwidhe, J.O.; Guo, X.; Semmes, O.J. The Viral Oncoprotein Tax Sequesters
DNA Damage Response Factors by Tethering MDC1 to Chromatin. J. Boil. Chem. 2010, 285, 32897–32905.
[CrossRef] [PubMed]

214. Philpott, S.M.; Buehring, G.C. Defective DNA repair in cells with human T-cell leukemia/bovine leukemia
viruses: Role of tax gene. J. Natl. Cancer Inst. 1999, 91, 933–942. [CrossRef]

215. Kao, S.Y.; Marriott, S.J. Disruption of nucleotide excision repair by the human T-cell leukemia virus type 1
Tax Protein. J. Virol. 1999, 73, 4299–4304. [CrossRef] [PubMed]

216. Lemoine, F.J.; Kao, S.-Y.; Marriott, S.J. Suppression of DNA Repair by HTLV Type 1 Tax Correlates with
Taxtrans-Activation of Proliferating Cell Nuclear Antigen Gene Expression. AIDS Res. Hum. Retrovir. 2000,
16, 1623–1627. [CrossRef]

217. Ressler, S.; Morris, G.F.; Marriott, S.J. Human T-cell leukemia virus type 1 Tax transactivates the human
proliferating cell nuclear antigen promoter. J. Virol. 1997, 71, 1181–1190. [CrossRef]

218. Morimoto, H.; Tsukada, J.; Kominato, Y.; Tanaka, Y. Reduced expression of human mismatch repair genes in
adult T-cell leukemia. Am. J. Hematol. 2005, 78, 100–107. [CrossRef]

219. Baydoun, H.H.; Bai, X.T.; Shelton, S.; Nicot, C. HTLV-I tax increases genetic instability by inducing DNA
double strand breaks during DNA replication and switching repair to NHEJ. PLoS ONE 2012, 7, e42226.
[CrossRef]

220. Peng, Y.; Croce, C.M. The role of MicroRNAs in human cancer. Signal Transduct. Target. Ther. 2016, 1, 15004.
[CrossRef]

221. O’Brien, J.; Hayder, H.; Zayed, Y.; Peng, C. Overview of MicroRNA Biogenesis, Mechanisms of Actions,
and Circulation. Front. Endocrinol. 2018, 9. [CrossRef] [PubMed]

222. Treiber, T.; Treiber, N.; Meister, G. Regulation of microRNA biogenesis and its crosstalk with other cellular
pathways. Nat. Rev. Mol. Cell Biol. 2019, 20, 5–20. [CrossRef] [PubMed]

223. Bellon, M.; Lepelletier, Y.; Hermine, O.; Nicot, C. Deregulation of microRNA involved in hematopoiesis and
the immune response in HTLV-I adult T-cell leukemia. Blood 2009, 113, 4914–4917. [CrossRef] [PubMed]

http://dx.doi.org/10.1002/ijc.11316
http://dx.doi.org/10.1186/1742-4690-1-6
http://www.ncbi.nlm.nih.gov/pubmed/15169570
http://dx.doi.org/10.1371/journal.pone.0055989
http://www.ncbi.nlm.nih.gov/pubmed/23405243
http://dx.doi.org/10.1007/s00018-002-8510-y
http://www.ncbi.nlm.nih.gov/pubmed/12363035
http://dx.doi.org/10.1186/s12977-015-0196-y
http://dx.doi.org/10.1128/JVI.75.5.2161-2173.2001
http://dx.doi.org/10.1038/sj.emboj.7601054
http://dx.doi.org/10.1111/j.1349-7006.2006.00254.x
http://dx.doi.org/10.1073/pnas.0506659103
http://dx.doi.org/10.1016/j.molcel.2017.05.015
http://dx.doi.org/10.1128/JVI.02331-07
http://www.ncbi.nlm.nih.gov/pubmed/18434398
http://dx.doi.org/10.1074/jbc.M110.146373
http://www.ncbi.nlm.nih.gov/pubmed/20729195
http://dx.doi.org/10.1093/jnci/91.11.933
http://dx.doi.org/10.1128/JVI.73.5.4299-4304.1999
http://www.ncbi.nlm.nih.gov/pubmed/10196328
http://dx.doi.org/10.1089/08892220050193056
http://dx.doi.org/10.1128/JVI.71.2.1181-1190.1997
http://dx.doi.org/10.1002/ajh.20259
http://dx.doi.org/10.1371/journal.pone.0042226
http://dx.doi.org/10.1038/sigtrans.2015.4
http://dx.doi.org/10.3389/fendo.2018.00402
http://www.ncbi.nlm.nih.gov/pubmed/30123182
http://dx.doi.org/10.1038/s41580-018-0059-1
http://www.ncbi.nlm.nih.gov/pubmed/30228348
http://dx.doi.org/10.1182/blood-2008-11-189845
http://www.ncbi.nlm.nih.gov/pubmed/19246560


