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B-catenin signaling inhibited effector differentiation and promoted
the generation of self-renewing CD8" memory stem cells and central
memory T cells. In CD4* T cells, Wnt/B-catenin signaling facilitated
Th2 polarization and enhanced the survival of naturally occurring
regulatory T cells (nTreg). Canonical Wnt signaling has also been
suggested as important for the self-renewal of hematopoietic stem cells
(HSCs) and progenitor compartments. {3-catenin deletion perturbs
HSC survival, self-renewal, and their subsequent development into T
cells [58,59].

Because the Wnt pathway is important for normal T cell
development and signaling pathways, constitutively active Wnt
signals can lead to T cell acute malignancies. An experimental model
of Wnt activation demonstrated that the constitutively active form of
f-catenin led to development of an aggressive T' cell lymphoma that
could invade the bone marrow and was transplantable into irradiated
recipient mice [60]. These data suggest that Wnt-dependent c-Myc
expression is required for lymphomagenesis. Interestingly, this appears
to be independent of Notch signaling that has been thought to be an
analog of the Wnt pathway. Crosstalk between these pathways will be
discussed in a later chapter.

Interestingly, modest transgenic expression of P-catenin in
thymocytes enhances the generation of CD8" thymocytes and
accelerates thymic involution [61]. Some evidence indicated that
oncogenic P-catenin induced p53-independent oncogene-induced
senescence and p53-dependent apoptosis, which protected developing
thymocytes from transformation [62]. The molecular mechanisms
induced by the Wnt pathway in T cells remain to be elucidated.

Hedgehog (Hh) pathway

The Hh family of secreted intercellular molecules, including Sonic,
Indian, and Desert Hh, regulates target gene transcription through
GLI transcription factors. This family is of pivotal importance in
embryogenesis and the homeostasis of adult tissues, as well as cell
differentiation, cell cycle progression, and cell survival [63].

Hh signaling is important in T cell development in both humans
and mice [64]. The generation of mature functional T cells in the thymus
requires sonic Hh (Shh) signals from the thymic epithelium. Shh-
induced signaling is important for the differentiation and proliferation
of early thymocyte progenitors. Shh also modulates TCR signaling
during repertoire selection.

Hh signaling is involved in the conversion of immature DP cells
to mature SP thymocytes and can affect TCR repertoire selection and
CD4/8 lineage choices. Depletion of Hh signaling promotes CD4
lineage commitment and results in an increased CD4:CD8 ratio. In
contrast, increased Hh signaling results in a reduced CD4:CDS8 ratio,
suggesting that Hh signaling is an inducer of CD8* T cell development
[64,65].

Hh is also involved in peripheral T cell activation. Additional Shh
supports TCR/CD28 signaling and enhances T cell activation and
subsequent proliferation [66-68]. In contrast, Hh activation by the
expression of the constitutive active form of Gli2 results in inhibition
of TCR/CD28-mediated T cell activation. In this case, Hh appears to
inhibit TCR-dependent Erk phosphorylation [65]. Modulation of TCR
signal strength by Hh has profound implications for immunity. Thus,
the precise molecular involvement of Hh in T cell signaling needs to
be examined.

Hh signaling is implicated in several hematological malignancies,
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including chronic lymphocytic leukemia (CLL), plasma cell myeloma,
mantle cell lymphoma, diffuse large B-cell lymphoma (DLBCL), ALK-
positive anaplastic large cell lymphoma (ALCL), chronic myelogenous
leukemia (CML), and acute leukemias (AML). ALK+ ALCL is an
aggressive type of non-Hodgkin's lymphoma of the T cell/null lineage.
One study demonstrated that Hh ligands and GLII were highly
expressed in ALK+ ALCL [69]. NPM-ALK activates the PI3K-Akt
pathway, which contributes to GSK-3f inactivation. Because GLI1
and GLI2 are the targets of GSK-3-mediated proteasomal degradation,
NPM-ALK activates Hh signaling through the PI3K-Akt-GSK-3
cascade. Of note, we have demonstrated that the NPM-ALK abrogates
CD30 signaling and constitutive NF-kB activation in ALCL cells [70].
‘The reciprocal relationship between Hh and NF-kB signaling in T cells
remains unclear.

TGF-B-mediated signaling

The TGEF-B superfamily regulates many cellular functions, including
cell growth, differentiation, migration, and apoptosis. TGF-p-mediated
signaling is essential for embryonic development, embryogenesis, and
cell fate decisions [71].

TGE-P is synthesized in an inactive form consisting of a TGF-f
dimer in association with the latency-associated protein (LAP).
Signaling is initiated by a conformational change in a tetrameric
complex consisting of TGE-p receptor II (TGE-BRII), TGF-p receptor
I (TGF-BRI), and activated TGE-$ dimer. Activated TGF-BRI then
phosphorylates the transcription factors Smad2 and Smad3 and triggers
their translocation into the nucleus. Smads then bind to the specific
regulatory sequences of target genes and regulate gene expression by
recruiting transcription cofactors.

TGEF-p regulates T cell development, homeostasis, tolerance, and
immunity [72]. TGF- signaling promotes the differentiation of thymic
T cells into natural killer T cells, n'Treg cells, and CD8* T cells. TGF-p
signaling is likely to be pivotal for the survival of peripheral CD4* and
CD8* T cells with low affinity. In contrast, it inhibits the proliferation
and differentiation of CD4* and CD8" T cells with high affinity.

In particular, TGF-B plays central roles in Treg cell regulation.
It inhibits proliferation of Treg cells, although it supports their
maintenance in peripheral lymphoid organs, which can control Treg
cell survival. TGF-B promotes the differentiation of induced Treg
(iTreg) cells, which is potentiated by IL-2 and retinoic acid (RA). In
the presence of IL-6, TGF-f drives the differentiation of Th17 cells and
supports their maintenance.

The interplay between TCR and TGF-$ signaling has been
implicated in the regulation of several genes, including FoxP3, which is
important for Treg functions [73]. However, because most studies have
mainly performed phenotypic analyses, the exact molecular signaling
pathway induced by TGF-B in T cells is not completely understood.

Signalings from receptors of innate immune cells

Innate and adaptive immune responses have many interactions
that are regulated by the balance of signals initiated by several
activatory and inhibitory receptors. Toll like receptor (TLR) expression
has been generally assigned to professional APCs, such as dendritic
cells. However, several recent studies have demonstrated that the low
expression levels of TLRs could also be detected on naive and memory
T cells [74,75]. In addition, TLR agonists can directly target TLRs
expressed on T cells and function as signal inducers.

Engagement of the TLR1/2 complex was associated with T cell
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proliferation, survival, and functions [76]. Ligation of TLR3 on effector
CD8* T cells increased IFN-y secretion by these cells. Interestingly, the
effects of CpG (TLR9 ligand) on CD4* T cells were mediated by MyD88
and PI3K-dependent mechanisms [77]. Another study showed that
ligands for TLR3 and TLRY directly enhanced T cell survival, which was
sustained by NF-«B signaling [78]. Collectively, these findings suggest
that TLR agonists can directly target TLR signaling in effector CD4*
and CD8* T cells. We do not understand the molecular mechanisms
by which TLR signaling can affect the other sustained T cell signaling.

NKG2 receptors are expressed by natural killer (NK) cells and a
subset of CD8* T cells. They regulate the development and function of
NK cells by inhibiting and activating cytotoxicity and promoting cell
survival. The CD94/NKG2 heterodimers consist of one CD94 molecule
and one NKG2 family member, including NKG2A and its splice variant
NKG2B, which form inhibitory receptors, as well as NKG2C, NKG2E,
and NKG2H, which form activating receptors [79]. NKG2D is unique
in that it does not dimerize with CD94; instead, it associates with
the adaptor molecules DAP10 and DAPI2 for its activating function
[80]. Among these, the acquisition of CD94/NKG2A expression
by CD8" T cells could play a role during infection by pathogens.
This has been observed in mice infected with a variety of pathogens,
including lymphocytic choriomeningitis virus, herpes simplex virus
(HSV)-1, influenza virus, polyomavirus, and Listeria monocytogenes
[81]. Furthermore, HIV-1 infection has also been implicated in the
upregulation of CD94/NKG2A [82,83]. The expression of CD94/
NKG2A, which is acquired early during the infection and persists
after clearance of the pathogen, does not interfere with the activity of
CD8" T cells. However, the CD94/NKG2A expression inhibits antiviral
CD8* T cell responses [84]. In addition, high level of CD94/NKG2A
expression on CD8" T cells protects them from apoptosis, thereby
perhaps inducing in the generation and maintenance of memory cells.

Emerging Regulatory Factors: from

Malignancies

Learning

Recent experimental evidence indicates the presence of additional
molecular hallmarks of T cells. miRNAs regulate gene expression
patterns in all cell types. Epigenetic gene regulation is based on
chromatin regulation. Both of these are pivotal for development,
differentiation, proliferation, and other cellular processes in
hematopoietic lineage. Their deregulation is frequently observed in
T cell disorders, which strengthens the fact that miRNA-mediated
gene regulation and epigenetic mechanisms may be important for
maintaining T cell homeostasis.

miRNA in T cells

One of the most significant recent advances in biomedical
research has been the discovery of the 22-nt-long class of non-coding
RNA designated miRNA that post-transcriptionally regulates gene
expression by binding to the target mRNAs. miRNA is expressed by
all metazoans and plants, as well as by several DNA viruses; it regulates
cellular processes such as development, differentiation, growth,
homeostasis, stress responses, apoptosis, and immune activation [85].

Some recent extreme studies have collectively suggested several
concepts. First, miRNAs have unique roles as time-sensitive gene
regulators. Second, miRNAs have distinct functions in distinct cell
types. Third, miRNAs regulate gene expression by incompletely
repressing their targets. These specific functions of miRNAs as
“fine-tuners” are apparently involved in immune systems as well as
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hematological cancers. It is not surprising that miRNA deregulation
appears to play important roles in human cancers.

miRNAs provide modest changes in gene expression [86].
However, it is also true that gene expression patterns can occasionally
be changed drastically by a change in a single miRNA that regulates a
key transcription factor. For example, a decrease in a miRNA, miR-150,
leads to drastic deregulation of the B cell transcriptome by regulating
c-MYB [87]. Furthermore, given that miRNAs are upstream of gene
regulation systems, miRNAs confer robustness to several biological
processes by controlling several feed-forward and feed-back loops
[86]. Several recent reports including our own have demonstrated
crosstalk between miRNA-mediated gene regulation and several signal
transduction pathways in T cells.

Specific knockout of Dicer, which is essential for processing
miRNAs and siRNAs in the T cell lineage, leads to impaired T cell
development and aberrant Th cell differentiation and cytokine
production [88,89]. In addition, peripheral CD8* T cell development
was severely blocked after Dicerl deletion in the thymus. These cells
were defective in miRNA processing, and after stimulation, they
proliferated poorly, which resulted in their apoptosis. Dicer-deficient
Th cells preferentially expressed INFy. The levels of secreted IL-2 in
Dicer-deficient and control cultures were comparable after primary
stimulation, and addition of exogenous IL-2 to the growth media did
not rescue the proliferative defect of Dicer-deficient T cells, which
suggested that Dicer might be involved in IL-2 receptor (CD25)
signaling in T cells [89].

An early study revealed that miR-181a acted as an intrinsic antigen
sensitivity “rheostat” during T cell development [90]. miR-181a
expression enhanced the basal activation of TCR signaling and IL-2
production because miR-181a repressed multiple negative regulators of
TCR signaling (Figure 7). Thus, several miRNAs probably participate
in each step of T cell regulation. This in turn suggests that miRNA
deregulation may cause catastrophic gene regulation in T cells.

Individual miRNAs have been implicated in T-ALL. miR-19b is
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Figure 7: miRNA in T cell biology. Specific knockout of Dicer in T cell
lineage leads to impaired T cell development and aberrant T helper cell
differentiation and cytokine production. miR-181a expression enhances the
basal activation of TCR signaling and IL-2 production (top box). In T-ALL cells,
upregulation of five miRNA leads to repression of tumor suppressor genes
implicated in T-ALL {middle box). Global downregulation of miRNA is the one
of molecular hallmarks of ATL. In particular, miR-31 expression is genetically
and epigenetically silenced, which is prerequisite condition of ATL cells. The

loss of miR-31 consequently contributes to NIK over expression.
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a member of the oncogenic miR-17-92 cluster, which is targeted by
the t(13;14)(q32;q11) translocation in T-ALL [91], Comprehensive
methods have been used to address the miRNA candidates associated
with abnormal gene expression and leukemogenesis. Recently, one
study reported on miRNA signature in T-ALL [92]. A total of 430
types of miRNAs were analyzed in 50 clinical T-ALL and 18 T-ALL
cell lines by quantitative RT-PCR, revealing that a small set of miRNAs
was responsible for the cooperative suppression of several tumor
suppressor genes. Cross comparisons of miRNA expression profiles in
human T-ALL with the results of an unbiased miRNA library screen
identified five miRNAs (miR-19b, miR-20a, miR-26a, miR-92, and
miR-223), which were capable of promoting T-ALL development in
a mouse model. Furthermore, these miRNAs produced overlapping
and cooperative effects on tumor suppressor genes implicated in
T-ALL, including IKAROS, PTEN, BIM, PHF6, NFI, and FBXW7.
Thus, a comprehensive and unbiased analysis of miRNA actions in
T-ALL reveals a striking pattern of miRNA-tumor suppressor gene
interactions (Figure 7).

For ATL, some studies have reported several miRNA aberrations
identified in HTLV-1-infected cells and ATL samples [93-95]. Very
recently, we established global gene expression analysis in a large
cohort ATL study that included analyses of mRNA expression, miRNA
levels, and genomic copy numbers [34]. A strict threshold (p < 1 x
107%) and two-dimensional hierarchical clustering analysis revealed 61
miRNAs with significantly altered expression levels in ATL cells (n =
40) compared with control CD4" T cells (n = 22). It is most important
that primary ATL samples show global miRNA downregulation,
similar to observations in other cancer researches [96,97]. Of the 61
miRNAs, 59 (96.7%) exhibited decreased expression in ATL (Figure 7).

Among these, miR-31 was the most profoundly repressed miRNA
in all ATL individuals (fold change of 0.00403). This is a known tumor
suppressor that may also be associated with metastatic breast cancer
[98]. Other downregulated miRNAs found in ATL patients may also
be involved in the hallmark capabilities of ATL because they were
uniformly decreased in tested ATL samples and each miRNA may
regulate a large number of genes.

Several predictions and experimental approaches have defined
a novel miR-31 target gene, NIK, which acts as a persistent NF-«xB
activator in various malignancies (described above). Manipulation of
the miR-31 level clearly indicated that the miR-31 level was negatively
correlated with cellular NF-kB activity. Importantly, enforced miR-
31 expression in B cells attenuated both BAFF- and CD40L-mediated
NIK accumulation and subsequent canonical and noncanonical NF-
kB signaling. Induced miR-31 expression or NIK knockdown reduces
apoptotic resistant proteins such as BCL-XL and XIAP, which results
in significant apoptosis among ATL cell lines as well as among primary
leukemic cells from ATL patients [34]. Several lines of evidence
definitively support two notions: (1) miR-31 acts as a tumor suppressor
in T cells and (2) NIK-regulated NF-«B is of pivotal importance to
cancer cell survival (Figure 7).Taken together, based on the results
of genetic studies and those on T-ALL and ATL, abnormal miRNA
expression has a critical impact on the development of hematological
malignancies.

