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Abstract

The human T-cell leukemia virus type 1 (HTLV-1) is a complex deltaretrovirus linked to adult T-

cell leukemia/lymphoma (ATLL), a fatal CD4+ malignancy in 3–5% of infected individuals. The 

HTLV-1 Tax regulatory protein plays indispensable roles in regulating viral gene expression and 

activating cellular signaling pathways that drive the proliferation and clonal expansion of T cells 

bearing HTLV-1 proviral integrations. Tax is a potent activator of NF-κB, a key signaling pathway 

that is essential for the survival and proliferation of HTLV-1 infected T cells. However, constitutive 

NF-κB activation by Tax also triggers a senescence response, suggesting the possibility that only T 

cells capable of overcoming NF-κB-induced senescence can selectively undergo clonal expansion 

after HTLV-1 infection. Tax expression is often silenced in the majority of ATLL due to genetic 

alterations in the tax gene or DNA hypermethylation of the 5′-LTR. Despite the loss of Tax, NF-

κB activation remains persistently activated in ATLL due to somatic mutations in genes in the 

T/B-cell receptor (T/BCR) and NF-κB signaling pathways. In this review, we focus on the key 

events driving Tax-dependent and independent mechanisms of NF-κB activation during the multi-

step process leading to ATLL.

Graphical abstract

Chronic activation of the NF-κB pathway is a key event in HTLV-1-induced leukemia. HTLV-1 

Tax directs RNF8 and LUBAC to assemble hybrid polyubiquitin chains to promote TAK1, IKK 

and NF-κB activation, and clonal expansion. Tax expression frequently becomes silenced by 

genetic/epigenetic mechanisms. Somatic mutations in B/T cell receptor signaling pathways then 

develop to drive Tax-independent NF-κB activation in ATLL cells.
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Introduction

The human T-cell leukemia virus type 1 (HTLV-1) is a complex deltaretrovirus that infects 

between 10–20 million people worldwide [1]. The vast majority of HTLV-1 infected 

individuals remain asymptomatic; however, 3–5% develop adult T-cell leukemia/lymphoma 

(ATLL) after a long latent period spanning 4–6 decades after the initial infection [2]. In 

addition, ~3% of infected individuals develop one of a spectrum of inflammatory diseases, 

such as the neuroinflammatory disease HAM/TSP (HTLV-1 associated myelopathy/tropical 

spastic paraparesis) [3]. There are well established viral and host factors that determine host 

susceptibility to ATLL or HAM/TSP including the route of infection (i.e. peripheral blood or 

mucosal), HLA (human leukocyte antigen) alleles and the magnitude of the antiviral 

immune response [4, 5]. A high proviral load represents a significant risk factor for 

progression to ATLL or HAM/TSP [6, 7].

Although HTLV-1 exhibits a broad tropism in vitro, the majority of the cells harboring 

HTLV-1 provirus in vivo are CD4+ T cells (~90%) with the remainder derived from CD8+ T 

cells and monocytes [8, 9]. HTLV-1 can infect hematopoietic stem cells (HSCs) in the bone 

marrow, which can then differentiate into diverse immune cell lineages [10]. Neuropilin 1 

(NRP1), glucose transporter 1 (GLUT-1) and heparin sulfate proteoglycans (HSPGs) all 

serve as HTLV-1 receptors [11–13]. In contrast to the human immunodeficiency virus 1 

(HIV-1), HTLV-1 viral particles are poorly infectious and the proviral load in HTLV-1 

infected individuals is maintained by both the division of infected cells (i.e. mitotic spread) 

and periodic viral reactivation and de novo infection [14]. Therefore, drugs that target 

retroviral replication, such as reverse transcriptase inhibitors, exert little, if any, effect on the 

HTLV-1 proviral load. HTLV-1 infection requires cell-to-cell contact and is mediated by a 

virological synapse supported by interactions between the transmembrane protein ICAM-1 

and the integrin LFA-1 [15]. The virological synapse is initiated by the infected cell and 

mediates the transfer of core proteins and the HTLV-1 genome to an uninfected cell [15].

The HTLV-1 genome is ~10 kilobases in length and consists of Gag, Pol and Env genes 

encoding essential retroviral structural and enzymatic proteins flanked on both ends by long 

terminal repeats (LTRs). The 5′-LTR contains cis sequences for binding by both viral and 
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cellular proteins that regulate the expression of Gag, Pol, Env and regulatory/accessory 

genes in the pX region (Tax, Rex, p12, p13 and p30) [16]. The 3′-LTR regulates expression 

of the hbz gene in the antisense direction. Both Tax and HBZ play key roles in the 

pathogenesis of HTLV-1 associated diseases [17]. Recent studies have quantified Tax and 

HBZ expression in single cell clones revealing Tax and HBZ expression occurring 

dynamically in transcriptional bursts [18]. Tax expression can be rapidly induced due to 

cytotoxic stress or hypoxia to promote cell survival and/or viral reactivation [19, 20].