Pathogens 2020, 9, 543 27 of 28

224. Fochi, S.; Ciminale, V.; Trabetti, E.; Bertazzoni, U.; D’Agostino, D.M.; Zipeto, D.; Romanelli, M.G. NF-kappaB
and MicroRNA Deregulation Mediated by HTLV-1 Tax and HBZ. Pathogens 2019, 8, 290. [CrossRef] [PubMed]

225. Moles, R.; Nicot, C. The Emerging Role of miRNAs in HTLV-1 Infection and ATLL Pathogenesis. Viruses
2015, 7, 4047–4074. [CrossRef] [PubMed]

226. Pichler, K.; Schneider, G.; Grassmann, R. MicroRNA miR-146a and further oncogenesis-related cellular
microRNAs are dysregulated in HTLV-1-transformed T lymphocytes. Retrovirology 2008, 5, 100. [CrossRef]
[PubMed]

227. Ruggero, K.; Corradin, A.; Zanovello, P.; Amadori, A.; Bronte, V.; Ciminale, V.; D’Agostino, D. Role of
microRNAs in HTLV-1 infection and transformation. Mol. Asp. Med. 2010, 31, 367–382. [CrossRef]

228. Yeung, M.L.; Yasunaga, J.-I.; Bennasser, Y.; Dusetti, N.; Harris, D.T.; Ahmad, N.; Matsuoka, M.; Jeang, K.-T.
Roles for microRNAs, miR-93 and miR-130b, and tumor protein 53-induced nuclear protein 1 tumor
suppressor in cell growth dysregulation by human T-cell lymphotrophic virus 1. Cancer Res. 2008, 68,
8976–8985. [CrossRef]

229. Van Duyne, R.; Guendel, I.; Klase, Z.; Narayanan, A.; Coley, W.; Jaworski, E.; Roman, J.; Popratiloff, A.;
Mahieux, R.; Kehn-Hall, K.; et al. Localization and Sub-Cellular Shuttling of HTLV-1 Tax with the miRNA
Machinery. PLoS ONE 2012, 7, e40662. [CrossRef] [PubMed]

230. Tomita, M. MicroRNA miR-146a is induced by HTLV-1 tax and increases the growth of HTLV-1-infected
T-cells. Int. J. Cancer 2012, 130. [CrossRef]

231. Tomita, M. Important Roles of Cellular MicroRNA miR-155 in Leukemogenesis by Human T-Cell Leukemia
Virus Type 1 Infection. ISRN Microbiol. 2012, 2012, 1–11. [CrossRef] [PubMed]

232. Rahman, S.; Quann, K.; Pandya, D.; Singh, S.; Khan, Z.K.; Jain, P. HTLV-1 Tax Mediated Downregulation of
miRNAs Associated with Chromatin Remodeling Factors in T Cells with Stably Integrated Viral Promoter.
PLoS ONE 2012, 7, e34490. [CrossRef] [PubMed]

233. Bussey, K.A.; Brinkmann, M.M. Strategies for immune evasion by human tumor viruses. Curr. Opin. Virol.
2018, 32, 30–39. [CrossRef]

234. Hanon, E.; Hall, S.; Taylor, G.P.; Saito, M.; Davis, R.; Tanaka, Y.; Usuku, K.; Osame, M.; Weber, J.N.;
Bangham, C.R. Abundant tax protein expression in CD4+ T cells infected with human T-cell lymphotropic
virus type I (HTLV-I) is prevented by cytotoxic T lymphocytes. Blood 2000, 95, 1386–1392. [CrossRef]
[PubMed]

235. Okayama, A.; Chen, Y.-M.A.; Thchibana, N.; Shioiri, S.; Lee, T.-H.; Tsuda, K.; Essex, M. High Incidence of
Antibodies to HTLV-I tax in Blood Relatives of Adult T Cell Leukemia Patients. J. Infect. Dis. 1991, 163, 47–52.
[CrossRef]