Epigenetic regulation

Technological advances in genomics and epigenomics have
provided new methods to distinguish one cell type from another. The
epigenetic code consists of the combined on-off states of hundreds
of genes, which coordinately dictate cellular identity and function.
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Increasing attention is being paid to global regulatory factors
and molecular mechanisms by which gene transcription control
is regulated. Within these environments, genome programming
operates fundamentally through DNA methylation, histone chemical
modification, and protein complex binding.

The appropriate control of gene expression must be maintained
in normal T cells by utilizing transcriptional networks as well as
epigenetic controls. Indeed, several specific, comprehensive studies
have demonstrated the epigenetic regulation of genes encoding for
cytokines that are required for 1" cell development, differentiation,
and activation [99]. Collectively, several global analyses have proposed
that naive T cell activation, differentiation, and lineage commitment
result in epigenetic changes and that a fine balance between different
histone modifications is required. In contrast, memory T cells are
already poised and do not require epigenetic changes for short-
term activation. It has been suggested that transcriptional memory,
particularly epigenetic marks on chromatin, forms the underpinning
of immunological memory [100-102].

Integrated histone modifications consequently decide the degrees
of chromatin condensation and subsequent transcriptional sensitivity.
Trimethylation of the histone H3 Lys27 (H3K27) mark plays a central
role in repressing transcription, primarily in the euchromatin region.
‘The polycomb family is a master regulator of the H3K27me3 level
by inducing and maintaining the histone mark. Polycomb repressive
complex 1 (PRC1) and PRC2 are recognized as essential molecular
machines involved in polycomb-mediated gene silencing [103].

The polycomb family participates in the control of T cell activation.
Enhancer of zeste homolog 2 (EZH2) serves as the catalytic subunit in
PRC2 and mediates gene silencing by catalyzing H3K27 trimethylation
in the promoters of target genes. One study showed that triggering of
TCR and costimulation signaling in Ezh2-decificint T cells resulted in
an impaired proliferative response [104]. The mechanism by which
Ezh2 can affect T cell signaling is not completely understood.

Deregulation by the polycomb family confers a specific gene
expression pattern that is responsible for chronic proliferation,
survival, peculiar development, and cancer-associated stemness in
various cancer types, including ATL [105]. The involvement of the
polycomb family in ATL was first revealed by global gene expression
analysis. Significantly higher levels of EZH2 as well as RING1- and YY1-
binding protein (RYBP) transcripts with enhanced H3K27me3 levels
were found in ATL cells compared with normal CD4" T cells [106].
EZH2 is highly expressed in many cancer types, including breast and
prostate cancers and lymphomas, and its expression is often correlated
with advanced stages of tumor progression and a poor prognosis. We
recently identified a notable gene silenced by polycomb. A human
gene that encodes for miR-31, hsa-miR-31, is located at 9p21.3, which
is adjacent to clusters of the CDKN2 and IFNA families. In addition
to loss of this gene (12.5% of ATL cases), transcription of the miR-31
precursor was completely lost in ATL cells. Computational predictions
and experimental evidence clearly demonstrated that an assembly of
YY1-binding motifs upstream of the miR-31 region was responsible
for the occupancy of the polycomb family at the target region, which
resulted in H3K27me3-dependent transcriptional repression. Of
note, given that miR-31 is a master regulator of the ATL-specific gene
expression pattern described above, polycomb-mediated loss can
influence gene expression downstream of miR-31in T cells and other
cell types (Figure 8) [34].

Intriguingly, several recent lines of evidence have shown two faces
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of polycomb. It was surprising that these were some somatic mutations
in the gene encoding EZH2 in some sets of mature B cell malignancies,
including germinal center-type DLBCL (GCB-DLBCL) and follicular
lymphoma [107]. However, subsequent studies have demonstrated that
the mutations observed in B cell lymphomas sustained strong activity
of histone methyltransferases.

Veryrecently, however, additional experimental evidence suggested
that polycomb acted as a tumor suppressor in a cell type-specific
manner. In disorders of HSCs or progenitors, such as myelodysplastic
syndromes (MDS), myeloproliferative disorder (MPD), and AML,
homozygous and heterozygous EZH2 deletions or inactivating
mutations are commonly observed [108], thus suggesting that loss
of PRC2 contributes to oncogenesis in malignant myeloid diseases.
Interestingly, inactivating mutations in H3K27 demethylase UTX have
also been identified in myeloid malignancies. In immature T-ALL,
EZH2 is suggested to be a tumor suppressor. Several experimental
approaches and clinical observations have indicated that a loss of
EZH?2 contributes to the development of aggressive T-ALL in mice and
humans [109-111].

Collectively, several studies of hematological disorders, including
ATL and T-ALL, have indicated that the polycomb family acts as an
oncogene in differentiated cells, such as mature T and B cells, and as
a tumor suppressor in undifferentiated cells, such as hematopoietic
stem/progenitors, which is an origin of acute leukemia (Figure 8).
Importantly, the differentiation of these immune cells is directly
regulated by polycomb-dependent epigenetic mechanisms [99,105].
The epigenetic background may be involved in distinct outputs. It
must also be noted that the polycomb family regulates large numbers of
genes in an epigenetic manner and by other routes (discussed below).

Novel Concept: Signal Cross Talking in T cell Regulation

Each of the signaling pathways described above contributes to T
cell biology. However, physical and functional interactions between
these pathways may be involved in complex T cell regulation. Based on
this concept, we discuss the possible molecular interconnections that
affect T cell functions and fates (Figure 9).

Notch and PI3K-Akt-mTOR

Several genetic lines of evidence and studies on T-ALL have
demonstrated that the Notch pathway has central roles in T cells.
Complex gene regulation through Notch may be sustained by signal
crosstalk. As described above, the PI3K-Akt and mTOR pathways are
connected to the Notch pathway through PTEN regulation. Notch-
mediated Hesl expression results in the transcriptional repression
of PTEN [112]. PTEN negatively regulates the PI3K-Akt-mTOR
pathway. In addition, a linkage between the Notch and mTOR
pathways has been implicated. Treatment with a y-secretase inhibitor

4 S

Tumor suppressive Oncogenic

Undifferentiated T cell Mature T cell

Figure 8: Mode of polycomb-dependent epigenetic gene regulation.
Polycomb family is likely to act as an oncogene in differentiated cells such
as mature T and B cells and as a tumor suppressor in undifferentiated cells
such as hematopoietic stem/progenitors, which is an origin of acute leukemia.
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Figure 9: Crosstalk within signaling pathways. Each element contributes
to regulation of gene required for T cell development, differentiation, and
proliferation, respectively. However, substantially, they can interplay with
each other, enabling T cell to from a more complicated regulatory network.
The black lines represent relationship demonstrated in T cell. The gray ones
show possible relationships suggested from non-T cell studies.

to inhibit the Notch pathway in T-ALL cell lines suggested a model in
which Notch stimulated mTOR activity through a pathway that was
independent of PI3K and Akt but dependent on c-Myc [113].

Notch and NF-kB

Crosstalk between Notch and NF-xB signalings has also been
suggested. First, NF-kB2 (p100/p52) and IkBa have been identified as
NOTCHI1-targeted genes [114,115]. Second, the NF-«kB component of
the Rel family promoted the upregulation of Jagged1 expression and its
functional interaction with Notch receptors on cocultured T cells [116].
Third, NF-kB subunits functioned as possible nuclear binding partners
of intracellular Notch proteins. A complex containing Notchl, NF-«kB1
(p50), and RelA could bind to DNA from the promoter region of the
gene encoding IFNy [117]. This study suggested that although an initial
TCR-dependent NF-«B activation did not require the Notch signaling,
intracellular Notch protein appeared to be necessary for sustained
NF-«B activation in T cells. Finally, results of a recent study suggested
that Hesl, which is positively regulated by Notch, appeared to sustain
the NF-kB activation by repressing the expression of deubiquitinase
CYLD, a negative regulator of the IKK complex, in T-ALL cells [118].
In contrast, some reports have indicated that Notch signaling could
inhibit NF-kB activation by physical blocking mechanisms [119,120].
Delineation of the exact molecular mechanism involved in the crosstalk
between Notch and NF-«B is urgently needed.

Notch and Wnt

The Notch and Wnt pathways, which were first discovered in
Drosophila, are evolutionary conserved signaling pathways and control
the earliest steps of T cell development. It would seem that the Wnt
and Notch pathways have opposing functions in the thymus. Wnt
signaling serves cell proliferation, whereas Notch signaling regulates
cell differentiation. These processes are mutually exclusive. However,
gain-of-function mutations in the positive effectors of the Notch
(NOTCHI1) and Wnt (B-catenin) pathways lead to cancer development,
which indicates that both may participate in cell proliferation.

One report has suggested the molecular cooperation between
the Notch and Wnt pathways in HSC self-renewal [121]. Notch
signaling has a dominant function in inhibiting HSCs differentiation,
in which Wnt signaling mediates cell proliferation. It is also suggested
that Notch signaling is required for Wnt-mediated maintenance of
undifferentiated HSCs but not for their survival or entry into the cell
cycle. With regard to lymphoma development, -catenin-dependent
development of lymphoma appears to be independent of Notch
signaling [60].

Molecular crosstalk between the Wnt and Notch pathways has
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been described, including genetic interactions in Drosophila, physical
interaction between Notch and p-catenin, and their associations
with common cofactors. In mammalian cells, GSK-3p directly
phosphorylates Notch protein and modulates its transcriptional
activity [122]. Moreover, (-catenin activates Jaggedl transcription
thus leading to Notch activation in colorectal cancer [123]. Inhibition
of Wnt and Notch results in downregulation of a common gene
program. Conversely, in different types of tumor cells, Notch activates
the Wnt pathway and stabilizes B-catenin by unknown mechanisms
in melanoma [124] or by the transcriptional activation of Slug [125]
in breast cancer. More intensive physiological and molecular studies
regarding the associations between Notch and Wnt signaling should
be conducted.

Notch and the polycomb family

A recent study suggested that NOTCHI activation specifically
induced the loss of the repressive H3K27me3 by antagonizing the PRC2
activity [111]. This suggests a tumor suppressor role for PRC2 in human
acute leukemia and a novel concept regarding the dynamic interplay
between oncogenic NOTCH1 and PRC2 function for the regulation of
gene expression and cell transformation. In immature lymphoid and
myeloid cells, the polycomb family might act as tumor suppressors
[109-111]. Conversely, in mature T lymphocytes, the polycomb family
clearly functions as oncogenes. In ATL, both the polycomb and Notch
pathways are strongly activated, which contributes to the expression of
several genes and signaling pathways [30,34,48]. The two faces of the
polycomb family need to be addressed in the near future.

Wnat and mTOR

In response to Wnt activation, GSK-3 inhibition appears to
result in the inactivation of the tumor suppressor complex TSC1/2,
followed by activation of the mTOR signaling pathway [126]. GSK-3
can phosphorylate and stimulate the TSC2 in a coordinated manner,
which results in TORCI inactivation and reduced protein synthesis.
Therefore, Wnt activation can inhibit the TCS1/2 complex and activate
mTOR signaling through GSK-3. In T cells, both the Wnt and mTOR
pathways are involved in T cell development, as described above. Thus,
the crosstalk between these pathways might shed some light on the
molecular basis of T cell development. In addition, from a pathological
viewpoint, this provides a nove] therapeutic concept for Wnt signaling
pathway-dependent cancers. Rapamycin may prove to be efficacious
for treating tumors with activated Wnt.

Hedgehog and other signaling pathways

Hh signaling is indeed physiologically interconnected with Ras—
Raf-MEK, PI3K-Akt, TGF-f, Notch, and NF-kB signaling in several
types of cells [127]. In a complicated interaction, the Ras-Raf-MEK
and PI3K-Akt pathways modulate the amount and activity of GLI,
which results in the transactivation of Hh signaling-dependent gene
expression. TGF- also activates Hh signaling through GLI2 induction
and binding with GLI family. In contrast, in mammalian skin,
Notch deficiency increases GLI2 levels, which causes Hh activation
and development of basal cell carcinoma-like tumors. This suggests
opposing roles of Notch and Hh [128].

NF-kB activation is one of the mechanisms underlying Shh
overexpression in pancreatic cancer. It has been suggested that
proliferation of pancreatic cancer cells is accelerated by NF-
kB activation, in part, through Shh overexpression [129]. These
interconnections between numerous oncogenic pathways have
important implications for T cell regulation. These connections
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associated with Hh signaling have not yet been reported in studies of
T cells. Complex, yet hierarchical, gene regulation may be achieved
during appropriate T cell development and homeostasis.

Polycomb and NF-kB

As described above, the polycomb family regulates the expression
of a large number of genes by epigenetic molecular mechanisms. In
turn, this suggests that gene expression fluctuations induced by the
polycomb family may be involved in other signaling pathways that
participate in T cell regulation.

Using ATL as a model of a mature T cell disorder, we have
demonstrated that the cellular amounts of PRC2 components, EZH2
and SUZ12, indirectly affected the NF-xB signaling pathway [34].
Expression levels of EZH2 and SUZI2 directly strengthened the
cellular miR-31 depletion, which in turn activated the NF-xB pathway
through NIK induction and conferred anti-apoptotic features to T
cells. 'The dynamic regulation of miR-31 by polycomb-dependent
epigenetic machinery is critical for mature T cell-derived leukemic
cell survival and other hallmark capabilities, such as promoting cell
cycle, invasiveness, chronic proliferation, replicating immortality,
and drug resistance, because both miR-31 and NF-xB signaling can
predominantly control the expression of genes responsible for these
processes [30]. It is also noteworthy that the molecular and biological
interconnections between polycomb-miR-31-NF-kB are conserved
in breast cancer cells and B lymphocytes. By organizing this new
principle, various cell types may realize the more complex gene
regulatory networks required for maintaining and executing various
cellular functions. An imbalance in this network probably switches the
cell fate from one to another.

Our findings on ATL study also provided new ideas: YY1 is one
of the recruiters of PRC2 in T cells. In humans, polycomb response
elements (PREs) have not been definitively identified. A good candidate
for a mammalian recruiter of PRC2 is YY1, which is the homolog of D.
melanogaster PHO and is abundantly expressed in almost all cell types
[130]. The detailed mechanism by which YY1-mediates the recruitment
of the polycomb family may be important with regard to epigenetic
regulation of orchestrated gene expression and T cell functions.
Identification of targets of polycomb, such as miR-31, will facilitate our
understanding of the molecular mechanisms of T cell regulation.

Interconnections between the polycomb and NF-«B pathways have
been reported in other cell types. Epigenetic silencing of the RasGAP
gene DAB2IP is a key mechanism by which EZH2 activates Ras and
NF-«B and triggers metastasis in prostate cancer [131]. In addition,
physical interactions between EZH2 and RelA/RelB were suggested in
basal-like breast cancer cells [132]. Thus, our findings and molecular
mechanisms introduced from other cell types suggest that polycomb-
mediated epigenetic changes modulate NF-kB signaling activity in
mature T cells.

miRNA control of signaling transduction

After the identification of hundreds of functional miRNAs, the
challenge now is to understand their specific biological functions.
Signaling pathways are ideal candidates for miRNA-mediated
regulation owing to their robustness, which is the capacity of biological
systems to generate invariable phenotypes even when encountering
genetic or environmental perturbations. miRNAs have been proposed
to contribute to robustness by regulating signaling pathways, including
TGF-B, Wnt, Notch, Hh, and pathways driven by receptor tyrosine
kinases [133]. A clear indication from current studies is that miRNAs
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participate in signaling networks, both as backups for transcriptional
control and as feed-forward or feedback devices that confer robustness
to the output of cell signaling (Figure 10). Thus, the effects of a miRNA
can be the result of the net effects of opposing regulations or of the
activities against mutually inhibiting factors. Therefore, new miRNA
functions may be revealed as we refine our understanding of the
networks in which they operate.