Recent studies have described a new mechanism by which HTLV-1 insertion may influence 

host gene expression. The HTLV-1 provirus interacts with CCCTC-binding factor (CTCF), 

which can dimerize and form chromatin loops with distant CTCF sites in the genome [21]. 

The strong HTLV-1 promoter/enhancer may therefore exert effects on host gene expression 

at distant sites from the integrated provirus [22].

Tax exerts pleiotropic functions in the HTLV-1 life cycle by regulating viral gene expression 

and promoting the survival and clonal expansion of infected cells. Tax interacts with CREB 

and CREB binding protein (CBP) at the 5′-LTR to drive viral gene expression [23, 24]. Tax 

dysregulates cell cycle checkpoints by complex mechanisms with premature activation of 

the anaphase promoting complex (APCcdc20) and delayed mitosis [25, 26]. Tax also targets 

and inactivates key tumor suppressors p53 and Rb to promote cell cycle progression and the 

survival of HTLV-1 infected cells [27, 28]. Furthermore, Tax promotes genomic instability 

and aneuploidy by inducing reactive oxygen species (ROS) and inhibiting repair of DNA 

double-strand breaks through homologous recombination [29–31]. These collective activities 

endow Tax with oncogenic functions, and as such Tax can immortalize primary T cells, 

albeit with low efficiency, suggesting that Tax requires other viral proteins or specific 

cellular alterations for efficient transformation [32]. Tax transgenic mice can also develop 

specific tumors depending on the promoter used to drive Tax expression [33]. Tax promotes 

the chronic activation of the canonical and noncanonical NF-κB pathways (described below) 

to upregulate the expression of anti-apoptotic, proliferation and cell cycle progression genes 

[34]. Counterintuitively, chronic activation of NF-κB by Tax also induces a p53-independent 

senescence response mediated by cyclin-dependent kinase inhibitors, p21CIP1/WAF1 (p21) 

and p27KIP1 (p27), suggesting that the senescence response triggered by NF-κB would have 

to be overcome in order for persistently active NF-κB to serve as a cancer driver (Fig. 1). 

The NF-κB pathway is critical in both early (Tax-dependent) and later (Tax independent) 

steps in the multi-step progression to ATLL (Fig. 1). In this review, we will focus on the key 

molecular events leading to Tax-dependent and independent NF-κB activation in ATLL.

Tax-dependent NF-κB activation

The canonical NF-κB pathway is activated by a wide range of stimuli including 

proinflammatory cytokines, antigens and stress responses. NF-κB dimers such as RelA/p50 

are sequestered in the cytoplasm as inactive complexes by the IκB inhibitory proteins. The 

IKK (IκB kinase) complex, consisting of the catalytic subunits IKKα and IKKβ and the 

regulatory subunit NEMO (also known as IKKγ), phosphorylates IκB proteins in a 

stimulus-dependent manner to trigger their proteasomal degradation and allowing the 

nuclear translocation of NF-κB to regulate gene expression [35]. Early studies revealed that 
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NF-κB was persistently activated and localized in the nucleus in HTLV-1 transformed cell 

lines [36]. Consistent with these observations, IKK was also chronically activated in 

HTLV-1 transformed cell lines and primary ATLL cells [36, 37]. Inhibition of IKK/NF-κB 

with small molecule inhibitors triggers the apoptosis of HTLV-1-transformed cell lines and 

ATLL cells, thus demonstrating the requirement for NF-κB in ATLL cell survival and the 

maintenance of the transformed phenotype [38, 39]. Targeted inhibition of IKK in HTLV-1 

transformed cell lines and ATLL cells results in downregulated expression of genes involved 

in anti-apoptosis and cell cycle progression [40–42].

Tax directly interacts with NEMO to persistently activate IKK kinase activity [43–45]. Tax 

requires NEMO to activate NF-κB since Tax activation of NF-κB is impaired in a NEMO-

deficient Jurkat T cell line [46]. Furthermore, the Tax point mutant M22 (T130A and L131S) 

is defective in NEMO binding and NF-κB activation whereas M47 (L319R and L320S) is 

defective in CREB activation [43]. Tax also activates IKK upstream kinases such as TAK1 

and promotes the interaction of TAK1 with IKK [47]. Tax interaction with NEMO is 

essential to promote the chronic phosphorylation and oligomerization of IKK.

The pathogenicity of Tax mutants defective for NF-κB activation have been examined both 

in vitro and in vivo, clearly revealing roles for NF-κB in tumorigenesis and/or inflammation. 