236. Zhi, H.; Yang, L.; Kuo, Y.L.; Ho, Y.K.; Shih, H.M.; Giam, C.Z. NF-kappaB hyper-activation by HTLV-1 tax
induces cellular senescence, but can be alleviated by the viral anti-sense protein HBZ. PLoS Pathog. 2011,
7, e1002025. [CrossRef] [PubMed]

237. Takahashi, M.; Higuchi, M.; Makokha, G.N.; Matsuki, H.; Yoshita, M.; Tanaka, Y.; Fujii, M. HTLV-1 Tax
oncoprotein stimulates ROS production and apoptosis in T cells by interacting with USP10. Blood 2013, 122,
715–725. [CrossRef]

238. Kinjo, T.; Ham-Terhune, J.; Peloponese, J.M., Jr.; Jeang, K.T. Induction of reactive oxygen species by human
T-cell leukemia virus type 1 tax correlates with DNA damage and expression of cellular senescence marker.
J. Virol. 2010, 84, 5431–5437. [CrossRef]

239. Kulkarni, A.; Bangham, C.R.M. HTLV-1: Regulating the Balance Between Proviral Latency and Reactivation.
Front. Microbiol. 2018, 9, 449. [CrossRef]

240. Kulkarni, A.; Mateus, M.; Thinnes, C.C.; McCullagh, J.S.; Schofield, C.J.; Taylor, G.P.; Bangham, C.R.M.
Glucose Metabolism and Oxygen Availability Govern Reactivation of the Latent Human Retrovirus HTLV-1.
Cell Chem. Biol. 2017, 24, 1377–1387.e3. [CrossRef]

241. Kulkarni, A.; Taylor, G.P.; Klose, R.J.; Schofield, C.J.; Bangham, C.R. Histone H2A monoubiquitylation and
p38-MAPKs regulate immediate-early gene-like reactivation of latent retrovirus HTLV-1. JCI Insight 2018,
3, e123196. [CrossRef] [PubMed]

242. Mahgoub, M.; Yasunaga, J.-I.; Iwami, S.; Nakaoka, S.; Koizumi, Y.; Shimura, K.; Matsuoka, M. Sporadic on/off

switching of HTLV-1 Tax expression is crucial to maintain the whole population of virus-induced leukemic
cells. Proc. Natl. Acad. Sci. USA 2018, 115, E1269–E1278. [CrossRef]

http://dx.doi.org/10.3390/pathogens8040290
http://www.ncbi.nlm.nih.gov/pubmed/31835460
http://dx.doi.org/10.3390/v7072805
http://www.ncbi.nlm.nih.gov/pubmed/26205403
http://dx.doi.org/10.1186/1742-4690-5-100
http://www.ncbi.nlm.nih.gov/pubmed/19014482
http://dx.doi.org/10.1016/j.mam.2010.05.001
http://dx.doi.org/10.1158/0008-5472.CAN-08-0769
http://dx.doi.org/10.1371/journal.pone.0040662
http://www.ncbi.nlm.nih.gov/pubmed/22808228
http://dx.doi.org/10.1002/ijc.25115
http://dx.doi.org/10.5402/2012/978607
http://www.ncbi.nlm.nih.gov/pubmed/23762762
http://dx.doi.org/10.1371/journal.pone.0034490
http://www.ncbi.nlm.nih.gov/pubmed/22496815
http://dx.doi.org/10.1016/j.coviro.2018.08.015
http://dx.doi.org/10.1182/blood.V95.4.1386.004k22_1386_1392
http://www.ncbi.nlm.nih.gov/pubmed/10666215
http://dx.doi.org/10.1093/infdis/163.1.47
http://dx.doi.org/10.1371/journal.ppat.1002025
http://www.ncbi.nlm.nih.gov/pubmed/21552325
http://dx.doi.org/10.1182/blood-2013-03-493718
http://dx.doi.org/10.1128/JVI.02460-09
http://dx.doi.org/10.3389/fmicb.2018.00449
http://dx.doi.org/10.1016/j.chembiol.2017.08.016
http://dx.doi.org/10.1172/jci.insight.123196
http://www.ncbi.nlm.nih.gov/pubmed/30333309
http://dx.doi.org/10.1073/pnas.1715724115


