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been described, including genetic interactions in Drosophila, physical
interaction between Notch and B-catenin, and their associations
with common cofactors. In mammalian cells, GSK-3p directly
phosphorylates Notch protein and modulates its transcriptional
activity [122]. Moreover, B-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 -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 NOTCHI1 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.

Wnt 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 novel 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-p, Notch, and NF-«B 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-p 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].

NE-xB 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 NEF-
kB activation, in part, through Shh overexpression [129]. These
interconnections between numerous oncogenic pathways have
important implications for T cell regulation. These connections

J Clin Cell immunol

Signal Transduction

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-xB

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-kB signaling pathway [34].
Expression levels of EZH2 and SUZI12 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-«kB 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-xB 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-«kB 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-kB 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-xB 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].

NE-«B signaling is also linked to miRINAs. 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-«B- 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-xB 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-xB 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.
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