In the context of a proviral clone, the Tax M47 mutant retains the ability for the 

immortalization of primary human T cells; however, Tax M22 is impaired in T-cell 

immortalization [48]. Transgenic mice conditionally expressing wild-type Tax or Tax M47, 

but not Tax M22, develop a lethal, inflammatory CD4+ T cell-mediated skin disease [49].

Noncanonical NF-κB signaling regulates the inducible processing of NF-κB2/p100 to p52, 

which can heterodimerize with RelB to regulate a distinct group of genes controlled by 

canonical NF-κB. Noncanonical NF-κB signaling regulates B lymphocyte survival, 

lymphoid organogenesis, and the development of specific immune cell subsets [50]. The 

processing of p100 to p52 is tightly regulated by extracellular signals mediated by tumor 

necrosis factor receptor (TNFR) superfamily members BAFF, lymphotoxin-β, CD40 and 

others [50]. Signaling through these receptors inactivate an E3 ligase complex consisting of 

TRAF2, TRAF3, cIAP1 and cIAP2 which together promote the ubiquitination and 

proteasomal degradation of the NF-κB inducing kinase (NIK) [51]. NIK phosphorylates 

IKKα, which in turn phosphorylates p100 to trigger its processing to p52 [52, 53]. Somatic 

inactivating mutations in TRAF2, TRAF3, cIAP1 and cIAP2 have been linked to NIK 

stabilization and constitutive noncanonical NF-κB signaling in multiple myeloma [54, 55].

Tax also functions as a potent activator of the noncanonical NF-κB pathway. Early studies 

suggested that Tax directly interacts with p100 [56]. Interestingly, Tax activation of 

noncanonical NF-κB occurs independently of TNF receptors, and requires IKKα, and 

possibly NIK [57, 58]. Tax-mediated transformation has been shown to depend on p100 and 

noncanonical NF-κB signaling [59]. Amino acids 225–232 in Tax were shown to be 

important for the processing of p100 and cell transformation [60]. Furthermore, genetic loss 

of p100/p52 delayed tumorigenesis in Tax transgenic mice [61]. Together, it appears that the 

noncanonical NF-κB pathway plays a critical role in the oncogenic properties of Tax.
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Tax is modified by various post-translational modifications (PTMs) that not only regulate 

Tax stability and cellular localization, but also NF-κB activation. In this regard, 

ubiquitination has been shown to play a prominent role in the functions of Tax [62, 63]. Tax 

can undergo both degradative lysine 48 (K48)-linked polyubiquitination and nondegradative 

K63-linked polyubiquitination [64]. Mutagenesis and mapping studies have revealed that 

lysine residues K263, K280 and K284 play key roles as acceptor sites for Tax ubiquitination 

[65, 66]. Monoubiquitination of Tax occurs in response to genotoxic stress and DNA 

damage and mediates the nuclear export of Tax [67]. However, K63-linked 

polyubiquitination of Tax is thought to lead to NF-κB activation. Indeed, the E2 ubiquitin 

conjugating enzyme Ubc13 was shown to be required for Tax to activate IKK and NF-κB 

[64]. Knockdown of Ubc13 with siRNA or genetic deletion of Ubc13 impaired the ability of 

Tax to undergo K63-linked polyubiquitination and activate NF-κB [64]. The mechanistic 

roles of K63-linked polyubiquitination of Tax have yet to be fully understood, but may 

function as a scaffold for recruitment of proteins with K63-Ub binding modules, possibly 

TAB2/3. While overexpression of TRAF2, 5 and 6 augment Tax polyubiquitination [68], 

there is no compelling genetic evidence that these E3 ligases are actually involved in Tax 

K63-linked polyubiquitination. Indeed, the identity of the E3 ligase(s) that directly 

conjugates Tax with K63-linked polyubiquitin chains remains unknown. Tax 

polyubiquitination, as well as TRAF6 polyubiquitination, can be countered by the USP20 

deubiquitinase [69]. Tax-mediated NF-κB activation can also be indirectly regulated by the 

STAMBPL1 deubiquitinase, which promotes DNA damage-induced Tax nuclear export [70]. 

Tax has also been shown to be modified by SUMOylation [66]. Although one study reported 

a key role for Tax SUMOylation in NF-κB activation [71], a conflicting study found that a 

non-SUMOylated Tax protein retains the capacity for NF-κB activation [72]. More work is 

clearly needed in this area to understand if Tax SUMOylation affects NF-κB signaling.