Pathogens 2020, 9, 543 28 of 28

243. Nicot, C.; Dundr, M.; Johnson, J.M.; Fullen, J.R.; Alonzo, N.; Fukumoto, R.; Princler, G.L.; Derse, D.; Misteli, T.;
Franchini, G. HTLV-1-encoded p30II is a post-transcriptional negative regulator of viral replication. Nat. Med.
2004, 10, 197–201. [CrossRef]

244. Zhang, W.; Nisbet, J.W.; Albrecht, B.; Ding, W.; Kashanchi, F.; Bartoe, J.T.; Lairmore, M.D. Human
T-lymphotropic virus type 1 p30(II) regulates gene transcription by binding CREB binding protein/p300.
J. Virol. 2001, 75, 9885–9895. [CrossRef] [PubMed]

245. Lemasson, I.; Lewis, M.R.; Polakowski, N.; Hivin, P.; Cavanagh, M.-H.; Thébault, S.; Barbeau, B.; Nyborg, J.K.;
Mesnard, J.-M. Human T-Cell Leukemia Virus Type 1 (HTLV-1) bZIP Protein Interacts with the Cellular
Transcription Factor CREB To Inhibit HTLV-1 Transcription. J. Virol. 2006, 81, 1543–1553. [CrossRef]
[PubMed]

246. Choudhary, G.; Ratner, L. The HTLV-1 hbz antisense gene indirectly promotes tax expression via
down-regulation of p30(II) mRNA. Virology 2011, 410, 307–315. [CrossRef]

247. Nakagawa, M.; Shaffer, A.L., 3rd; Ceribelli, M.; Zhang, M.; Wright, G.; Huang, D.W.; Xiao, W.; Powell, J.;
Petrus, M.N.; Yang, Y.; et al. Targeting the HTLV-I-Regulated BATF3/IRF4 Transcriptional Network in Adult
T Cell Leukemia/Lymphoma. Cancer Cell 2018, 34, 286–297.e10. [CrossRef]

248. Saitoh, Y.; Yamamoto, N.; Dewan, M.Z.; Sugimoto, H.; Martinez Bruyn, V.J.; Iwasaki, Y.; Matsubara, K.; Qi, X.;
Saitoh, T.; Imoto, I.; et al. Overexpressed NF-kappaB-inducing kinase contributes to the tumorigenesis of
adult T-cell leukemia and Hodgkin Reed-Sternberg cells. Blood 2008, 111, 5118–5129. [CrossRef]

249. Kataoka, K.; Nagata, Y.; Kitanaka, A.; Shiraishi, Y.; Shimamura, T.; Yasunaga, J.-I.; Totoki, Y.; Chiba, K.;
Sato-Otsubo, A.; Nagae, G.; et al. Integrated molecular analysis of adult T cell leukemia/lymphoma.
Nat. Genet. 2015, 47, 1304–1315. [CrossRef]

250. Wong, R.W.J.; Tan, T.K.; Amanda, S.; Ngoc, P.C.T.; Leong, W.Z.; Tan, S.H.; Asamitsu, K.; Hibi, Y.;
Ueda, R.; Okamoto, T.; et al. Feed-forward regulatory loop driven by IRF4 and NF-kappaB in adult
T-cell leukemia/lymphoma. Blood 2020, 135, 934–947. [CrossRef]

251. Kinpara, S.; Ito, S.; Takahata, T.; Saitoh, Y.; Hasegawa, A.; Kijiyama, M.; Utsunomiya, A.; Masuda, M.;
Miyazaki, Y.; Matsuoka, M.; et al. Involvement of double-stranded RNA-dependent protein kinase and
antisense viral RNA in the constitutive NFkappaB activation in adult T-cell leukemia/lymphoma cells.
Leukemia 2015, 29, 1425–1429. [CrossRef]

252. Mordechai, E.; Kon, N.; Henderson, E.E.; Suhadolnik, R.J. Activation of the interferon-inducible enzymes,
2’,5’-oligoadenylate synthetase and PKR by human T-cell leukemia virus type I Rex-response element.
Virology 1995, 206, 913–922. [CrossRef] [PubMed]

253. Mori, N.; Gill, P.S.; Mougdil, T.; Murakami, S.; Eto, S.; Prager, D. Interleukin-10 gene expression in adult
T-cell leukemia. Blood 1996, 88, 1035–1045. [CrossRef] [PubMed]