Some recent T cell studies have provided support for this
proposition. In T-ALL, miR-19 upregulation results in the enhancement
of the activities of PI3K-Akt and mTOR pathways by regulating Bim
(Bcl2L11), AMP-activated kinase (Prkaal), and the phosphatases Pten
and PP2A [91].

NF-«B signaling is also linked to miRNAs. One study focused on
the functional roles of miR-146a in T cell-mediated immune responses
[134]. miR-146a was induced by TCR stimulation in naive T cells.
Moreover, NF-«kB- and c-ETS-binding sites were required for inducing
miR-146a transcription after TCR engagement. Interestingly, miR-
146a could impede both AP-1 activity and IL-2 production induced by
TCR engagement. In contrast, miR-146a targeted TRAF6 and IRAK1,
two key protein adapters that activate a spectrum of signaling pathways
from NF-kB to ERK [135]. It was also noted that HTLV-1 Tax could
induce miR-146a expression through NF-«B activation [93].

As described above, our comprehensive study revealed novel
interconnections between miR-31 and noncanonical NF-kB pathways
in T cells [34]. The dynamic regulation of miR-31 by polycomb is
critical for sustaining anti-apoptosis and proliferation capabilities
in ATL cells. This polycomb-miR-31-NF-kB linkage provides
speculation that, in addition to controlling transcription, the polycomb
group can modulate translation via miRNA regulation (Figure 10).
This signaling circuit permits the regulation of multiple genes. Another
comprehensive study revealed that lymphocyte-specific miRNAs were
either tightly controlled by polycomb group-mediated H3K27me3
or maintained in a semi-activated epigenetic state prior to their full
expression [136].

Concluding Remark

Gene expression control ultimately regulates T cell fate and
activation. In reality, very complex signaling pathways appear to be
involved in the biology of T cell commitment. Using mouse models,
in vitro studies, as well as patient’s samples, a large number of studies
have revealed novel conceptual advances that explain the complex
regulation of genes in T cells. However, some discrepancies have also
been shown. It should be noted that although each of the signaling

Figure 10: miRNA control of signal transduction. miRNAs participate in
signaling networks, both as backups of transcriptional control and as feed-
forward or feedback devices that confer robustness to the output of cell
signaling.
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pathways described in this review must contribute to gene expression,
crosstalk between these pathways is required for realizing the complex
gene regulatory network required for the complete functional activity
in T cells. It also should be noted that the tumorigenic precursor T
cells (i.e. T-ALL) are not terminally differentiated and their molecular
setting does not appear to be directly associated with the mature TCR/
CD28 signaling. It is required to further investigate physiological
signaling pathways in terminally differentiated T cells to those
observed in malignant T-ALL and ATL. To further our understanding
of the precise molecular mechanisms involved in T cell activation
and regulation in the immune system and disorders, the biological
significance and interference with each other should be considered in
future signaling research.

Acknowledgement

This work is supported by JSPS KAKENHI Grant Number 24790436 (M.Y.),
23390250 (T.W.), NEXT KAKENHI Grant Number 221S0001 (T.W.), Grants-in-Aid
from the Ministry of Health, Labour and Welfare H24-G-004 (M.Y. and T.W.) and
H24-AIDS-008 (T.W.).

References

1. Smith-Garvin JE, Koretzky GA, Jordan MS (2009) T cell activation. Annu Rev
Immunol 27: 591-619.

2. Koch U, Radtke F (2011) Mechanisms of T cell development and transformation.
Annu Rev Cell Dev Biol 27: 539-562.

3. Kolch W (2005) Coordinating ERK/MAPK signalling through scaffolds and
inhibitors. Nat Rev Mol Cell Biol 6: 827-837.

4. Hayden MS, Ghosh S (2008) Shared principles in NF-kappaB signaling. Cell
132: 344-362.

5. Matsumoto M, Yamada T, Yoshinaga SK, Boone T, Horan T, et al. (2002)
Essential role of NF-kappa B-inducing kinase in T cell activation through the
TCR/CD3 pathway. J Immunol 169: 1151-1158.

6. Weil R, Israél A (2006) Deciphering the pathway from the TCR to NF-kappaB.
Cell Death Differ 13: 826-833.

7. lsakov N, Altman A (2002) Protein kinase C(theta) in T cell activation. Annu
Rev Immunol 20: 761-794.

8. Hayashi K, Altman A (2007) Protein kinase C theta (PKCtheta): a key player in
T cell life and death. Pharmacol Res 55: 537-544.

9. Sun Z, Arendt CW, Ellmeier W, Schaeffer EM, Sunshine MJ, et al. (2000)
PKC-theta is required for TCR-induced NF-kappaB activation in mature but not
immature T lymphocytes. Nature 404: 402-407.

1

e

Li Y, Hu J, Vita R, Sun B, Tabata H, et al. (2004) SPAK kinase is a substrate
and target of PKCtheta in T-cell receptor-induced AP-1 activation pathway.
EMBO J 23: 1112-1122.

1

pury

.Jain J, McCaffrey PG, Valge-Archer VE, Rao A (1992) Nuclear factor of
activated T cells contains Fos and Jun. Nature 356: 801-804.

12. Macién F, Garcia-Cézar F, Im SH, Horton HF, Byrme MC, et al. (2002)
Transcriptional mechanisms underlying lymphocyte tolerance. Cell 109: 719-
731.

1

w

.Macian F (2005) NFAT proteins: key regulators of T-cell development and
function. Nat Rev Immunol 5: 472-484.

14. Acuto O, Michel F (2003) CD28-mediated co-stimulation: a quantitative support
for TCR signalling. Nat Rev Immunol 3: 939-951.

1

a

. Diehn M, Alizadeh AA, Rande OJ, Liu CL, Stankunas K, et al. (2002) Genomic
expression programs and the integration of the CD28 costimulatory signal in T
cell activation. Proc Natl Acad Sci U S A 99: 11796-11801.

16. Narayan P, Holt B, Tosti R, Kane LP (2006} CARMAT1 is required for Akt-
mediated NF-kappaB activation in T cells. Mol Cell Biol 26: 2327-2336.

17. Bjergo E, Taskén K (2010) Novel mechanism of signaling by CD28. Immunol
Lett 129: 1-6.

1

e

.Park SG, Schulze-Luehrman J, Hayden MS, Hashimoto N, Ogawa W, et
al. (2009) The kinase PDK1 integrates T cell antigen receptor and CD28

ISSN:2155-9899 JCCI, an open access journal

Mechanisms in T lymphocytes

- 101 -



Citation: Yamagishi M, Watanabe T (2012) New Paradigm of T cell Signaling: lLearning from Malignancies. J Clin Cell Immunol $12:007.

doi:10.4172/2155-9899.512-007

Page 13 of 15

1

2

2

2

2

2

2

2

2

2

2

3

3

3

3

3

3

3

3

3

3

coreceptor signaling to induce NF-kappaB and activate T cells. Nat Immunol
10: 158-166.

9. Ishimaru N, Kishimoto H, Hayashi Y, Sprent J (2006) Regulation of naive T cell
function by the NF-kappaB2 pathway. Nat Immunol 7: 763-772,

0. Turner M, Billadeau DD (2002) VAV proteins as signal integrators for multi-
subunit immune-recognition receptors. Nat Rev Immunol 2: 476-486.

. Hehner SP, Hofmann TG, Dienz O, Droge W, Schmitz ML (2000) Tyrosine-
phosphorylated Vav1 as a point of integration for T-cell receptor- and CD28-
mediated activation of JNK, p38, and interleukin-2 transcription. J Biol Chem
275: 18160-18171.

e

2. Acuto O, Michel F (2003) CD28-mediated co-stimulation: a quantitative support
for TCR signalling. Nat Rev Immunol 3: 939-951,

3. Michel F, Attal-Bonnefoy G, Mangino G, Mise-Omata S, Acuto O (2001) CD28
as a molecular amplifier extending TCR ligation and signaling capabilities.
Immunity 15: 935-945.

4. Reynolds LF, Smyth LA, Norton T, Freshney N, Downward J, et al. (2002) Vav1
transduces T cell receptor signals to the activation of phospholipase C-gamma'
via phosphoinositide 3-kinase-dependent and -independent pathways. J Exp
Med 195: 1103-1114.

5. Zhang J, Salojin KV, Gao JX, Cameron MJ, Bergerot |, et al. (1999) p38
mitogen-activated protein kinase mediates signal integration of TCR/CD28
costimulation in primary murine T cells. J Immunol 162: 3819-3829.

6. Ward SG, Parry RV, Matthews J, O'Neill L (1997) A p38 MAP kinase inhibitor
SB203580 inhibits CD28-dependent T cell proliferation and IL-2 production.
Biochem Soc Trans 25: 304S.

7. Ashwell JD (2006) The many paths to p38 mitogen-activated protein kinase
activation in the immune system. Nat Rev Immunol 6: 532-540.

8. Kim JM, White JM, Shaw AS, Sleckman BP (2005) MAPK p38 alpha is
dispensable for lymphocyte development and proliferation. J Immunol 174:
1239-1244.

9. Beardmore VA, Hinton HJ, Eftychi C, Apostolaki M, Armaka M, et al. (2005)
Generation and characterization of p38beta (MAPK11) gene-targeted mice.
Mol Cell Biol 25: 10454-10464.

0. Yamagishi M, Watanabe T (2012) Molecular hallmarks of adult T cell leukemia.
Front Microbiol 3: 334.
1. Sun SC, Yamaoka S (2005) Activation of NF-kappaB by HTLV-l and implications

for cell transformation. Oncogene 24: 5952-5964.

2. Saitoh Y, Yamamoto N, Dewan MZ, Sugimoto H, Martinez Bruyn VJ, et
al. (2008) Overexpressed NF-kappaB-inducing kinase contributes to the
tumorigenesis of adult T-cell leukemia and Hodgkin Reed-Sternberg cells.
Blood 111: 5118-5129.

3. Thu YM, Richmond A (2010) NF-kappaB inducing kinase: a key regulator in
the immune system and in cancer. Cytokine Growth Factor Rev 21: 213-226.

4. Yamagishi M, Nakano K, Miyake A, Yamochi T, Kagami Y, et al. (2012)
Polycomb-mediated loss of miR-31 activates NIK-dependent NF-kappaB
pathway in adult T cell leukemia and other cancers. Cancer Cell 21: 121-135.

5. Watanabe M, Ohsugi T, Shoda M, Ishida T, Aizawa S, et al. (2005) Dual
targeting of transformed and untransformed HTLV-1-infected T cells by
DHMEQ, a potent and selective inhibitor of NF-kappaB, as a strategy for
chemoprevention and therapy of adult T-cell leukemia. Blood 106: 2462-2471.

6. Zoncu R, Efeyan A, Sabatini DM (2011) mTOR: from growth signal integration
to cancer, diabetes and ageing. Nat Rev Mol Cell Biol 12: 21-35.

7. Delgoffe GM, Kole TP, Zheng Y, Zarek PE, Matthews KL, et al. (2008) The
mTOR kinase differentially regulates effector and regulatory T cell lineage
commitment. Immunity 30: 832-844.

8. Yang K, Neale G, Green DR, He W, Chi H (2011) The tumor suppressor Tsc1
enforces quiescence of naive T cells to promote immune homeostasis and
function. Nat Immunol 12: 888-897.

9. Wu Q, Liu Y, Chen C, lkenoue T, Qiao Y, et al. (2011) The tuberous sclerosis
complex-mammalian target of rapamycin pathway maintains the quiescence
and survival of naive T cells. J Immunol 187: 1106-1112.

40. Colombetti S, Basso V, Mueller DL, Mondino A (20086) Prolonged TCR/CD28

engagement drives IL-2-independent T cell clonal expansion through signaling
mediated by the mammalian target of rapamycin. J Immunol 176: 2730-2738.

J Clin Cell immuno!

41,

42,

43,

44,

45,

46.

47.

48.

4

w

50.

5

-

52.

53.

54.

55

56.

5

e}

58.

59.

60.

6

et

62,

63.

64.

Signal Transduction

Zheng Y, Collins SL, Lutz MA, Allen AN, Kole TP, et al. (2007) A role for
mammalian target of rapamycin in regulating T cell activation versus anergy. J
Immunol 178: 2163-2170.

Song J, So T, Cheng M, Tang X, Croft M (2005) Sustained survivin expression
from OX40 costimulatory signals drives T cell clonal expansion. Immunity 22:
621-631.

ChiH (2012) Regulation and function of mTOR signalling in T cell fate decisions.
Nat Rev Immunol 12: 325-338.

Araki K, Turner AP, Shaffer VO, Gangappa 8, Keller SA, et al. (2009) mTOR
regulates memory CD8 T-cell differentiation. Nature 460: 108-112.

Osborne BA, Minter LM (2007) Notch signalling during peripheral T-cell
activation and differentiation. Nat Rev Immunol 7: 64-75.

Koch U, Radtke F (2011) Notch in T-ALL: new players in a complex disease.
Trends Immunol 32: 434-442,

Weng AP, Ferrando AA, Lee W, Morris JP 4th, Silverman LB, et al. (2004)
Activating mutations of NOTCH1 in human T cell acute lymphoblastic leukemia.
Science 306: 269-271.

Pancewicz J, Taylor JM, Datta A, Baydoun HH, Waldmann TA, et al. (2010)
Notch signaling contributes to proliferation and tumor formation of human T-cell
leukemia virus type t-associated adult T-cell leukemia. Proc Natl Acad Sci U
S A 107: 16619-16624.

.MacDonald HR, Radtke F, Wilson A (2001) T cell fate specification and

alphabeta/gammadelta lineage commitment. Curr Opin Immunol 13: 219-224.

Robey EA, Bluestone JA (2004) Notch signaling in lymphocyte development
and function. Curr Opin Immunol 16: 360-366.

.Palaga T, Miele L, Golde TE, Oshorne BA (2003) TCR-mediated Notch

signaling regulates proliferation and IFN-gamma production in peripheral T
cells, J Immunol 171: 3019-3024.

Adler SH, Chiffoleau E, Xu L, Dalton NM, Burg JM, et al. (2003) Notch signaling
augments T cell responsiveness by enhancing CD25 expression. J Immunol
171: 2896-2903.

Staal FJ, Luis TC, Tiemessen MM (2008) WNT signalling in the immune
system: WNT is spreading its wings. Nat Rev Immunol 8: 581-593.

Staal FJ, Clevers HC (2005) WNT signalling and haematopoiesis: a WNT-WNT
situation. Nat Rev Immunol 5: 21-30.

. Xu'Y, Banerjee D, Huelsken J, Birchmeier W, Sen JM (2003) Deletion of beta-

catenin impairs T cell development. Nat Immunol 4: 1177-1182.

Yu Q, Sharma A, Oh SY, Moon HG, Hossain MZ, et al. (2009) T cell factor 1
initiates the T helper type 2 fate by inducing the transcription factor GATA-3 and
repressing interferon-gamma. Nat Immunol 10: 992-999.

. Kovalovsky D, Yu Y, Dose M, Emmanouilidou A, Konstantinou T, et al. (2009)

Beta-catenin/Tcf determines the outcome of thymic selection in response to
alphabetaTCR signaling. J Immunol 183: 3873-3884.

Zhao C, Blum J, Chen A, Kwon HY, Jung SH, et al. (2007) Loss of beta-catenin
impairs the renewal of normal and CML stem cells in vivo. Cancer Cell 12:
528-541.