Tax can promote the relocalization of NEMO and the IKK complex to Golgi-associated 

structures in T lymphocytes in a ubiquitin-dependent manner [73], where interactions occur 

with the selective autophagy receptors TAX1BP1 and Optineurin [74]. Given that Tax 

activates IKK in lipid rafts [75], Tax may initially assemble an IKK signaling complex in 

lipid rafts in the Golgi. It is unclear if the Tax-IKK-TAX1BP1-Optineurin complex in the 

Golgi is linked to autophagy/autophagosomes involved in NF-κB activation (see below).

Although an E3 ligase directly ubiquitinating Tax with K63-linked poly-Ub chains has yet to 

be identified, Ho et al. have recently used in vitro reconstitution to demonstrate that Tax 

activates the E3 ligase, ring finger protein 8 (RNF8), for canonical IKK and NF-κB 

activation [76]. In the presence of Tax, RNF8 and Ubc13/Uev1a/Uev2 become greatly 

stimulated both in vitro and in vivo and assemble long K63-linked polyubiquitin chains, 

which activate TAK1 and IKK, and downstream kinases including JNK and mTOR [76, 77]. 

Interestingly, Tax has been previously demonstrated to activate mTOR to transform mouse T 

cells [78]. These results support the model that Tax hijacks RNF8, a cellular E3 ligase 

involved in the early signaling events of the DNA double-stranded break repair pathway, for 

not only canonical NF-κB activation, but also activation of a large ensemble of kinases 

downstream of TAK1 to facilitate viral replication (Fig. 2). The pleiotropic effects of Tax on 

cell signaling can thus be explained nicely by this model. The K63-linked polyubiquitin 

chains assembled by Tax and RNF8 in vitro are unanchored [76]. Whether substrate-
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anchored polyubiquitin chains are formed by the Tax-RNF8 complex remains to be 

determined [79]. RNF8 is localized primarily in the nucleus and becomes released into the 

cytosol during mitosis where it regulates cytokinesis. In the presence of Tax a significant 

fraction of RNF8 becomes localized to the cytoplasm. As Tax is expected to stimulate both 

nuclear and cytosolic RNF8 for K63-linked polyubiquitin chain assembly, whether the 

interaction between Tax and RNF8, the aberrant cytosolic localization of RNF8, or the 

dysregulated assembly of mislocalized polyubiquitin chains contributes to the cytopathic 

effects of Tax remains to be elucidated. In addition to RNF8, Tax can also activate the E3 

ligase TRAF6, and Tax can directly interact with TRAF6 through a TRAF6 binding motif in 

its C-terminus [80]. A ubiquitin proteomics approach to survey for host proteins 

ubiquitinated upon Tax expression in Jurkat T cells identified the anti-apoptotic BCL-2 

family member Mcl-1 which can be subject to K63-linked polyubiquitination by TRAF6 as 

a mechanism to enhance Mcl-1 stability and prevent apoptosis [80].

A recent study has claimed that Tax itself may function as an E3 ligase, which can 

synthesize free mixed-linkage polyubiquitin chains that bind to NEMO and activate IKK 

[81]. However, a recent study was unable to replicate these results by in vitro ubiquitination 

assays with recombinant Tax together with either UbcH5c, UbcH7 or Ubc13/Uev1A [79]. 

Wang et al. [81] also reported that K63-linked polyubiquitin chains do not play a role in IKK 

activation by Tax, in direct contrast to multiple published reports on the importance of K63-

linked polyubiquitination in Tax-NF-κB signaling [64, 76, 79]. It is highly improbable that 

Tax actually functions as an E3 ligase; however, additional studies are required to further 

examine this notion. Tax was previously shown to bind zinc via a putative zinc finger 

domain [82]; however, this particular domain is not typical of a RING-type zinc finger 

domain found in a class of E3 ligases. Amino acid substitutions in the cysteine and histidine 

residues (C29, C36, C49, H52) comprising the putative zinc finger domain severely 

impaired NF-κB and LTR activation [79, 82]. It is important to note that the zinc finger 

domain also plays an important role in Tax dimerization [83], therefore mutation or deletion 

of the zinc finger may indirectly inhibit Tax function.

K63/M1-linked hybrid polyubiquitin chains are generated during IL-1 signaling and other 

innate immune signaling pathways as a mechanism to colocalize TAK1 and NEMO-

containing IKK complexes [84, 85]. Upon recruitment of TAK1 and IKK to the hybrid 

polyubiquitin chains, TAK1 becomes activated by autophosphorylation, and then 

phosphorylates and activates IKK. The assembly of K63-linked polyubiqutin chains is a 

prerequisite for the recruitment of the linear ubiquitin assembly complex (LUBAC) E3 

ligase, and the LUBAC subunit, heme-oxidized IRP2 ubiquitin ligase 1 interacting protein 