254. McLane, L.M.; Hakeem, M.A.; Wherry, E.J. CD8 T Cell Exhaustion During Chronic Viral Infection and Cancer.
Annu. Rev. Immunol. 2019, 37, 457–495. [CrossRef] [PubMed]

255. Takamori, A.; Hasegawa, A.; Utsunomiya, A.; Maeda, Y.; Yamano, Y.; Masuda, M.; Shimizu, Y.; Tamai, Y.;
Sasada, A.; Zeng, N.; et al. Functional impairment of Tax-specific but not cytomegalovirus-specific CD8+ T
lymphocytes in a minor population of asymptomatic human T-cell leukemia virus type 1-carriers. Retrovirology
2011, 8, 100. [CrossRef] [PubMed]

256. Sawada, L.; Nagano, Y.; Hasegawa, A.; Kanai, H.; Nogami, K.; Ito, S.; Sato, T.; Yamano, Y.; Tanaka, Y.;
Masuda, T.; et al. IL-10-mediated signals act as a switch for lymphoproliferation in Human T-cell leukemia
virus type-1 infection by activating the STAT3 and IRF4 pathways. PLoS Pathog. 2017, 13, e1006597. [CrossRef]

257. Takeda, S.; Maeda, M.; Morikawa, S.; Taniguchi, Y.; Yasunaga, J.-I.; Nosaka, K.; Tanaka, Y.; Matsuoka, M.
Genetic and epigenetic inactivation oftax gene in adult T-cell leukemia cells. Int. J. Cancer 2004, 109, 559–567.
[CrossRef]

258. Chen, L.; Liu, D.; Zhang, Y.; Zhang, H.; Cheng, H. The autophagy molecule Beclin 1 maintains persistent
activity of NF-kappaB and Stat3 in HTLV-1-transformed T lymphocytes. Biochem. Biophys. Res. Commun.
2015, 465, 739–745. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1038/nm984
http://dx.doi.org/10.1128/JVI.75.20.9885-9895.2001
http://www.ncbi.nlm.nih.gov/pubmed/11559821
http://dx.doi.org/10.1128/JVI.00480-06
http://www.ncbi.nlm.nih.gov/pubmed/17151132
http://dx.doi.org/10.1016/j.virol.2010.11.019
http://dx.doi.org/10.1016/j.ccell.2018.06.014
http://dx.doi.org/10.1182/blood-2007-09-110635
http://dx.doi.org/10.1038/ng.3415
http://dx.doi.org/10.1182/blood.2019002639
http://dx.doi.org/10.1038/leu.2015.1
http://dx.doi.org/10.1006/viro.1995.1014
http://www.ncbi.nlm.nih.gov/pubmed/7856104
http://dx.doi.org/10.1182/blood.V88.3.1035.bloodjournal8831035
http://www.ncbi.nlm.nih.gov/pubmed/8704212
http://dx.doi.org/10.1146/annurev-immunol-041015-055318
http://www.ncbi.nlm.nih.gov/pubmed/30676822
http://dx.doi.org/10.1186/1742-4690-8-100
http://www.ncbi.nlm.nih.gov/pubmed/22151736
http://dx.doi.org/10.1371/journal.ppat.1006597
http://dx.doi.org/10.1002/ijc.20007
http://dx.doi.org/10.1016/j.bbrc.2015.08.070
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	HTLV-1 Genomic Structure and Modes of Entry 
	Oncogenic Functions and Regulation of Viral Gene Expression by HTLV-1 Tax 
	HTLV-1 Tax Activation of NF-B 
	Post-translational Modifications (PTMs) of Tax and Its Contribution to Cellular Transformation 
	Tax Ubiquitination 
	Tax SUMOylation 
	Tax Phosphorylation 
	Tax Acetylation 

	HTLV-1-mediated Inhibition of Apoptosis 
	The Imbalance between Pro- and Anti-apoptotic Proteins 
	Impaired Caspase Signaling and Compromised Death Receptor Signaling 

	HTLV-1 Deregulation of Cell Cycle and DNA Repair 
	Tax Modulation of miRNA Expression for T cell Proliferation and Transformation 
	Negative Regulation of Tax through Its Repression by Viral and Cellular genes 
	Conclusions 
	References