Cobas M, Wilson A, Ernst B, Mancini SJ, MacDonald HR, et al. (2004) Beta-
catenin is dispensable for hematopoiesis and lymphopoiesis. J Exp Med 199:
221-229.

Guo Z, Dose M, Kovalovsky D, Chang R, O'Neil J, et al. (2007) Beta-catenin
stabilization stalls the transition from double-positive to single-positive stage
and predisposes thymocytes to malignant transformation. Blood 109: 5463-
5472,

. Xu'Y, Sen J (2003) Beta-catenin expression in thymocytes accelerates thymic

involution. Eur J Immunol 33: 12-18.

Xu M, Yu Q, Subrahmanyam R, Difilippantonio MJ, Ried T, et al. (2008) Beta-
catenin expression results in p53-independent DNA damage and oncogene-
induced senescence in prelymphomagenic thymocytes in vivo. Mol Cell Biol
28:1713-1723.

Ng JM, Curran T (2011) The Hedgehog's tale: developing strategies for
targeting cancer. Nat Rev Cancer 11: 493-501.

Crompton T, Outram SV, Hager-Theodorides AL (2007) Sonic hedgehog
signalling in T-cell development and activation. Nat Rev Immunol 7: 726-735.

ISSN:2155-9899 JCCI, an open access journal

Mechanisms in T lymphocytes

- 102 -



Citation: Yamagishi M, Watanabe T (2012) New Paradigm of T cell Signaling: Learning from Malignancies. J Clin Cell Immunol S$S12:007.

doi:10.4172/2155-9889.812-007

Page 14 of 15

65.

66.

67.

68.

6!

7

o

7

iy

72.

73.

74.

7

w

7

77.

78.

7

8

8

e

82.

83.

84.

85,

86.

87.

88.

J

©

o

©

=4

Rowbotham NJ, Hager-Theodorides AL, Cebecauer M, Shah DK, Drakopoulou
E, et al. (2007) Activation of the Hedgehog signaling pathway in T-lineage cells
inhibits TCR repertoire selection in the thymus and peripheral T-cell activation.
Blood 109: 3757-3766.

Lowrey JA, Stewart GA, Lindey S, Hoyne GF, Dallman MJ, et al. (2002) Sonic
hedgehog promotes cell cycle progression in activated peripheral CD4(+) T
lymphocytes. J Immunol 169: 1869-1875.

Stewart GA, Lowrey JA, Wakelin SJ, Fitch PM, Lindey S, et al. (2002) Sonic
hedgehog signaling modulates activation of and cytokine production by human
peripheral CD4+ T cells. J Immunol 169: 5451-5457.

Chan VS, Chau SY, Tian L, Chen'Y, Kwong SK, et al. (2006) Sonic hedgehog
promotes CD4+ T lymphocyte proliferation and modulates the expression of a
subset of CD28-targeted genes. Int Immunol 18: 1627-1636.

Singh RR, Cho-Vega JH, Davuluri Y, Ma S, Kasbidi F, et al. (2009) Sonic
hedgehog signaling pathway is activated in ALK-positive anaplastic large cell
lymphoma. Cancer Res 69: 2550-2558.

. Horie R, Watanabe M, Ishida T, Koiwa T, Aizawa S, et al. (2004) The NPM-ALK

oncoprotein abrogates CD30 signaling and constitutive NF-kappaB activation
in anaplastic large cell lymphoma. Cancer Cell 5: 353-364.

. Schmierer B, Hill CS (2007) TGFbeta-SMAD signal transduction: molecular

specificity and functional flexibility. Nat Rev Mol Cell Biol 8: 970-982.

Li MO, Flavell RA (2008) TGF-beta: a master of all T cell trades. Cell 134:
392-404.

Maruyama T, Konkel JE, Zamarron BF, Chen W (2011) The molecular
mechanisms of Foxp3 gene regulation. Semin Immunol 23: 418-423.

Salem ML (2011) Triggering of toll-like receptor signaling pathways in T cells
contributes to the anti-tumor efficacy of T cell responses. Immunol Lett 137:
9-14.

.Mills KH (2011) TLR-dependent T cell activation in autoimmunity. Nat Rev

Immunol 11: 807-822.

Cottalorda A, Verschelde C, Margais A, Tomkowiak M, Musette P, et al. (2006)
TLR2 engagement on CD8 T cells lowers the threshold for optimal antigen-
induced T cell activation. Eur J Immunol 36: 1684-1693.

Gelman AE, LaRosa DF, Zhang J, Walsh PT, Choi Y, et al. (2006) The adaptor
molecule MyD88 activates PI-3 kinase signaling in CD4+ T cells and enables
CpG oligodeoxynucleotide-mediated costimulation. Immunity 25: 783-793.

Gelman AE, Zhang J, Choi Y, Turka LA (2004) Toll-like receptor ligands directly
promote activated CD4+ T cell survival. J Immunol 172; 6065-6073.

Gunturi A, Berg RE, Forman J (2004) The role of CD94/NKG2 in innate and
adaptive immunity. Immunol Res 30: 29-34.

Gonzalez S, Groh V, Spies T (2008) Immunobiology of human NKG2D and its
ligands. Curr Top Microbiol Immunol 298: 121-138.

. Borrego F, Masilamani M, Marusina Al, Tang X, Coligan JE (2006) The CD94/

NKG2 family of receptors: from molecules and cells to clinical relevance.
Immunol Res 35: 263-278.

Tarazona R, DelaRosa O, Casado JG, Torre-Cisneros J, Villanueva JL, et al.
(2002) NK-associated receptors on CD8 T cells from treatment-naive HIV-
infected individuals: defective expression of CD56. AIDS 16: 197-200.

Costa P, Rusconi S, Fogli M, Mavilio D, Murdaca G, et al. (2003) Low expression
of inhibitory natural killer receptors in CD8 cytotoxic T lymphocytes in long-term
non-progressor HIV-1-infected patients. AIDS 17: 257-260.

Moser JM, Gibbs J, Jensen PE, Lukacher AE (2002) CD94-NKG2A receptors
regulate antiviral CD8(+) T cell responses. Nat Immunol 3: 189-195.

Esquela-Kerscher A, Slack FJ (2006) Oncomirs - microRNAs with a role in
cancer. Nat Rev Cancer 6: 259-269.

Ebert MS, Sharp PA (2012) Roles for microRNAs in conferring robustness to
biological processes. Cell 149: 515-524.

Xiao C, Calado DP, Galler G, Thai TH, Patterson HC, et al. (2007) MiR-150
controls B cell differentiation by targeting the transcription factor c-Myb. Cell
131: 148-159.

Cobb BS, Nesterova TB, Thompson E, Hertweck A, O’Connor E, et al. (2005)
T cell lineage choice and differentiation in the absence of the RNase Il enzyme
Dicer. J Exp Med 201: 1367-1373.

Clin Cell Immunol

Signal Transduction

89. Muljo SA, Ansel KM, Kanellopoulou C, Livingston DM, Rao A, et al. (2005)
Aberrant T cell differentiation in the absence of Dicer. J Exp Med 202: 261-269.

90. Li QJ, Chau J, Ebert PJ, Sylvester G, Min H, et al. (2007) miR-181a is an
intrinsic modulator of T cell sensitivity and selection. Cell 129: 147-161.

9

-

. Mavrakis KJ, Wolfe AL, Oricchio E, Palomero T, de Keersmaecker K, et al.
(2010) Genome-wide RNA-mediated interference screen identifies miR-19
targets in Notch-induced T-cell acute lymphoblastic leukaemia. Nat Cell Biol
12: 372-379. '

9

N

Mavrakis KJ, Van Der Meulen J, Wolfe AL, Liu X, Mets E, et al. (2011)
A cooperative microRNA-tumor suppressor gene network in acute T-cell
lymphoblastic leukemia (T-ALL). Nat Genet 43: 673-678.

Pichler K, Schneider G, Grassmann R (2008) MicroRNA miR-146a and
further oncogenesis-related cellular microRNAs are dysregulated in HTLV-1-
transformed T lymphocytes. Retrovirology 5: 100.

9

«

94. Yeung ML, Yasunaga J, Bennasser Y, Dusetti N, Harris D, et al. (2008) 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 68: 8976-8985.

9

(&

. Bellon M, Lepelletier Y, Hermine O, Nicot C (2009) Deregulation of microRNA
involved in hematopoiesis and the immune response in HTLV-I adult T-cell
leukemia. Blood 113: 4914-4917.

96. Lu J, Getz G, Miska EA, Alvarez-Saavedra E, Lamb J, et al. (2005) MicroRNA
expression profiles classify human cancers. Nature 435: 834-838.

97. Gaur A, Jewell DA, Liang Y, Ridzon D, Moore JH, et al. (2007) Characterization
of microRNA expression levels and their biological correlates in human cancer
cell lines. Cancer Res 67: 2456-2468.

98. Valastyan 8, Reinhardt F, Benaich N, Calogrias D, Szész AM, et al. (2009) A
pleiotropically acting microRNA, miR-31, inhibits breast cancer metastasis. Cell
137: 1032-1046.

99. Cuddapah S, Barski A, Zhao K (2010) Epigenomics of T cell activation,
differentiation, and memory. Curr Opin Immunol 22: 341-347.

100.Roh TY, Cuddapah S, Cui K, Zhao K (2006) The genomic landscape of histone
modifications in human T cells. Proc Natl Acad Sci U S A 103: 15782-15787.

101.Wei G, Weil, Zhu J, Zang C, Hu-Li J, et al. (2009) Global mapping of H3K4me3
and H3K27me3 reveals specificity and plasticity in lineage fate determination
of differentiating CD4+ T cells. Immunity 30: 155-167.

102.Barski A, Jothi R, Cuddapah S, Cui K, Roh TY, et al. (2009) Chromatin poises
miRNA- and protein-coding genes for expression. Genome Res 19: 1742-
1751.

103. Schuettengruber B, Chourrout D, Vervoort M, Leblanc B, Cavalli G (2007)
Genome regulation by polycomb and trithorax proteins. Cell 128: 735-745.

104.Su IH, Dobenecker MW, Dickinson E, Oser M, Basavaraj A, et al. (2005)
Polycomb group protein ezh2 controls actin polymerization and cell signaling.
Cell 121: 425-436.

105.Sparmann A, van Lohuizen M (2006) Polycomb silencers control cell fate,
development and cancer. Nat Rev Cancer 6: 846-856.

106.Sasaki D, Imaizumi Y, Hasegawa H, Osaka A, Tsukasaki K, et al. (2011)
Overexpression of Enhancer of zeste homolog 2 with trimethylation of lysine
27 on histone H3 in adult T-cell leukemia/lymphoma as a target for epigenetic
therapy. Haematologica 96: 712-719.

107.Morin RD, Johnson NA, Severson TM, Mungall AJ, An J, et al. (2010)
Somatic mutations altering EZH2 (Tyr641) in follicular and diffuse large B-cell
lymphomas of germinal-center origin. Nat Genet 42: 181-185.

108.Hock H (2012) A complex Polycomb issue: the two faces of EZH2 in cancer.
Genes Dev 26: 751-755.

109.Simon C, Chagraoui J, Krosl J, Gendron P, Wilheim B, et al. (2012) A key
role for EZH2 and associated genes in mouse and human adult T-cell acute
leukemia. Genes Dev 26: 651-656.

110.Zhang J, Ding L, Holmfeldt L, Wu G, Heatley SL, et al. (2012) The genetic
basis of early T-cell precursor acute lymphoblastic leukaemia. Nature 481:
157-163.

111. Ntziachristos P, Tsirigos A, Van Vlierberghe P, Nedjic J, Trimarchi T, et al.
(2012) Genetic inactivation of the polycomb repressive complex 2 in T cell
acute lymphoblastic leukemia. Nat Med 18: 298-301.

ISSN:2155-9899 JCCI, an open access journal

Mechanisms in T lymphocytes

- 103 -



Citation: Yamagishi M, Watanabe T (2012) New Paradigm of T cell Signaling: Learning from Malignancies. J Clin Cell Immunol S12:007.

doi:10.4172/2165-9899.512-007

Page 15 of 15

112, Palomero T, Sulis ML, Cortina M, Real PJ, Barnes K, et al. (2007) Mutational
loss of PTEN induces resistance to NOTCH1 inhibition in T-cell leukemia. Nat
Med 13: 1203-1210.

113.Chan SM, Weng AP, Tibshirani R, Aster JC, Utz PJ (2007) Notch signals
positively regulate activity of the mTOR pathway in T-cell acute lymphoblastic
leukemia. Blood 110: 278-286.

114. Oswald F, Liptay S, Adler G, Schimid RM (1998) NF-kappaB2 is a putative
target gene of activated Notch-1 via RBP-Jkappa. Mol Cell Biol 18: 2077-2088.

115. Oakley F, Mann J, Ruddell RG, Pickford J, Weinmaster G, et al. (2003) Basal
expression of lkappaBalpha is controlled by the mammalian transcriptional
repressor RBP-J (CBF1) and its activator Notch1. J Biol Chem 278: 24359-
24370.

116.Bash J, Zong WX, Banga S, Rivera A, Ballard DW, et al. (1999) Rel/NF-
kappaB can trigger the Notch signaling pathway by inducing the expression of
Jagged1, a ligand for Notch receptors. EMBO J 18: 2803-2811.

117.Shin HM, Minter LM, Cho OH, Gottipati S, Fauq AH, et al. (2006) Notch1
augments NF-kappaB activity by facilitating its nuclear retention. EMBO J 25;
129-138.

118. Espinosa L, Cathelin S, D'Altri T, Trimarchi T, Statnikov A, et al. (2010) The
Notch/Hes1 pathway sustains NF-kappaB activation through CYLD repression
in T cell leukemia. Cancer Cell 18: 268-281.

119. Guan E, Wang J, Laborda J, Norcross M, Baeuerle PA, et al. (1996) T cell
leukemia-associated human Notch/translocation-associated Notch homologue
has | kappa B-like activity and physically interacts with nuclear factor-kappa B
proteins in T cells. J Exp Med 183: 2025-2032.

120.Wang J, Shelly L, Miele L, Boykins R, Norcross MA, et al. (2001) Human
Notch-1 inhibits NF-kappa B activity in the nucleus through a direct interaction
involving a novel domain. J Immunol 167: 289-295.

121.Duncan AW, Rattis FM, DiMascio LN, Congdon KL, Paziancs G, et al. (2005)
Integration of Notch and Wnt signaling in hematopoietic stem cell maintenance.
Nat Immunol 6: 314-322.

122.Espinosa L., Inglés-Esteve J, Aguilera C, Bigas A (2003) Phosphorylation by
glycogen synthase kinase-3 beta down-regulates Notch activity, a link for
Notch and Wnt pathways. J Biol Chem 278: 32227-32235.

123.Rodilla V, Villanueva A, Obrador-Hevia A, Robert-Moreno A, Fernandez-
Majada V, et al. (2009) Jagged1 is the pathological link between Wnt and
Notch pathways in colorectal cancer. Proc Natl Acad Sci U S A 106: 6315-
6320.

This article was originally published in a special issue, entitled: “Signal
Transduction Mechanisms in T lymphocytes”, Edited by Dr. Noah Isakov,
Ben Gurion University of the Negev, Beer Sheva, Israel.

J Clin Cell Immunol

124.Balint K, Xiao M, Pinnix CC, Soma A, Veres |, et al. (2005) Activation of Notch1
signaling is required for beta-catenin-mediated human primary melanoma
progression. J Clin Invest 115: 3166-3176.