(HOIP), specifically interacts with K63-linked polyubiquitin chains [84, 86]. Given the 

importance of M1-linear polyubiquitination in various NF-κB signaling pathways, it is not 

surprising that the LUBAC complex, consisting of HOIP, HOIL-1L and Sharpin, has been 

implicated in Tax-induced NF-κB activation. Shibata et al. [79] have demonstrated that Tax 

interacts with and recruits LUBAC to NEMO and the IKK complex in HTLV-1 transformed 

T cell lines, and together with a K63-specific E3 ligase, generate K63/M1-linked hybrid 

polyubiquitin chains. The hybrid polyubiquitin chains bind to NEMO via the UBAN and 

NZF domains, which are thought to then promote the oligomerization and trans-

autophosphorylation-mediated activation of IKK complexes [79]. Whether IKK complexes 
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undergo auto-activation or are activated by TAK1 in the presence of Tax has not been fully 

resolved, although prevailing evidence supports the latter mechanism. Similar to NEMO, the 

selective autophagy receptor Optineurin has a UBAN domain that can bind to linear 

polyubiquitin chains [87], but it is unclear if Optineurin sensing of M1-linear polyubiquitin 

chains plays a role in Tax-induced IKK activation. These recent results are schematically 

summarized in Fig. 3.

To maintain persistent NF-κB activation, Tax utilizes numerous mechanisms to counteract 

inhibitory checkpoints and negative regulators of IKK/NF-κB. The phosphatase PP2A 

negatively regulates IKK, however Tax forms a ternary complex with PP2A and IKK to 

impair PP2A regulation of IKK [88]. Tax also interacts with the NF-κB negative regulator 

TAX1BP1 and blocks its phosphorylation to suppress A20-mediated inhibition of IKK/NF-

κB [89]. A20 can disrupt interactions between E2 and E3 ubiquitin ligase components to 

inhibit NF-κB signaling; however, Tax can block A20-Ubc13 binding to sustain Ubc13-

dependent K63-linked polyubiquitination [90]. Tax also interacts with CADM1 (Cell 

Adhesion Molecule 1) in lipid rafts in HTLV-1 transformed cell lines as part of its 

mechanism to inhibit A20 [91]. The deubiquitinase and NF-κB inhibitor CYLD can interact 

with and inhibit Tax-mediated IKK activation; however, CYLD is constitutively 

phosphorylated and inactivated in HTLV-1 transformed cells [92]. Together, it appears that 

Tax not only interacts with and activates IKK but also effectively neutralizes IKK negative 

regulatory mechanisms for persistent NF-κB signaling.

The role of autophagy in Tax-mediated NF-κB activation

Autophagy, a homeostatic process for degradation of proteins or organelles, plays complex 

roles in regulating virus replication. Tax has been shown to promote autophagosome 

accumulation, resulting in increased HTLV-1 replication [93]. Tax increases the number of 

autophagosomes in cells by blocking the fusion of autophagosomes with lysosomes by an 

unknown mechanism. Tax itself appears to be a substrate for autophagic degradation since 

treatment with the autophagosome-lysosome fusion inhibitor bafilomycin A increased Tax 

protein stability [93]. Tax deregulation of autophagy appears to be dependent on IKK 

activation and relocalization of autophagy regulators Beclin and Bif-1 to lipid rafts [94]. 

Downregulation of Beclin and PI3 kinase class III impaired the growth of HTLV-1-

transformed cell lines. Tax-induced autophagy activation exerts oncogenic functions by 

activating both IKK and STAT3 [95]. The colocalization of Tax, IKK and core autophagy 

proteins implies a role for autophagy and autophagosomes in IKK activation by Tax. 

Interestingly, the Tax-binding protein TAX1BP1 contains LC3 interaction motifs and has 

been implicated as a selective autophagy receptor [96, 97]. It is unknown if TAX1BP1 

regulates Tax stability through autophagy or possibly Tax-induced IKK activation. In this 

regard, the autophagy receptors Optineurin and TAX1BP1 were both demonstrated to 

regulate Tax ubiquitination and NF-κB activation [74, 89]. Exactly how Tax utilizes 

autophagy/autophagosomes for IKK activation requires further study.
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Tax activation of NF-κB leads to senescence

While Tax potently activates IKK/NF-κB, the principal driver of ATLL, Tax expression 

counter-intuitively induces a rapid cellular senescence response mediated by tumor 

suppressors p21 and p27 [98]. Tax-induced senescence occurs readily in cells that lack 

functional p53 and pRb [98], and is driven by chronically and persistently activated 

(hyperactivated) NF-κB as NF-κB inhibition by ΔN-IκBα, a degradation resistant mutant of 

IκBα, prevents senescence induction by Tax [99]. Curiously, Tax-induced senescence 

requires the transcriptional activity of NF-κB, and is prevented by shRNA-mediated 

silencing of p65/RelA, the trans-activator subunit of NF-κB; and silencing of IKKα, which 

phosphorylates/activates the transcriptional activity of p65/RelA [100]. How the 

transcriptional activity of NF-κB promotes senescence induction remains unclear. 