125.Leong KG, Niessen K, Kulic I, Raouf A, Eaves C, et al. (2007) Jagged1-
mediated Notch activation induces epithelial-to-mesenchymal transition
through Slug-induced repression of E-cadherin. J Exp Med 204: 2935-2948.

126.Inoki K, Ouyang H, Zhu T, Lindvall C, Wang Y, et al. (2006) TSC2 integrates
Wnt and energy signals via a coordinated phosphorylation by AMPK and
GSKS to regulate cell growth, Cell 126: 955-968.

127.Stecca B, Ruiz | Altaba A (2010) Context-dependent regulation of the GLI
code in cancer by HEDGEHOG and non-HEDGEHOG signals. J Mol Cell Biol
2: 84-95,

128, Nicolas M, Wolfer A, Raj K, Kummer JA, Mill P, et al. (2003) Notch1 functions
as a tumor suppressor in mouse skin. Nat Genet 33: 416-421.

129.Nakashima H, Nakamura M, Yamaguchi H, Yamanaka N, Akiyoshi T, et al.
(2006) Nuclear factor-kappaB contributes to hedgehog signaling pathway
activation through sonic hedgehog induction in pancreatic cancer. Cancer Res
66: 70417049,

130.8imon JA, Kingston RE (2009) Mechanisms of polycomb gene silencing:
knowns and unknowns. Nat Rev Mol Cell Biol 10: 697-708.

131.Min J, Zaslavsky A, Fedele G, McLaughlin SK, Reczek EE, et al. (2010) An
oncogene-tumor suppressor cascade drives metastatic prostate cancer by
coordinately activating Ras and nuclear factor-kappaB. Nat Med 16: 286-294.

132.Lee ST, Li Z, Wu Z, Aau M, Guan P, et al. (2011) Context-specific regulation
of NF-kappaB target gene expression by EZH2 in breast cancers. Mol Cell
43: 798-810.

133.1nui M, Martello G, Piccolo S (2010) MicroRNA control of signal transduction.
Nat Rev Mol Cell Biol 11: 252-263.

134.Curtale G, Citarella F, Carissimi C, Goldoni M, Carucci N, et al. (2010)
An emerging player in the adaptive immune response: microRNA-146a
is a modulator of IL-2 expression and activation-induced cell death in T
lymphocytes. Blood 115; 265-273.

135.Boldin MP, Baltimore D (2012) MicroRNAs, new effectors and regulators of
NF-kappaB. Immunol Rev 246: 205-220.

136.Kuchen S, Resch W, Yamane A, Kuo N, Li Z, et al. (2010) Regulation of
microRNA expression and abundance during lymphopoiesis. Immunity 32:
828-839.

Submit your next manuscript and get advantages of OMICS
Group submissions

Unique features:

*  User friendly /feasible website-translation of your paper to 50 world’s leading languages
*  Audio Version of published paper

*  Digital articles to share and explore

Special features:

200 Open Access Journals

15,000 editorial team

21 days rapid review process

Quality and quick editorial, review. and publication processing

Indexing at PubMed (partial), Scopus, DOAJ, EBSCO, Index Copernicus and Google Scholar ete
Sharing Option: Social Networking Enabled

Authors, Reviewers and Editors rewarded with online Scientific Credits
*  Better discount for your subsequent articles

Submit your manuscript at: www.editorialmanager.com/clinicalgroup

Signal Transduction
Mechanisms in T lymphocytes

1SSN:2155-9899 JCCI, an open access journal

- 104 -



froniiers in
MICROBIOLOGY

REVIEW ARTICLE
published: 17 September 2012
doi: 10.3389/fmicb.2012.00334

S

Molecular hallmarks of adultT cell leukemia

Makoto Yamagishi * and Toshiki Watanabe *

Laboratory of Tumor Cell Biology, Department of Medical Genome Sciences, Graduate School of Frontier Sciences, The University of Tokyo, Minato-ku, Tokyo, Japan

Edited by:
Renaud Mahieux, Ecole Normale
Superieure de Lyon, France

Reviewed by:

Renaud Mahieux, Ecole Normale
Superieure de Lyon, France
Chloé Journo, Ecole Normale
Supérieure, France

*Correspondence:

Makoto Yamagishi and Toshiki
Watanabe, Laboratory of Tumor Cell
Biology, Department of Medical
Genome Sciences, Graduate School
of Frontier Sciences, The University of
Tokyo, 4-6-1 Shirokanedai, Minato-ku,
Tokyo 108-8639, Japan.

e-mail: myamagishi@mgs.k.
u-tokyo.ac.jp;
tnabe@ims.u-tokyo.ac.jp

The molecular hallmarks of adultT cell leukemia (ATL) comprise outstanding deregulations
of signaling pathways that control the cell cycle, resistance to apoptosis, and proliferation
of leukemic cells, all of which have been identified by early excellent studies. Neverthe-
less, we are now confronted the therapeutic difficulties of ATL that is a most aggressive
T cell leukemia/lymphoma. Using next-generation strategies, emerging molecular charac-
teristics such as specific surface markers and an additional catalog of signals affecting the
fate of leukemic cells have been added to the molecular hallmarks that constitute an orga-
nizing principle for rationalizing the complexities of ATL. Although human T cell leukemia
virus type 1 is undoubtedly involved in ATL leukemogenesis, most leukemic cells do not
express the viral protein Tax. Instead, cellular gene expression changes dominate home-
ostasis disorders of infected cells and characteristics of ATL. In this review, we summarize
the state of the art of ATL molecular pathology, which supports the biological properties of
leukemic cells. In addition, we discuss the recent discovery of two molecular halimarks of
potential generality; an abnormal microRNA pattern and epigenetic reprogramming, which
strongly involve the imbalance of the molecular network of lymphocytes. Global analyses
of ATL have revealed the functional impact of crosstalk between multifunctional pathways.
Clinical and biological studies on signaling inhibitory agents have also revealed novel onco-
genic drivers that can be targeted in future. ATL cells, by deregulation of such pathways
and their interconnections, may become masters of their own destinies. Recognizing and
understanding of the widespread molecular applicability of these concepts will increasingly
affect the development of novel strategies for treating ATL.

Keywords: HTLV-1, ATL, genome, epigenetics, miRNA, signal transduction

INTRODUCTION: CURRENT STATUS OF ADULT T CELL
LEUKEMIA RESEARCH

Adult T cell leukemia (ATL), which is derived from human T
cell leukemia virus type 1 (HTLV-1)-infected CD4+ T cells, is an
aggressive T cell leukemia/lymphoma with the worst poor prog-
nosis (Yamaguchi and Watanabe, 2002). Endemic expansion of
HTLV-1 infection and related ATL onset have been observed in
Japan (Iwanaga et al., 2010). The diverse clinical features of ATL
have led to its sub-classification into acute, lymphoma, chronic,
and smoldering subtypes. ATL has a poor prognosis with a mean
survival time of 13 months and is refractory to currently available
combination chemotherapy (Yamada et al., 2001). It is therefore
essential to develop a novel treatment strategy, in particular, a
molecular targeting therapy. ATL is incurable because we do not
have complete understanding of its molecular basis, leading to
the lack of molecular targeting. Although HTLV-1 is an apparent
causative agent of ATL, several studies have demonstrated that viral
gene expression is rare, except for the expression of the HTLV-1
antisense gene product HBZ (Gaudray et al., 2002). Mounting evi-
dence has shown that ATL does not contain the somatic mutant
genes that can explain its aggressiveness. However, it is evident
that ATL cells possess multiple deregulations of genome and gene
regulation, namely the molecular hallmarks of ATL, which should
be targeted (Figure 1). We believe that normal cells acquire a suc-
cession of molecular hallmarks as they progressively evolve into a

neoplastic state and that the multistep process of human patho-
genesis can be rationalized by the need of incipient cancer cells
for acquiring traits that enable them to become leukemogenic and
ultimately malignant. In this review, we first summarize the essence
of each molecular hallmarks of ATL cells. Basic molecular analyses
and next-generation global analyses of ATL samples have revealed
the molecular traits of ATL. We address new developments that
broaden the scope of the conceptualization and describe recent
advances of science to acquisition of the molecular mechanis-
tic underpinnings. Finally, we discuss the possibility and future
direction of treating ATL.

WMOLECULAR HALLMARKS CONTROLLED BY TAX AND HBZ

Since 1985, numerous excellent studies have indentified signal-
ing abnormalities in HTLV-1-associated cells, mainly induced by
HTLV-1 Tax. In general, T cell disorders include several deregula-
tions of cellular processes that regulates the cell cycle, cell prolif-
eration, and cell survival. Tax has been shown to disrupt all these
cellular processes. The classical oncogenic function of Tax was first
demonstrated in a study of cell cycle regulation. Tax was found
to inhibit the cyclin-dependent kinase (CDK) inhibitor (CKI)
CDKN2A (p16/NK44) by physical interaction (Suzuki et al., 1996).
Several subsequent studies also revealed the mitogenic activity
of Tax exerted through the stimulation of G1 to S phase tran-
sition (Akagi et al,, 1996; Neuveut et al., 1998; Schimitt et al., 19985
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FIGURE 1 | Transition from HTLV-1-infected cell to transformed leukemic
cell. In early and latent clinical phases, the HTLV-1 Tax and HBZ mainly act as
driving forces for the molecular hallmarks of infected cells. After a long-term
latency, leukemic cells have acquired genetic and epigenetic abnormalities,
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which lead to deregulations of gene expression pattern, cell cycling, signaling
activation, and miRNA expression. These molecular changes consequently
induce cellular hallmark capabilities of ATL such as chronic proliferation,
apoptotic resistance, multiple organ invasion, and drug resistance.

Suzulki et al,, 1999; Iwanaga et al., 2001; Haller et al,, 2002; Liang
et al., 2002). Tax also affects a cohort of cell cycle-related proteins,
including CDKs, CDKN1A, CDKN1B, and CDKN2A, by regulat-
ing their expression or by physical interaction. Tax also participates
in genetic damage (Jeang et al,, 1990; Ressler et al,, 1997; Kao and
Marriott, 1999). Because of particular functions of Tax that can
interact with many host factors (Interactome; Boxus et al., 2008;
Simonis et al,, 2012), Tax can activate several signaling pathways
and lead to abnormal gene expression (a Tax-dependent molecu-
lar hallmark) and overproduction of several cytokines. Especially,
IL-2 and its receptor are important for T cell activation. IL-2 sig-
nals through its receptor are primarily delivered by two molecular
families, the Janus tyrosine kinases (JAKs) and signal transduc-
ers and activators of transcription (STATs), whose activation leads
to lymphocyte proliferation. Tax can also activate the NF-xB and
NFAT pathways responsible for the predominant expression of IL-
2 and the IL-2 receptor (Ballard et al, 1988; Ruben et al,, 1988;
Hoyos et al., 1989; McGuire et al,, 1993; Good et al., 1996). These
findings implicate the IL-2-IL-2 receptor autocrine loop in ATL;
however, several studies have shown that alterations of the loop
alone are not sufficient to ensure the maintenance and prolifera-
tion of ATL cells because most Tax- or HTLV-1-immortalized T
cells still require exogenous IL-2 and do not express detectable
amounts of either IL-2 mRNA or protein (Akagi and Shimo-
tohno, 1993; Chung etal,, 2003; Chen et al,, 2010). Similarly, IL-15
and its receptor and IL-13 and its receptor have been associated
with Tax-expressing cells because similar to IL-2, they activate the
STAT pathways (Azimi et al,, 1999; Mariner et al., 2001; Chung
et al., 2003; Wildele et al,, 2004). IL-6 is also transduced by Tax
through the NF-kB pathway (Villiger et al., 1991; Muraoka et al,
1993). Because IL-6 mainly participates in inflammatory signaling,
HTLV-1 infection can induce cytokine-dependent inflammation,
which is frequently observed in ATL as well as HTLV-1-associated
myelopathy/Tropical spastic paraparesis (HAM/TSP; Oh et al,,
2011). OX40, a member of the TNF-receptor superfamily, is

specifically expressed in HTLV-1-infected cells, whose expression
is induced by the Tax-NF-kB pathway. Tax may play a role in
leukemic cell infiltration in addition to cell adhesion in vivo (Imura
et al., 1997). Tax affects not only the abovementioned signaling
pathways but also the TGF-f pathway (Kim et al., 1990; Hollsberg
etal., 1994; Arnulf et al, 2002; Lee et al., 2002). It has been recently
shown that TGF-f signaling is activated by HBZ by binding with
Smad 2/3 (Zhao et al,, 2011). TP53 is the master regulator of the
cell cycle that guards against DNA damage by inducing the tran-
scription of several genes. Tax can inhibit TP53 functioning in
multiple ways (Grassmann et al., 2003).

Strong NF-i B activation is the outstanding hallmark provided
by Tax. NF-kB represents a family of inducible transcription
factors that regulate diverse biological processes, including the
growth and survival of both T cells and non-lymphoid cells.
Transcriptional activation of genes such as several cytokines and
apoptosis-resistance factors plays an important role in immu-
nity. Tax acts as an intracellular stimulator of IKK by physical
interaction, leading to persistent activation of NF-kB-mediated
transcription. The Tax/IKK complex formation relies on the phys-
ical interaction between Tax and the IKK regulatory subunit IKKy.
The Tax/IKKy interaction is required for recruiting Tax to the IKK
catalytic subunits and for Tax-mediated IKK activation (Sun and
Yamaoka, 2005). Recent studies have identified cellular proteins
that are important for Tax-mediated NF-«B activation, such as
NRP/Optineurin and TAX1BP1 (Jjourno et al., 2009; Shembade
etal., 2011), and the ubiquitin-specific peptidase USP20 (Yasunaga
et al,, 2011). Subcellular localization of Tax also predominantly
controls Tax-mediated NF-kB activation (Fryrear et al., 2009).
Given that NF-kB governs the expression of a large array of cellu-
lar genes that control various cellular functions, the phenotypes of
HTLV-1-infected cells are dominated by Tax-mediated abnormal
activation.

Tax also activates several signaling pathways through key tran-
scriptional factors such as CREB, SRF, and AP-1. It does not directly
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bind to promoter or enhancer DNA, however, disruption of these
pathways causes serious gene expression disorders (Grassmann
et al., 2005).

It should be also noted that HTLV-1 antisense product HBZ
seems to be involved in leukemogenesis; its expression is sustained
in leukemic cells. In vitro and in vivo studies have demonstrated
that the growth-promoting activity of HBZ RNA may play an
important role in oncogenesis by HTLV-I (Satou et al., 2006).
Furthermore, transgenic expression of HBZ in CD4+4 T cells
induces T cell lymphomas and systemic inflammation in mice.
HBZ directly induces Foxp3 gene transcription, and the increased
CD4+Foxp3+ Tyeg cells in HBZ transgenic mice are function-
ally impaired, suggesting that the expression of HBZ in CD4+ T
cells may be a key mechanism of HTLV-1-induced neoplastic and
inflammatory diseases (Satou et al., 2011).

Taking together with these mounting evidences, Tax and HBZ
undoubtedly contribute to leukemogenesis in HTLV-1-infected
T cells. However, as a low rate of incidence, clinical observa-
tion implies that HTLV-1 itself does not have a strong capacity
of leukemogenesis in contrast with other animal leukemia viruses.

CHROMOSOMAL CHANGES AND GENE ALTERATIONS IN ATL
Tax is not expressed in most ATL cases because HTLV-1 provirusis
substantially silenced by proviral defect and/or epigenetic mech-
anism (Tamiya et al., 1996; Koiwa et al., 2002; Taniguchi et al,
2005). However, leukemic cells possess very similar traits to Tax-
expressing cells (Figure 1). The paradoxical truth, i.e., memory of
Tax, still remains to be elucidated. Investigation of established ATL
cell lines and primary ATL samples has led to the identification of
the molecular hallmarks of leukemic cells, which may partially
explain their malignant characteristics.

From 1980s, chromosomal analyses of clinical cases were
reported. Therefore, we know that ATL is characterized by various
abnormal chromosomes. Kamada et al. (1992) reported that 96%
of ATL cases had an abnormal chromosome pattern, suggesting
that a genomic catastrophe underlies the clinical and molecular
characteristics of ATL, which is consistent with all other cancers.
In 2000s, global analysis has been available and whole genomic
analysis could be challenged. Comparative genomic hybridization
(CGH) revealed the genomic distinctions between the clinical sub-
types; patients with aggressive ATL (acute and lymphoma) have
a higher number of chromosomal imbalances, losses, and gains
than those with indolent ATL (chronic and smoldering). Thus,
genomic abnormalities are prognostic factors (Tsukasaki et al.,
2001a). High-resolution analyses based on microarrays unveiled
the genomic properties of ATL (Oshire et al., 2006) and shed
light on the genomic characteristics that affect the gene expression
pattern (Figure 2).

In cancer cells, genetic mutations and deletions are generally
observed in genes important for cell cycle regulation, cell survival,
and cell proliferation. In ATL, the accumulation of genetic dele-
tions in the gene encoding the cell cycle regulator CDKN2A have
been reported (Hatta et al, 1995; Uchida et al.,, 1996). South-
ern blotting analyses of samples from large cohort studies (114
patients) also demonstrated that the CDKN2 family (p15 and p16)
is lost in more frequently observed in the acute type (33.8%) than
in the chronic type of ATL (5.4%; Yamada et al., 1997). Patients

Classical Molecular Hallmarks
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FIGURE 2 | Acquired molecular hallmarks of ATL. From the beginning of
ATL discovery, indicated molecular hallmarks have been suggested.
Hierarchical regulation of the gene expression has been expected.
Abnormal expressions of these cytokines and receptors as well as various
proteins that act as anti-apoptotic factors or proliferation agents are
responsible for the malignant phenotypes as hallmark capabilities.

with these genetic deletions showed reduced survival compared
with those without deletions. CDKN2A transcription is also reg-
ulated in an epigenetic manner. Abnormal DNA methylation has
been during ATL progression (Nosaka et al., 2000).

Alterations of other cell cycle-regulating genes are unusual.
Mutations of CDKNIB (p275%1) is rare in non-Hodgkin’s lym-
phoma and ATL (Morosetti et al., 1995). Mutations of Rb gene have
also been observed in a few ATL patients (Fatta et al,, 1997). Exten-
sive analyses have revealed that 26-40% of ATL cases have a p53
gene mutation, which is much less than that observed in other can-
cers (Nagai et al., 1991; Cesarman et al., 1992; Sakashita et al., 1992;
Nishimura et al,, 1995). Gene expression analysis of ATL samples
showed that CDKN1A (p21©P!) is commonly down regulated in
ATL (Watanabe et al., 2010). In contrast, Tax activates leCipl
expression in HTLV-1-infected cells, which may be an important
mechanism for stopping the host at the G1/S boundary and repair-
ing damaged DNA before entering the S phase entry (Cereseto
et al., 1996; de La Fuente et al., 2000). Although p219#! transcrip-
tion may be activated by the Tax—CREB pathway in infected cells,
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it seems to be epigenetically silenced in several cancers, including
ATL. Thus, these gene alterations and related expression patterns
are important molecular hallmarks of ATL as well as other can-
cers. Of note, no ATL cell has been shown to have both mutations,
suggesting that either pI6 or p53 mutation may be sufficient to
promote the more aggressive phenotype of leukemic cells (Tawara
et al., 2006). In addition, as many ATL patients carry a wild-type
P53, TP53 activation by antagonists such as Nutlin-3a may be a
promising strategy for ATL therapy (Masegawa et al,, 2009). The
ability to resist apoptotic cell death is conferred by Fas gene muta-
tion (Tamiya et al., 1998; Maeda et al., 1999). Indeed, Fas-negative
ATL cells are resistant to adriamycin-induced apoptosis in vitro,
which is consistent with the finding that ATL in this case is resistant
to chemotherapy.

Single nucleotide polymorphism (SNP) is another possible
cause for developing ATL. TNF-a polymorphism may be asso-
ciated with increased susceptibility to development of ATL in
HTLV-1 carriers (Tsukasakietal., 2001b). Animmunological study
also suggested that the HLA haplotype is related to ATL progres-
sion (Yashiki et al., 2001). Currently, whole SNP can be detected
by next-generation sequencing and other array-based techniques.
Global understanding of SNPs in ATL patients may provide us
with the genetic basis of the familial clustering of ATL.

By utilizing global survey techniques for analyzing the gene
copy number, several research groups have detected specific gene
copy number patterns in ATL. CGH methods first demonstrated
gains at 14q32 and 2p16-22 in ATL cell lines (Ariyama et al,
1999). Fluorescence in situ hybridization (FISH) analysis with
several yeast artificial chromosome (YAC), BAC, and PAC clones
also mapped the breakpoints in ATL cell lines with 6q aberrations
(Tagawa et al,, 2002). Clinical subtype-specific genomic alterations
inaggressive ATL were also identified by array-based CGH (Oshiro
et al,, 2006). Thelymphoma type of ATL had significantly more fre-
quent gains at 1q, 2p, 4q, 7p, and 7q and losses at 10p, 13q, 16q, and
18p, whereas the acute type showed a gain of 3/3p. CARMA is also
a possible target gene for 7p22 amplification in the lymphoma type
but not in the acute type of ATL. In contrast, BCL11B is expressed
in the acute type of ATL, regardless of 14q32 gain/amplification;
however, there is no or low expression of the gene in the lym-
phoma type of ATL. Taken together, these findings suggest that the
acute and lymphoma types of ATL are genomically distinct. The
physiological molecular hallmarks of ATL have been identified by
integrating the gene copy number and gene expression analyses
findings, and these are described below.

GLOBAL GENE EXPRESSION ANALYSES OF ATL
Genetic alterations and other modulations enhance specific gene
expression signatures. Classically, based on a comparison between
normal T cells and ATL cell lines as well as primary leukemic
cells, ATL has been shown to have a distinct gene expression pat-
tern that may reflect its clinical pathogenesis. In addition, global
expression analyses, mainly based on microarray, have identified
emerging molecular hallmarks that can possibly be targeted in ATL
therapies.

First, Harhaj et al. (1999) performed gene array analysis of
HTLV-1-immortalized cells and reported up- and downregulated
genes. Ruckes et al. {2001) performed suppressive subtractive

hybridization that enabled the isolation of novel sequences derived
from unknown genes. They identified a number of genes linked
to Tax transformation and ATL leukemogenesis. Systematic com-
parison of gene expression between cultured cells from patients
with acute ATL and that of stimulated peripheral T lymphocytes
revealed 346 ¢cDNA clones, which included the genes encoding
IL-2 receptor « chain and p219P!, They also included a dual-
specific protein phosphatase (PACL), an interferon-inducible fac-
tor (ISG15), a basic helix—-loop-helix transcription factor (DEC-1),
and the secreted anti-apoptotic chemokine 1-309. Pise-Masison
et al. (2002) also reported the results of analyses performed using
an Affymetrix Hu6800 GeneChip. They identified 763 genes with
differentially regulated expression in HTLV-1 cell lines.

Tsukasaki et al. {2004) directly analyzed the gene expression
patterns of fresh ATL samples (three acute types and one chronic
type) using high-density oligonucleotide DNA arrays. A total of
203 genes that included ribosomal proteins, proteasome subunits,
translation factors, immunophilins, heat shock proteins, and genes
important for DNA replication were found to be upregulated in
ATL cases, and 91 genes were downregulated. Sasaki ¢t al. (2005)
also determined the expression profiles of more than 12,000 genes
in eight cases of the acute type of ATL using microarray analysis,
and they found that 192 genes were upregulated more than twofold
compared with healthy CD4-+ and CD4-+/CD45RO+ T cells. In
particular, the expression of tumor suppressor in lung cancer 1
(TSLC1), caveolin 1, and prostaglandin D2 synthase was increased
by more than 30-fold. Interestingly, comparison of gene expression
between established cell lines with or without HTLV-1 infection
led to the identification of the specific HTLV-1-related cell surface
marker CD70, which is also expressed in freshly isolated leukemic
cells (Baba et al., 2008).

Integrated analyses of the genome and its expression revealed
more detailed data for the acquisition of molecular and physiologi-
cal information. Choi et al. (2007} isolated CD4+ T cells from ATL
patients and profiled their gene expression using DNA microarrays
containing >44,000 probe sets. Changes in the chromosomal copy
number were examined for 24 cell specimens using microarrays
harboring approximately 50,000 probe sets. Coordinated analysis
revealed a novel molecular target, the HGF-MET pathway. Liga-
tion of MET by increased plasma HGF levels may confer a growth
advantage on ATL cells through the phosphatidylinositol 3-kinase
(PI3K) and Ras pathways.

We performed further global integrated analyses of sam-
ples from ATL patients using mRNA expression array (n=>52),
microRNA (miRNA) microarray (1 = 40), and DNA copy number
analysis using SNP-based array (n=168; Yamagishi et al.,, 2012).
Each analysis revealed many novel molecular characteristics of
ATL (data available in the Gene Expression Omnibus database).
Analysis of this massive dataset derived from primary ATL samples
led to the conclusion that genetic and epigenetic imbalances are
involved in ATL leukemogenesis through miRNA and the signaling
pathways responsible for leukemic cell survival, proliferation, and
invasiveness. Taken together, these findings clearly indicate that
disrupted gene expression is a molecular hallmark of ATL. Diverse
abnormalities have been found in each of these comprehensive
studies; however, several gene alterations and other critical events
have been commonly implicated as determinants of the gene
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expression pattern. Abnormal expression of different cytokines,
their receptors, and various proteins that act as anti-apoptotic
factors or proliferation agents is responsible for malignant phe-
notypes as hallmark capabilities (Figure 2). From the spreading
intelligence, we have to acquire the genuine molecular targets
harboring in the bare bones of ATL.

SIGNALING NETWORKS IN ATL: MAIN DRIVING FORCES

The cellular complexity of signaling networks confers robustness
to specific gene expression and biological functions. This is sup-
ported by the fact that the inhibition of a signaling pathway can
strictly suppress abnormal gene expression. The functional char-
acteristics of ATL cells, such as chronic proliferation, abnormal
survival, and penetrating multiple organs, is supported by aberrant
gene expression, as described above.

Activation of NF-kB signaling is the most outstanding hall-
mark of both HTLV-1-infected cells and leukemic cells. Abnormal
activation and deficient negative control of the NF-kB pathway
strongly contributes to prolonged survival, proliferation, and inva-
siveness, all of which are observed in ATL cells. Ruben et al. (1988}
found that Tax can activate IL-2 receptor gene expression in a
NEF-kB-dependent manner. Following this, several studies clearly
demonstrated that Tax can activate NF-icB activity through a mul-
tistep (Sun and Yamaoka, 2005). Strong and persistent activation of
NF-kB signaling was then demonstrated in leukemic cell lines that
did not express Tax (Mori et al., 1999). In transformed ATL cells,
both the canonical and non-canonical NF-«kB pathways are persis-
tently activated because NF-kB inducing kinase (NIK) is aberrantly
expressed in ATL (Saitoh et al., 2008). NIK plays a central role in

non-canonical NF-kB signaling by IKKa phosphorylation (Thu
and Richmond, 2010). Very recently, we found a novel linkage
between NF-«B activation and miRNA deregulation. Comprehen-
sive gene expression analysis and in vitro experiments revealed
that miRNA-31 (miR-31) can regulate NIK expression through
the 3’ untranslated region (UTR). In ATL cells, miR-31 expression
is genetically and epigenetically silenced, which in turn induces
constitutive NF-«B activation through NIK expression (Figure 3;
Yamagishi et al., 2012). Because current evidence clearly indicates
that miR-31 dominates NF-kB activity in T cells, manipulating cel-
lular miR-31 levels may be a novel molecular approach to reduce
NF-«B activity and induce apoptosis.

Numerous efforts have demonstrated that NF-kB inhibitory
agents may be suitable for treating ATL. Inhibitors such as borte-
zomib (Satou et al, 2004), Bay 11-7082 (Mori et al, 2002),
DHMEQ (Watanabe et al., 2005), ACHP (Sanda et al., 2006), and
IMDO0354 (Uota et al., 2012) have the ability to kill leukemic cells.
Fludarabine, a purine analog that has significant activity in B cell
malignancies, also inhibits the NF-«B activity in ATL (Nishicka
et al., 2007). Tax degradation by arsenic trioxide and IFN-q treat-
ments is also useful for inhibiting NF-kB in HTLV-1-infected cells
(El-Sabban et al., 2000). In the near future, gene manipulation
for example by siRNA targeting NIK may be a promising strat-
egy for inhibiting NF-«B activity with strict specificity (Yamagishi
et al,, 2012). Because NF-«B prevention showed good results in a
xenograft model of cell lines with or without Tax (Dewan et al.,
2003; Watanabe et al,, 2005; Chsugi et al,, 2007a), molecular target-
ing therapy based on the NF-kB pathway is a promising new ATL
treatment. Of note, NF-«B inhibition by DHMEQ can also remove
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FIGURE 3 | NF-kB signaling pathway in ATL. Compared to normal T
cell, HTLV-1-infected cell shows intense activity of NF«kB pathway
through the Tax interactome. In contrast, leukemic cell sustains
strong NF«B activity without Tax by acquisition of miR-31-dependent

Apoptotic resistance
Cytokine production
Invasiveness

NIK expression. Activation of the non-canonical pathway ultimately
joins canonical pathway, resulting in transactivation of numerous
target genes important for cell survival, cytokine production, and
invasiveness.
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virus-carrying cells from carrier peripheral blood mononuclear
cell (PBMC) samples (Watanabe et al., 2005).

Why is NF-kBimportant for ATL cell survival? One of the target
genes is BCL-XL, which is expressed when NF-«k B is stimulated. In
HTLV-1-infected cell lines, BCL-XL is expressed through the Tax-
NF-kB pathway. Interestingly, fresh ATL samples show BCL-XL
overexpression (Nicot ¢t al., 2000). Given that BCL-XL is a prin-
cipal anti-apoptotic protein as a BCL-2 family member, persistent
BCL-XL expression is one of the molecular capability of apop-
totic resistance, which may contribute to clinical chemoresistance.
Indeed, inhibition of the NF-«kB pathway by NIK depletion leads
to impaired BCL-XL levels and apoptotic cell death in ATL (Yan-
agishi et al., 2012). In addition, a recent study has implicated that
both BFL1 (BCL2A1) and BCL-XL are responsible for ATL cell
survival. BFL1 expression is regulated by Tax and HBZ through
the NF-kB and AP-1 pathways, respectively (Macaire et al., 2012).