Importantly, HTLV-1 infection in cell culture predominantly triggers a senescence response 

in both lymphoid and non-lymphoid cells. Only a small fraction of infected cells that express 

very low levels of Tax and Rex can continue to grow and divide [101]. In these cells, HBZ 

represses Tax and Rex activities [101], down-regulates NF-κB activation by Tax and 

dampens senescence induction [99]. If NF-κB hyperactivation, be it Tax-dependent or 

mutation-driven, triggers a senescence response, then ATLL cells that are addicted to 

chronic NF-κB activation must have acquired genetic and/or epigenetic alterations that can 

prevent or attenuate Tax/NF-κB-induced senescence. Some of these changes may be 

identified among the recurrent gain-of-function and loss-of-function mutations found in 

ATLL genomes by whole-genome sequence analysis [102]. Finally, the senescence-

mitigating genetic or epigenetic alterations likely occur early, and collaborate with Tax-

mediated NF-κB activation to promote clonal expansion of HTLV-1-infected T cells. They 

subsequently predispose the development of Tax-independent NF-κB activation after viral 

gene expression becomes extinguished by cytotoxic lymphocytes. In this vein, the Kaposi’s 

sarcoma herpesvirus (KSHV) vCyclin has been shown to block NF-κB-associated 

senescence induced by Tax and KSHV vFLIP through the formation of a vCyclin/CDK6 

complex that resists p21 and p27 inhibition, and at the same time targets p27 for degradation 

[103]. Functionally similar alterations are likely present in ATLL cells.

Tax-independent NF-κB activation in ATLL

It has long been a mystery why ATLL cells not expressing Tax still exhibit constitutive IKK 

and NF-κB activity [37, 104]. Whole-genome, exome and transcriptome sequencing of 

ATLL patients have revealed frequent somatic mutations in genes involved in T/B cell 

receptor (T/BCR)-NF-κB signaling, many of which overlap with the Tax interactome [102] 

(Fig. 4). Activating mutations were found most frequently (36% of ATLL) in phospholipase 

Cγ1 (PLCγ1), a key component of proximal TCR signaling [102]. Mutations were also 

commonly found in PRKCB (PKCβ) and CARD11, which are likely to activate NF-κB 

persistently in ATLL cells. PKCβ is a kinase functioning downstream of PLCγ and critical 

for BCR signaling, therefore mutations in PKCβ in ATLL were somewhat surprising. 

CARD11 is a scaffold protein upstream of IKK in the TCR and BCR signaling pathways. 

Gain-of-function mutations in CARD11 are often associated with lymphoproliferative 

disorders [105]. Some of these mutations may occur together in ATLL and synergistically 
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augment NF-κB activation. Finally, frequent mutations were also found in negative 

regulators of NF-κB such as TNFAIP3, TRAF3 and NFKB1A [102].

In addition to somatic mutations, other genetic and/or epigenetic changes can plausibly lead 

to persistent NF-κB signaling in ATLL. Epigenetic downregulation of the microRNA 

miR-31 results in NIK overexpression and noncanonical NF-κB activation [106] (Fig. 4). 

Overexpression of receptors (or potentially downstream signaling proteins) activating NF-

κB may contribute to NF-κB signaling in Tax-negative ATLL cell lines. IL-17RB, the 

receptor for IL-25, is upregulated in an NF-κB-dependent feed-forward mechanism by Tax 

in T cells [107] (Fig. 4). IL-17RB can also mediate NF-κB signaling in a subset of Tax-

negative ATLL cell lines including TL-OM1 and ATL43T. It remains to be determined if 

somatic mutations or potentially other overexpressed receptors and/or signaling mediators 

activate NF-κB in other ATLL cell lines. Notably, the IL-17RB locus is encoded on 

chromosome 3p21.1, one of the most frequently amplified chromosomal regions in acute 

ATLL [108]. Interestingly, aberrant IL-17RB expression and signaling has been linked to 

tumorigenicity and metastasis in breast and pancreatic cancers [109, 110].

Pending questions and concluding remarks

NF-κB is critical not only in the early stages of ATLL consisting of the proliferation and 

clonal expansion of HTLV-1-infected T cells, but is also important for the survival and 

proliferation of malignant ATLL clones. Tax-dependent NF-κB signaling drives the initial 

polyclonal expansion after HTLV-1 infection. However, constitutive activation of NF-κB 

triggers a cellular senescence response, and a majority of cells infected by HTLV-1 in 

culture become senescent. Thus, the present model for how HTLV-1 infection and NF-κB 

activation promote ATLL development requires significant revision. To reconcile these 

seemingly conflicting outcomes of persistent NF-κB activation, current evidence suggests 

that infected cells that express Tax at low or undetectable levels and where HBZ can 

effectively inhibit Tax-dependent NF-κB activation are able to survive and persist [101]. 