The JAK-STAT pathway, which is universal and essential to
cytokine receptor signaling, is also one of the best understood
signal transduction cascades in several cell types, including ATL
cells. The JAK-STAT pathway mediates signaling by cytokines,
which control cell survival, proliferation, and differentiation. Con-
stitutive JAK activation leads to persistent activation of STAT
transcription factors, and several cancers exhibit constitutive STAT
activation in the absence of JAK- or STAT-activating mutations.
JAK-STAT activation in HTLV-1-infected cells was first reported
in 1995 (Migone etal., 1995). Takemoto etal. (1997) demonstrated
that STAT-3 and STATS are activated in freshly isolated ATL cells.
However, functional redundancy was also reported. Blockade of
the JAK3-STATS pathway by AG490 failed to inhibit the prolifera-
tion of HTLV-1-transformed T cell lines, despite activation of the
pathway (Kirken et al, 2000). Recently, a JAK2-STATS5 inhibitor,
AZ960, was shown to have an anti-proliferative effect on HTLV-
1-infected and ATL cell lines (Yang ¢t al., 2010). However, which
gene is transactivated by STAT remains unknown. The biolog-
ical relevance of the JAK-STAT pathway in ATL remains to be
elucidated.

EMEREGING SIGNALING PATHWAYS AND INRIBITORY
AGENTS

In addition to the abovementioned pathways, several signaling
pathways, including the AP-1, NFAT, and CREB pathways, may be
involved in the functional characteristics of ATL (Hall and Fujii,
2005). These are activated by Tax. Leukemic cells may have certain
activities in each of these pathways.

The RhoA family also participates in Tax-mediated immortal-
ization. A recent study employing a proteomic approach to identify
Tax-binding proteins in a HTLV-1-infected T cell line identified
direct interactions between Tax and several small GTPases, includ-
ing RhoA, Racl, and Cdc42, all of which areinvolved in awide vari-
ety of cellular processes, including cytoskeleton organization and
transcriptional activation (Wu et al., 2004). Recently, our global
gene expression analysis as well as miRNA study strongly suggested
that RhoA is overexpressed in ATL cells. A decreased miR-31 level
may contribute to RhoA expression and migration activity (Yam-
agishietal., 2012). The gene expression signature determined from
patient samples could identify the additional signaling pathways
involved in leukemogenesis (authors’ unpublished data).

Recently, several studies have demonstrated that ATL shows
emerging signaling activation, which is well established as onco-
genic signaling in other types of cancer. Typically, the Notch
pathway, which is the signaling pathway implicated in T cell
acute lymphoblastic leukemia (T-ALL), is also activated in ATL
(Pancewicz et al, 2018). More than 30% of ATL cases show acti-
vating mutations in NOTCHI, leading to reduced CDC4/Fbw7-
mediated degradation and stabilization of the intracellular cleaved
form of Notchl (ICN1). Inhibition of Notch signaling by a y-
secretase inhibitor reduced tumor cell proliferation and tumor
formation in ATL-engrafted mice. It is therefore suggested that
activated Notch may be important for ATL pathogenesis.

TGEF-p signaling is also reportedly important. Increased TGF-f
production was observed in freshly isolated ATL cells, and this was
at least partially mediated by AP-1 (Niitsu et al,, 1988; Kim et al,
1990). Nevertheless TGE-p could inhibit the growth of normal T
lymphocytes, HTLV-1-infected cells were resistant to this inhibi-
tion (Hallsberg et al., 1994). In ATL cells, transcription factor 8
(TCF8) is frequently disrupted by several mechanisms, primarily
by epigenetic dysregulation. TCF8 mutant mice frequently develop
invasive CD4+ T cell lymphomas in vivo. Downregulation of TCF8
expression in ATL cells in vitro is associated with resistance to TGF-
1, suggesting that escape from TGE-p1-mediated growth inhibi-
tion is important in the pathogenesis of ATL (Hidala et al., 2008).
The same research group also reported that ZEB1 downregulation
and Smad7 overexpression contribute to resistance to TGF-B1-
mediated growth suppression in ATL (Nakahata et al,, 2010). ZEB1
plays a critical role in regulating the epithelial-mesenchymal tran-
sition (EMT) in several solid cancers. The general function of ZEB1
in lymphocytes, particularly in association with leukemogenesis
and TGF-f signaling, is a very intriguing issue.

If a chemical drug that can inhibit cellular signaling can induce
apoptosis specifically, it is probable that leukemic cell survival is
supported by the targeted signaling. Recent studies of inhibitors
have indicated that mTOR signaling may be involved in ATL.
mTOR is a serine/threonine-specific protein kinase that is located
downstream of the PI3K/Akt pathway. Deregulation of mTOR
signaling is implicated in a range of cancers due to its roles in
cell survival and proliferation, protein synthesis and breakdown,
membrane trafficking, and protein kinase Csignaling (Zoncu et al.,
2011). Tkezoe et al. (2007) used several inhibitors to show that the
PI3K/Akt/mTOR pathway is activated in ATL cell lines as well
as fresh ATL cells. In addition, a resent study reported that the
mTOR complex 1 (mTORC1) inhibitor everolimus has a dramatic
inhibitory effect on the growth of HTLV-1-positive and HTLV-1-
negative malignant T cells, whereas normal resting or activated
T cells are resistant to it (IDarwiche et al,, 201 1). Furthermore, in
addition to HTLV-1-infected cells in which Tax activates the Akt
pathway (Liu et al., 2001), transformed leukemic cells in which Tax
is not expressed may have some Akt activity. The most important
point is how these pathways are constitutively activated in ATL.
The functional importance of this pathway and its therapeutic
potential will be addressed in the near future.

In the context of inhibitory agents, a higher response rate
following azidothymidine/interferon o (AZT/IFNa) treatment of
ATL patients has been reported in several human trials (Gill et al.,
1995; Bazarbachi et al,, 2010). AZT treatment of ATL patients
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inhibits telomerase activity and results in progressive telomere
shortening and increased p144%F expression. A functional rela-
tionship between p53 and sensitivity to AZT has also been sug-
gested (Datta et al,, 2006). Ritonavir, developed as a protease
‘against HIV-1, also has an anti-ATL effect. Ritonavir decreases NF-
B activity linked to the inhibition of IkBo phosphorylation and
induces the apoptosis of ATL cells. In addition, it very efficiently
prevents tumor growth and leukemic infiltration in various organs
of NOG mice when administered at the same dose as that used in
the treatment of patients with AIDS (Dewan et al., 2006). Together,
several signaling networks are deregulated in leukennc cells, and
these are a specific molecular feature of ATL (Figure 2). At present,
signal interception is the most effective strategy to treat ATL. At
the same time, the occurrence of incidental side effects should be
carefully considered because these signaling pathways are essential
for normal cell function and survival.

CYTOKINES PRODUCTION AND ATL

CD4+ T cells play a central role in the immune response by con-
trolling cells such as B cells, dendritic cells, and cytotoxic cells
and their responses through various cytokines. Deregulation of
the associated signaling pathways leads to abnormal gene expres-
sions, including that of several cytokines. ATL has been implicated
in the production of various cytokines, including IL-1 (Wano
et al., 1987), TGF- (Niitsu et al., 1988), TNF-a, IFN-y, GM-CSF
(Yamada et al., 1996), and PTHrP (Watanabe ¢t al., 1990). Espe-
cially, an elevated serum C-terminal PTHrP level is a characteristic
marker of the HTLV-1 carrier status, and the determination of
this level in ATL patients could be useful for assessing the prog-
nosis (Yamaguchi et al., 1994). SCID mice model of ATL also
showed clearly elevated serum levels of calcium and C-terminal
PTHIrP, resulting in the development of hypercalcemia (Takaori-
Kondo et al., 1998). The high frequency of hypercalcemia is one
of the notable clinical characteristics of ATL, in particular, the
aggressive types of ATL (Kiyokawa et al., 1987). Besides PTHrP,
which plays an important role in bone resorptlon by stimulating
osteoclasts, abnormal expression of the RANK ligand (RANKL)
has also been demonstrated in ATL with hypercalcemia (Nosaka
et al., 2002). Recent studies have revealed that a central region of
HTLV-1 gp46 acts as an antagonist for osteoprotegerin and leads
to hypercalcemia (Sagara et al., 2007, 2009).

SCID mice engrafted with cells from Tax-transgenic mice that
develop lymphoma produced TNF-a, PDGF-BB, sSICAM-1, and
sVCAM-1 as factors that may contribute to high levels of organ
infiltration (Watters et al., 2010). PDGE in particular, the BB iso-
form, is a well-known potent osteotropic factor that stimulates
the osteoclasts and osteoblasts functions (Yi et al., 2002). High
IL-2 production was not observed in previous ATL studies or in
our microarray data (Yamagishi et al., 2012). Nevertheless, IL-2 is
an HTLV-1-induced cytokine associated with the NF-xB pathway
(Hovos et al., 1989). In contrast, receptor subsets for IL-2 (IL2Rs)
are generally overexpressed in ATL cells.

Interestingly, smoldering/chronic ATL PBMCs spontaneously
proliferate ex vivo in an IL-12-, IL-9-, and IL-15-dependent
manner, whereas acute type ATL PBMCs do not proliferate
or proliferate independent of cytokines. Furthermore, purified
leukemic cells from indolent ATL cases produce IL-2/IL-9

and the downstream JAK-STAT pathway is activated. Thus,
autocrine/paracrine cytokine stimulation of leukemic cell prolif-
eration may occur in patients with smoldering/chronic ATL (Chen
etal., 2010).

CELL SURFACE MARKERS AND THEIR FUNCTIONS

IL-2 receptor o (CD25) was the first marker of ATL and HTLV-1-
infected cells. CD25 expression is dependent on NF-kB activity
(Ruben et al, 1988). Global gene expression analysis has also
validated the high CD25 mRNA level in ATL patient samples
(Yamagishi et al., 2012).

Chemokines and their receptors mainly function in the migra-
tion and tissue localization of lymphocytes. The expression of
the following ATL-specific chemokine receptors has been identi-
fied: CCR4 (Yoshie et al., 2002), CCR7 (Hasegawa et al., 2000),
CCRS8 (Ruckes et al., 2001), and CXCR4 (Twizere et al., 2007). In
addition, other cell surface proteins such as OX40 (Imura et al,,
1997) and TSLC1 (Sasaki et al, 2005) are highly expressed in
ATL cells and are thus the molecular hallmarks of ATL; they may
also participate in leukemogenesis. For example, TSLC1, a well-
known tumor suppressor in various carcinomas, is overexpressed
in ATL. The cytoplasmic domain of TSLCI directly interacts with
the PDZ domain of TIAM1 and induces the formation of lamel-
lipodia through Rac activation in HTLV-1-transformed and ATL
cell lines. TTAM1 may integrate signals from TSLC1 to regulate the
actin cytoskeleton through Rac activation (Masuda et al., 2010).

Some ligands are also expressed by ATL cells; therefore,
autocrine/paracrine stimulation is implicated. Tax develops a
strategy based on the activation of the SDF-1a/CXCR4 axis
in infected cells (Twizere et al., 2007). In Tax-transgenic mice
and their transplantation model, AMD3100, a CXCR4 antago-
nist, inhibits the infiltration of lymphomatous cells into tissues
in vivo, indicating the involvement of the SDE-1a/CXCR4 inter-
action in leukemic cell migration (Kawaguchi et al., 2009). CCR4
expression is clinically considerable. The defucosylated anti-CCR4
monoclonal antibody KW-0761 induces CCR4-specific antibody-
dependent cellular cytotoxicity (ADCC) against CCR4-positive
ATL cells. In view of its molecular functions, CCR4 expression
may also account for the frequent infiltration of ATL cells into the
skin and lymph nodes (Yoshie et al., 2002). Specific surface mark-
ers are therefore worthy of attention to identify concentrations of
leukemic cells as well as minor infected cells in asymptomatic car-
riers. A recent study reported the development of a new method for
concentrating leukemic cells by multi-color flow cytometry. The
majority of leukemic cells are included in the CD4+, CD3-dim,
and CD7-low subpopulations (Tian et al., 2011). Consequently,
characteristic expression of cytokines and their receptors is clearly
required for leukemic cell behavior, which in turn may be used as
landmarks and/or therapeutic motifs.

NEW PARADIGM FROM miBNA

According to the summary of previous ATL studies described
above, we can fight ATL to a certain extent. However, we cannot
cure ATL because of relapse with multidrug resistance, immun-
odeficiency, and strong invasiveness. In addition to the previously
proposed molecular hallmarks (Figure 2), we urgently need a con-
ceptual advance that can promote understanding of the source of
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disrupted gene expression. Indeed, in the course of our remark-
able progress in researching ATL and other malignancies, new
observations have helped in clarifying and modifying the original
formulations of the hallmark capabilities.

One of the most significant recent advances in biomedical
research has been the discovery of the 22-nt-long class of non-
coding RNA designated miRNA that posttranscriptionally regu-
lates gene expression by binding to the target mRNAs. miRNA is
expressed by all metazoans and plants, as well as by several DNA
viruses; it regulates cellular processes such as development, dif-
ferentiation, growth, homeostasis, stress responses, apoptosis, and
immune activation (Esquela-Kerscher and Slack, 2006). In ATL
filed, some studies have been reported, and several miRNA aber-
rations have been identified in HTLV-1-infected cells and ATL
samples.

Pichler et al. {2008) first identified abnormal miRNA expres-
sion in HTLV-1-infected cells. They explored the interconnections
between HTLV-1 and cellular miRNAs by using several HTLV-
1-transformed cell lines. miR-21, miR-24, miR-146a, and miR-
155 were found to be upregulated and miR-223 was found to
be deregulated in HTLV-1-infected cells. In particular, miR-146a
expression was directly stimulated by Tax through the NF-«B path-
way. In silico analysis predicts that many candidate genes may be
deregulated by miRNA changes (Pichler et al,, 2008).

Yeung et al. (2008) performed miRNA microarray analysis of
327 well-characterized human miRNAs in 7 HTLV-1-related cell
lines and four acute ATL patient samples. They found that miR-
18a, miR-93, and miR-130b were overexpressed in ATL samples.
Of note, these miRNAs were also upregulated by PHA-mediated
T cell activation. Tumor protein p53 inducible nuclear protein 1
(TP53INPI1) is a gene targeted by one of miR-93 and miR-130b,
and reduced TP53INP1 expression mediated by miRNA upregu-
lation contributes to cell proliferation and survival (Yeung et al.,
2008).

Bellon et al. (2009) also reported the result of miRNA array
analysis of 7 ATL samples and normal PBMC and CD44 T cellsand
revealed that miR-150, miR-155, miR-223, miR-142-3p, and miR-
142-5p are upregulated, whereas miR-181a, miR-132, miR-125a,
and miR-146b are downregulated in ATL. They discussed that
miRNAs involved in normal hematopoiesis and immune responses
are profoundly deregulated in ATL tumor cells exvivo (Bellon et al.,
2009).

Each of these studies has identified interesting miRNAs that
are deregulated in ATL-related cells; however, no identical miRNA
patterns have been observed. The amount of cellular miRNAs
may be susceptible to various environmental conditions such as
transcriptional activity, maturation processing, and epigenetic reg-
ulation. The end results appear to be affected by the methodology
employed and the conditions and types of samples used. Very
recently, we established global gene expression analyses of a large
cohort ATL study that included analyses of mRNA expressions,
miRNA levels, and genomic copy number (Yamagishi et al., 2012).
A strict threshold (p <1 x 10™°) and two-dimensional hierar-
chical clustering analysis revealed 61 miRNAs with significantly
altered expression levels in ATL cells (n=40) compared with
control CD4+ T cells (n=22). It is most important that pri-
mary ATL samples show global miRNA downregulation, similar to

observations in other cancer researches (Lu ¢t al., 2005; Gaur et al.,
2007). Fifty-nine of the 61 miRNA (96.7%) showed decreased
expression in ATL. The amount of cellular miRNA may be sus-
ceptible to various environments such as transcriptional activity,
maturation processing, and also epigenetic regulation. Among
them, miR-31 is the most profoundly repressed miRNA in all
ATL individuals (fold change, 0.00403). It is a known tumor sup-
pressor that may also be associated with metastatic breast cancer
(Valastyan <t al., 2009). Other downregulated miRNAs found in
ATL patients may also be involved in the hallmark capabilities of
ATL, since they are uniformly decreased in tested ATL samples and
each miRNA may regulate a large number of genes.

Several predictions and experimental approaches have defined
anovel miR-31 target gene, MAP3K14 (also called NIK), which is
a persistent NF-icB activator in various malignancies, including B
cell lymphoma (Pham et al,, 201 1), multiple myeloma (Annunzi-
ata et al,, 2007), breast cancer (Yamamoto et al,, 2010), pancreatic
cancer (Nishinaetal,, 2009),and ATL (5aitoh et al,, 2008). Interest-
ingly, all these malignancies have low miR-31 levels. Manipulation
of the miR-31 level clearly indicated that the miR-31 level was
negatively correlated with cellular NF-kB activity. Importantly,
enforced miR-31 expression in B cells attenuated both BAFF and
CD40L-mediated NIK accumulation and subsequent canonical
and non-canonical NF-kB signaling. As discussed above, NF-kB
activity dominates the regulation of apoptosis and subsequent cell
survival. Induced miR-31 expression or NIK knockdown reduces
apoptotic resistant proteins such as BCL-XL and XIAP, result-
ing in strong apoptosis in ATL cell lines as well as in primary
leukemic cells from ATL patients (Yamagishi et al., 2012). Several
lines of evidence definitively support two notions: (1) miR-31 acts
as a tumor suppressor in T cells and (2) NIK-regulated NF-«B
is of pivotal importance to cancer cell survival (Uribesalgo et al.,
2012).

The fact that deregulated miRNA expression predominates NF-
kB activity is a conceptual advance. Regulation of global miRNA
downregulation and each regulatory network may shed light on
our understanding of the next-generation molecular hallmarks of
ATL and of molecules suitable for therapeutic targeting (Figure 4).
Since a single miRNA can regulate the expression of multiple genes,
pleiotropic miRNA may have potential as molecular therapy. Pro-
found miR-31 loss is a characteristic of ATL; however, decreased
miR-31 expression seems to be commonly observed in various
malignancies. The regulatory mechanism of miR-31 had not been
identified until our discovery. In general, down modulation of
gene expression is coordinated by some contents of transcriptional
factors and an epigenetic regulatory mechanism.

EPIGENETIC DEREGULATION OBSERVED IN ATL
Technological advances in genomics and epigenomics have sup-
plied new methods to distinguish one cell type from another. The
epigenetic code consists of the combined on—off states of hundreds
of genes, which coordinately dictate cellular identity and func-
tion. Increasing attention is being paid to global regulatory factors
and molecular mechanisms by which control gene transcription.
This genome programming operates fundamentally through DNA
methylation, histone chemical modification, and protein complex
binding in these environments.
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Classical Molecular Hallmarks

Genomic abnormality

FIGURE 4 | Emerging molecular hallmarks, microRNA deregulation and
epigenetic reprogramming. An increasing body of research suggests that
two additional molecular hallmarks are involved in the pathogenesis of ATL. In
addition to the genomic abnormality, epigenetic imbalance widely governs the

Emerging Molecular Hallmarks

downstream molecular capabilities. Deregulation of the cellular miRNA levels
directly influence hundreds of genes expression. Importantly, cross talking
among each category can attain more complex gene regulatory network that
is indispensable for exercise of various functions at appropriate timing.

Cancer-associated epigenetic reprogramming has been sug-
gested because DNA methylation is a transcriptional regulator.
In ATL, no attempt has been made to determine global epigenetic
statements that can explain deregulated gene expression. Analysis
of epigenetic factors such as DNA methylation and related gene
silencing has been reported, particularly in some tumor suppressor
genes such as the CDK inhibitor family.

The CpG island of CDKN2A gene is more frequently methy-
lated in fresh tumor cells isolated from patients with acute ATL
(47%) or lymphoma type ATL (73%) than in fresh tumor cells
isolated from patients with chronic (17%) and smoldering (17%)
ATL, which are relatively less malignant (Nosaka et al., 2000).
No CDKNZ2A gene is methylated in asymptomatic carriers or
uninfected individuals. A possible inverse correlation between
CDKN2A mRNA expression and gene methylation status is sug-
gested. Methylation-specific polymerase chain reaction (MSP)
also suggested the presence of an additional DNA methylation
in CDKN2B gene (20%; Hofmann et al,, 2001). In addition to
the cell cycle regulators, multifunctional factors involved in cell
proliferation, differentiation, and apoptosis, e.g., bone morpho-
genetic protein (BMP) is deregulated by aberrant DNA methyla-
tion in malignant lymphomas ({aibata et al., 2007) and also ATL
(Taniguchietal,, 2008). Above all, the BMP6 promoter is hyperme-
thylated in ATL: acute (96%), lymphoma (94%), chronic (44%),
and smoldering (20%). BMP6 promoter methylation seems to be
a common epigenetic event at later stages of ATL. The adenoma-
tous polyposis coli (APC) gene is also a tumor suppressor, and its
mRNA level is at least partially regulated by DNA methylation

(Tsuchiya et al., 2000). In ATL, 48% of primary samples have
methylated promoter DNA in the APC region (Yang et al., 2005).
The methylated CpG island amplification/representational dif-
ference analysis method revealed 53 aberrantly hypermethylated
DNA sequences in ATL (Yasunaga et al, 2004). Among them,
kruppel-like factor 4 (KLF4) and early growth response 3 (EGR3)
were found to be responsible for apoptotic resistance in ATL cell
lines, implicating that DNA methylation is involved in leukemo-
genesis. Abnormal DNA demethylation may also be involved.
MELIS, an alternatively spliced form of MELL, is frequently
expressed in ATL cells because of DNA hypomethylation at an
alternative transcriptional start site. Aberrant MEL1S expression
is associated with dysregulation of TGF-B-mediated signaling
(Yoshida et al,, 2004). Thus, altered DNA methylation pattern,
including DNA demethylation, is one of the molecular hallmarks
of ATL linking leukemogenesis to gene transcription control.
Histone modifications such as histone acetylation and spe-
cific methylations confer dynamic exchanges of transcription.
Although a global survey of histone modification in ATL (such
as by ChIP-on-chip analysis) has not been reported, experimental
evidence with epigenetic drugs strongly suggests that epigenetic
reprogramming is the background of the molecular hallmarks of
ATL. Histone deacetylase (HDAC) inhibitors effectively inhibit the
proliferation of several cancers (Spiegel et al., 2012) as well as that
of HTLV-1-infected cell lines and primary ATL samples (Nishioka
et al., 2008). Analysis of signaling cascades suggested that HDAC
inhibition can block nuclear translocation of NF-kB components.
Paradoxically, another study implicated that the HDAC inhibitors
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can actively modulate the NF-«B pathway through RelA acetyla-
tion (Chiechio et al,, 2009). Anyway, abnormal histone deacetyla-
tion may be involved in cell survival and cell cycle regulation in
ATL cells.

Histone acetylation and DNA methylation actually cooperate
in regulating a cohort of genes during multiple processes of leuke-
mogenesis. For example, thioredoxin-binding protein-2 (TBP-2)
expression is lost during the transformation step in HTLV-1-
infected T cells (Mishinaks et al,, 2004). TBP-2 scems to play a
crucial role in the growth regulation of T cells. Sequential treat-
ment with a DNA methylation inhibitor, 5-Aza-dC, and an HDAC
inhibitor can restore the TBP-2 expression, suggesting that loss of
TBP-2 expression is caused by both DNA methylation and his-
tone deacetylation in transformed infected cell lines (Ahsan et al.,
2006).

Besides acetylation, the N-terminus of histone proteins con-
tains several residues that can be methylated. Integrated histone
modification consequently decides the degrees of chromatin con-
densation and subsequent transcriptional sensitivity. Trimethyla-
tion of the histone H3 Lys27 (H3K27me3) mark plays a central
role in the repression of transcription, mainly in the euchro-
matin region. The Polycomb family is a master regulator of the
H3K27me3 level by inducing and maintaining the histone mark.
Progress over the past decade has defined two main protein
complexes: Polycomb repressive complex 1 (PRC1) and PRC2,
with fundamental roles in Polycomb-mediated gene silencing
(Schuettengruber et al., 2007). PRC2 methylates the histone his-
tone 3 lysine 27 (H3K27). PRCI is commonly viewed as an
important, direct executor of silencing at target genes. Although
H3K27 methylation is a key chromatin mark, there is ongoing
debate about its molecular consequences. In the context of cancer
research, deregulation by the Polycomb family confers a specific
gene expression pattern responsible for chronic proliferation, sur-
vival, peculiar development, and cancer-associated stemness in
various cancer types, including ATL (Sparmann and van Lohuizen,
2006).

The involvement of the Polycomb family in ATL was first
revealed by global gene expression analysis. Significantly higher
levels of enhancer of zeste homolog 2 (EZH2) as well as RING1
and YY1 binding protein (RYBP) transcripts with enhanced
H3K27me3 levels were found in ATL cells compared with nor-
mal CD4+ T cells (Sasaki et al., 2011). EZH2 serves as the catalytic
subunit in the PRC2 and mediates gene silencing by catalyzing
the trimethylation of H3K27 at the promoters of target genes.
EZH?2 is highly expressed in many cancer types, including breast
and prostate cancer and lymphomas, and it is often correlated
with advanced stages of tumor progression and a poor progno-
sis. Importantly, EZH2 inhibition by 3-deazaneplanocin A and
the HDAC inhibitor panobinostat showed a synergistic effect in
killing the ATL cell lines. Because the Polycomb family gener-
ally contributes to silencing of tumor suppressor genes, e.g., the
CDKN?2 family, the genes silenced in ATL should be addressed to
elucidate the functional significance of the Polycomb family in the
leukemogenic process.

We recently identified a notable gene silenced by Polycomb.
A human gene that encodes miR-31, hsa-miR-31, is located at
9p21.3, which is adjacent to clusters of the CDKNZ and IFNA

families. In addition to the genetic loss (12.5% of ATL cases), tran-
scription of the miR-31 precursor is completely lost in ATL cells.
Computational predictions and experimental evidence clearly
demonstrated that an assembly of YY1 binding motifs upstream
of the miR-31 region is responsible for the occupancy of the
Polycomb family at the target region, which leads to H3K27me3-
dependent transcriptional repression. Overexpression of EZH2
and suppressor of zeste 12 (SUZ12) homolog, components of
PRC2, in ATL cells can induce and maintain the epigenetic silenc-
ing of miR-31. Of note, given that miR-31 is a master regula-
tor of the ATL-specific gene expression pattern described above,
Polycomb-mediated loss can influence gene expression down-
stream of miR-31 (Figure 4). Indeed, the amount of EZH2 and
SUZ12 directly strengthens cellular miR-31 depletion, which in
turn activates the NF-kB pathway through NIK induction and
confers anti-apoptotic features to T cell (Yamagishi et al,, 2012).
It is noteworthy that the molecular and biological interconnec-
tions between Polycomb-miR-31-NF-kB are conserved in breast
cancer cells and B lymphocytes. By organizing the new principle,
various cell types may realize the more complex gene regulatory
network required for maintenance and execution of cellular func-
tions. Imbalance of this network probably switches the cell fate
from one to another.

The origin of epigenetic reprogramming observed in ATL cells
remains elusive. In addition to self-dysfunction of the epige-
netic machinery, a possible mechanism is viral hijacking; HTLV-
1 Tax can physically associate with the key histone modifiers
HDACI (Ego et al, 2002), SUV39HI (Kamei et al., 2006), and
SMYD3 (Yamameoto etal., 2011). However, at present, the possible
influence of the Tax-epigenetic association on gene regulation is
unknown. Governing the epigenetic system by Tax may disrupt
gene expression, leading to chronic proliferation and abnormal
survival of HTLV-1-infected cells. In the context of viral gene
regulation, epigenetic changes, mainly DNA methylation, in the
HTLV-1 provirus may facilitate ATL cell evasion of the host
immune system by suppressing viral gene transcription (Kofwa
et al,, 2002; Taniguchi et al,, 2005). Recent studies using i vivo
models strongly suggested that Tax and also other viral proteins
are directly linked to leukemogenesis, despite viral gene expres-
sion being rare in circulating leukemic cells in patients (Hasegawa
et al., 2006; Ohsugi et al., 20071; Banerjee et al,, 2010; Satou et al.,
2011). Furthermore, not only histone methylation but also other
histone modifications such as phosphorylation and ubiquitination
are intriguing for understanding the molecular and physiological
hallmarks of ATL.

THERAPEUTIC TARGETING OF ATL

To establish more effective molecular-targeted therapies for ATL,
we need to understand the exact molecular underpinnings of ATL.
In addition to classical molecular characteristics, the emerging
hallmarks of miRINA deregulation and epigenetic reprogramming
broaden the scope of conceptualization of the responsible mole-
cular mechanism (Figure 4). As highlighted in this review, ATL
possesses six molecular hallmarks: genomic abnormality, specific
changes in gene expression, sustaining activated signaling, produc-
ing cytokines, miRNA deregulation, and epigenetic reprogram-
ming. These molecular hallmarks confer robustness to leukemic
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cell hallmark capabilities: resisting cell death, promoting cell cycle,
invasiveness, chronic proliferation, replicating immortality, and
drug resistance (Figure 5). Consideration of hallmark principles
should aid in developing future therapeutics. Several studies with
inhibitory agents have clearly indicated that blockade of signal-
ing drivers appears to be both practical and feasible for inducing
leukemic cell apoptosis. However, common clinical traits of ATL
include relapse and drug resistance. Importantly, each of the core
hallmark capabilities is regulated by a partially redundant sig-
naling pathways. Consequently, a targeted therapeutic agent that
inhibits only one key pathway in ATL may not completely shut
off another hallmark capability, allowing some ATL cells to sur-
vive with residual function until they or their progeny eventually
adapt to the selective pressure imposed by the therapy. In this
case, given that the number of parallel signaling pathways sup-
porting a given hallmark is limited, it may become possible to
target all of these supporting pathways therapeutically, thereby
preventing the development of adaptive resistance. However, it is
possible that this could involve critical side effects. Alternatively,

most upstream elements that can act pleiotropically in leukemic
cells, e.g., miRNA and epigenetics, may be heralded as one of
the fruits of remarkable progress into understanding the ATL
mechanism. Moreover, selective co-targeting of multiple core and
emerging molecular hallmarks in mechanism-guided combina-
tions therapies will result in more effective and durable therapies
for aggressive ATL.

CONGLUSION AND FUTURE DIRECTION

We have explored our present understanding of the molecular
aspects of ATL to refine and extend the six specific traits, the
molecular hallmarks of ATL, which have provided a useful con-
ceptual framework for understanding the complex biology of ATL
(Figure 5).

Other areas are currently in rapid flux. In recent years, the
biological importance of several elaborate ATL models, including
the Tax-transgenic model (Hasegawa et al., 2006), HBZ transgenic
model (Satou et al., 2011), and HTLV-1-infected humanized SCID
mice (Banerjee et al., 2010), has been proposed. ATL-initiating
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FIGURE 5 | Conceptual illustration of the molecular hallmarks
of ATL. This illustration encompasses the six molecular hallmarks of
ATL. These organized principles provide characteristics of ATL itself.
Because they may be directly associated with the clinical traits of
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ATL, targeting the one outstanding hallmark or co-targeting of
multiple molecular hallmarks in mechanism-guided combinations
will result in more effective and durable therapies for

aggressive ATL.
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