Furthermore, it would appear that only T cells with genetic and/or epigenetic alterations that 

can prevent or attenuate Tax/NF-κB-induced senescence will be able to proliferate and 

clonally expand after HTLV-1 infection. These cellular changes are expected to play a 

crucial role in facilitating the development of Tax-independent NF-κB activation seen in 

ATLL. This area is worthy of attention because the said cellular alterations may be 

therapeutically targeted to cause ATLL cells to arrest in senescence. As constitutive NF-κB 

activation is the hallmark of many hematological malignancies, what is learned from Tax 

and ATLL is likely to be broadly applicable. To date, many key questions remain to be 

addressed. How does NF-κB hyperactivation by Tax drive senescence induction? What 

might be the cellular alterations in ATLL that can blunt/prevent cellular senescence 

associated with NF-κB hyperactivation? Finally, what is the connection among NF-κB 

hyperactivation, senescence induction, and Tax-induced genomic instability and aneuploidy, 

which drive chromosomal imbalances and somatic mutations?

Tax expression is frequently lost in ATLL due to DNA hypermethylation of the 5′-LTR and 

mutations in tax. The activation of both canonical and noncanonical NF-κB by Tax requires 

Tax binding to NEMO and the IKK complex. Tax hijacks components of the ubiquitin-
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proteasome pathway including E3 ligases RNF8 and LUBAC to promote the ubiquitin-

dependent oligomerization and auto- and trans-phosphorylation of TAK1 and IKK. 

Emerging studies indicate the involvement of lipid rafts and the core autophagy pathway in 

Tax-mediated IKK activation. However, the links between Tax-IKK, autophagy and 

ubiquitination remain poorly understood. How does Tax utilize autophagy components and 

potentially autophagosomes to activate IKK? How does Tax prevent autophagic degradation 

of Tax itself, IKK and other regulatory proteins involved in IKK activation? What is the 

identity of the E3 ligase that conjugates Tax with K63-linked polyubiquitin chains? Does 

Tax actually possess E3 ligase activity?

Upon Tax downregulation in ATLL, driver mutations in T/BCR signaling components may 

“compensate” for Tax and promote persistent NF-κB activation. The emergence of these 

mutations is likely aided by the senescence-blunting cellular alterations. However, more 

mechanistic studies are needed to determine how the recurrent mutations identified in ATLL 

yield dysregulated proteins that constitutively activate NF-κB and/or prevent the Tax/NF-

κB-associated senescence response. This knowledge may provide a rationale for targeted 

therapies for ATLL patients. In addition to somatic mutations of TCR signaling proteins, 

there are also other potential mechanisms that can lead to NF-κB activation in the absence of 

Tax. Overexpression of NIK, IL-17RB and perhaps other signaling mediators may promote 

Tax-independent canonical and noncanonical NF-κB signaling. Unbiased genome-wide 

approaches to identify NF-κB regulators in ATLL may lead to the discovery of new 

mechanisms of Tax-independent NF-κB activation in ATLL.
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Abbreviations

APC cdc20 anaphase promoting complex

ATLL adult T-cell leukemia/lymphoma

BAFF B-cell activating factor

BCR B cell receptor

CADM1 cell adhesion molecule 1

CARD11 caspase recruitment domain family member 11

CBP CREB binding protein

CDK6 cyclin-dependent kinase 6

cIAP1/2 cellular inhibitor of apoptosis 1/2

CREB cyclic AMP-responsive element-binding protein

CTCF CCCTC-binding factor
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CYLD cylindromatosis lysine K63 deubiquitinase

Env envelope protein

Gag group antigens

GLUT-1 glucose transporter 1

HAM/TSP HTLV-1 associated myelopathy/tropical spastic paraparesis

HBZ HTLV-1 bZIP factor

HIV-1 human immunodeficiency virus 1

HLA human leukocyte antigen

HOIL-1L heme-oxidized iron-regulatory protein 2 ubiquitin ligase 1

HOIP heme-oxidized iron-regulatory protein 2 ubiquitin ligase 1 

interacting protein

HSC hematopoietic stem cell

HSPG heparin sulfate proteoglycan

HTLV-1 human T-cell leukemia virus type 1

ICAM-1 intercellular adhesion molecule 1

IκB inhibitor of nuclear factor-kappa B

IKK inhibitor of nuclear factor-kappa B kinase

IL-17RB interleukin-17 receptor B

JNK c-Jun N-terminal kinase

K48 lysine 48

K63 lysine 63

KSHV Kaposi’s sarcoma herpesvirus

LC3 light chain 3

LFA-1 lymphocyte function-associated antigen 1

LTR long terminal repeat

LUBAC linear ubiquitin chain assembly complex

M1 amino-terminal methionione

Mcl-1 myeloid cell leukemia 1

MKK mitogen-activated protein kinase
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mTOR mechanistic target of rapamycin kinase

NEMO NF-κB essential modulator

NF-κB nuclear factor-kappa B

NIK NF-κB inducing kinase

NRP1 neuropilin 1

NZF Npl4 zinc finger

p21 p21CIP1/WAF1

p27 p27KIP1

PI3 kinase phosphoinositide 3-kinase

PKCβ protein kinase C beta

PLCγ1 phospholipase Cγ1

Pol DNA polymerase

PP2A protein phosphatase 2A

pRB Retinoblastoma protein

PRC2 polycomb repressive complex 2

PTM post-translational modification

RING really interesting new gene

RNF8 RING finger protein 8

ROS reactive oxygen species

SHARPIN SHANK-associated RH domain-interacting protein

STAMBPL1 STAM binding protein like 1

TAB2/3 TGF-beta activated kinase 1 binding protein 2/3

TAK1 transforming growth factor beta-activated kinase 1

TAX1BP1 Tax1-binding protein 1

TCR T cell receptor

TNF tumor necrosis factor

TNFAIP3 TNF alpha induced protein 3

TNFR tumor necrosis factor receptor

TRAF2/3/5/6 TNF receptor-associated factor 2, 3, 5, 6
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UBAN ubiquitin binding in ABIN and NEMO domain

USP20 ubiquitin specific peptidase 20
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Figure 1. A model for how HTLV-1 infection progresses to ATLL
Key events that drive ATLL development include acquisition of senescence-blocking genetic 

and/or epigenetic alterations by naïve T cells prior to viral infection, clonal expansion of 

HTLV-1-infected senescence-resistant precancerous T cells, genomic instability, loss of Tax 

expression, evasion of immune surveillance, persistent HBZ expression, and development of 

Tax-independent NF-κB activation.
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Figure 2. Tax hijacks RNF8 and LUBAC to activate TAK1 and IKK, and multiple downstream 
signaling pathways
Tax interacts with and stimulates RNF8 and LUBAC to assemble hybrid K63-linked and 

M1-linked (linear) polyubiquitin chains as signaling scaffolds for TAK1 and IKK 

recruitment and activation. TAK1, in turn, activates mitogen-activated protein kinase kinases 

(MKKs) and IKK, and downstream p38 kinase, c-Jun kinase (JNK), canonical NF-κB. and 

mammalian target of rapamycin (mTOR) pathways. Whether the mislocalization and 

aberrant activation of RNF8 and LUBAC lead to covalent modifications of cellular proteins 

by K63-linked and M1-linked (linear) polyubiquitin chains remains unclear. Whether the 

over-abundance of K63-linked, M1-linked, and hybrid polyubiquitin chains cause 

sequestration/disruption of critical cellular processes such as DNA damage repair and 

cytokinesis also remain to be determined.
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Figure 3. Tax hijacks RNF8 and LUBAC to assemble hybrid K63- and M1-linked polyubiquitin 
chains for TAK1 and IKK activation
Tax stimulates ubiquitin E3 ligases RNF8 and LUBAC, which together with E2 conjugating 

enzymes, Ubc13/Uev1a/Uev2 assemble hybrid K63-linked and M1-linked polyubiqutin 

chains to recruit TAK1 and IKK. The TAB2 subunit of TAK1 and the NEMO subunit of 

IKK preferentially interact with K63- and M1-polyubiquitin chains respectively. In this 

signaling scaffold, TAK1 undergoes auto-phosphorylation and auto-activation. Activated 

TAK1, in turn, phosphorylates and activates IKK. Whether the IKK assimilated to the 

signaling scaffold undergoes auto-activation is a matter of debate.
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Figure 4. Tax-independent mechanisms of NF-κB activation in ATLL
A) Somatic mutations in TCR/BCR signaling components including PLCγ1, PKCβ and 

CARD11 may promote persistent IKK/NF-κB activity in ATLL. B) Overexpression of 

IL-17RB can lead to IKK/NF-κB activation in a subset of ATLL cell lines. C) Polycomb 

repressive complex 2 (PRC2)-mediated epigenetic silencing of miR-31 can lead to the 

overexpression of NIK and noncanonical NF-κB signaling in the absence of Tax expression.
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