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Abstract

During the last step of aff T cell development, thymocytes that have rearranged genes encoding TCR
chains and express CD4 and CD8 coreceptor are selected on the basis of their TCR reactivity to
escape programmed cell death and become mature CD4 or CD8 T cells. This process is triggered by
intrathymic TCR signaling, that activates ‘sensor’ transcription factors ‘constitutively’ expressed in
DP thymocytes. Eventually, TCR-signaled thymocytes evolve effector transcriptional circuits that
control basal metabolism, migration, survival and initiation of lineage-specific gene expression. This
review examines how components of the ‘sensing’ transcription apparatus responds to positive
selection signals and highlights important differences with mature T cell responses. In a second part,
we evaluate current observations and hypotheses on the connections between sensing transcription
factors and effector circuitries.

Introduction: sensors and effectors of positive selection signals

The development of aff T cells in the thymus can be schematically divided into two phases that
(i) generate a large repertoire of precursors carrying clonotypic TCR specificities [1,2] and (ii)
select from this pool the subset of specificities matching self antigen presenting molecules. At
the end of the first phase, af-lineage thymocytes (which we will consider in this review) have
evolved into a large population of cells that express TCRafs complexes and both CD4 and CD8
coreceptors (double positive, DP). These ‘preselection’ cells serve as input for the second phase
of af T cell intrathymic development, that for the sake of simplicity we will refer to as
‘thymocyte selection’, during which those cells expressing TCRs of appropriate avidity for
self MHC peptides are “positively selected’ to differentiate into mature T cells [3]. In parallel,
thymocytes carrying TCRs with high avidity for self antigens are actively deleted, a process
called negative selection [4] that we will not address in this review. Positively selecting TCR
signals not only rescue thymocytes from programmed cell death (this is positive selection per
se) butalso trigger a series of accompanying developmental events [3], including lineage choice
and differentiation into single-positive (SP) CD4*CD8™ or CD4 CD8™* cells [5-7], termination
of TCR gene rearrangement [8,9], migration of thymocytes from the thymic cortex to the
medulla and egress from the thymus [10,11].
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These events are ultimately caused by modifications in gene transcription, either of
conventional protein encoding genes, e.g. the termination of Ragl and Rag2 expression, the
up-regulation of genes encoding IL-7Ra or the chemokine receptor CCR7 [8,9,12-14], or of
non-protein coding genes (the best example so far being the micro-RNA mirl81a [15]). These
events occur in an orderly fashion, so that cells terminate Rag gene expression before
undergoing CD4-CD8 differentiation [9], and some changes, including the termination of
Cd4 or Cd8 gene expression [6], are mutually exclusive.

Even though these developmental events require TCR signaling, many are not directly
triggered by TCR signals. TCR engagement on DP thymocytes in vitro terminates Rag gene
expression [8] and up-regulates the anti-apoptotic gene Bcl2 [16], but does not induce
expression of IL-7Ra or of Thpok and Runx3, two transcription factors critical for commitment
to the CD4 or CD8 lineage, respectively, and which are not expressed by pre-selection DP
thymocytes [17-21]. These observations suggest that there are multiple intermediates between
the transcription factors that ‘sense’ TCR signals, which are expressed in pre-selection DP
thymocytes and whose activity is modulated by TCR signals, and the circuitry that controls
effector gene expression.

Some membrane receptors trigger gene expression through ‘messenger’ transcription factors
that translocate from the receptor to their nuclear targets, including Notch family receptors,
whose engagement generates a cleavage product that directly activates Notch target genes
[22], and cytokine receptors, which activate Stat molecules that trigger cytokine-induced gene
expression [23]. However, no such direct messenger has been found associated with TCR
complexes. Rather, TCR engagement initially assembles membrane proximal signaling
complexes through sequential tyrosine phosphorylations [24]; this activates cytosolic signal
transduction cascades which in turn trigger transcriptional changes by affecting the intra-
cellular localization or the activity of pre-existing transcription factors [25-27]. In the first part
of this review, we will discuss four such signal transduction pathways: the Erk MAP kinase
cascade, the calcineurin-NFAT axis, the NF-xB pathway, and the PI-3 kinase-mediated
deactivation of Foxo molecules.

Erk kinases and Elk activation

TCR engagement activates a cascade of kinases, collectively known as MAP kinases, whose
downstream members translocate to the nucleus and control transcription factor activity by
serine-threonine phosphorylation [25]. The “classical’ MAP kinase cascade transduces TCR
signals from Ras GTPases, activated as an end-point of membrane-proximal signaling events,
to the closely related and partly redundant kinases Erk1 and Erk2. The Erk pathway is required
for positive selection, but appears dispensable for negative selection, even though positively
and negatively selecting signals markedly differ in the kinetics and geography of Erk activation
[28-31]. Neither of the two “non classical’ JINK and p38 MAP kinase cascades, that share a
similar organization, seems to be involved in the transduction of positive selection TCR signals;
the implication of these pathways in thymocyte apoptosis and negative selection, notably for
p38 kinases, was reviewed recently and will not be discussed further [32,33].

In addition to a variety of cytosolic substrates, multiple transcription factor targets have been
identified for Erk kinases in vitro. This includes factors important for T cell selection, including
Runx1, Etsl and Gata3 [34-36]. However, in most cases, the physiological relevance of such
phosphorylations has yet to be established. In fact, ‘knockin’ studies have found that the major
Erk phosphorylation sites in Runx1 are dispensable for T cell development [37], thereby
questioning the importance of Erk-mediated phosphorylation for Runx1 function.
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In contrast, strong evidence points to the involvement of the Elk subfamily of Ets transcription
factors as primary targets of Erk kinases [38]. Elk factors include Elk1, EIk3 (or Net) and Elk4
(or SAP1, unrelated to the cytosolic adaptor SAP), of which Elk4 is the predominantly
expressed in thymocytes [39]. Interest in these factors initially came from their role in the
transcription of cfos, one of the few ‘immediate’ genes transcribed without de novo protein
synthesis in response to serum stimulation in fibroblasts, or to TCR stimulation in mature T
cells. The current model is that Erk-mediated phosphorylation of Elk proteins activates a
transcription factor complex constitutively bound to DNA and causes cfos transcription [38].
Specifically, Elk proteins associate with the unrelated Serum Response Factor (SRF) on the
cfos promoter Serum Response Element, forming a complex that is transcriptionally inactive
unless its EIk component is phosphorylated on specific serine residues. The resulting cfos
transcription results in the synthesis of Fos proteins that associate with Jun molecules to form
Fos-Jun heterodimers; these are the canonical version of the transcription factor AP1 [40],
which in mature T cells is involved in expression of IL-2 [41]. The Erk-EIK-AP1 sequence is
one of best characterized avenues of cell activation.

How does this apply to thymocyte selection? Genetic analyses demonstrate that Elk4 and SRF
are required for positive selection [39,42]. This supports the possibility that Elk4 acts as a target
of Erk during in positive selection, although it is worth noting that EIk proteins are potentially
controled by additional signals [43]. However, it is unclear whether EIk4 promotes positive
selection by inducing cfos expression and AP1 activation. Indeed, two sets of results challenge
the notion that AP1 is involved in positive selection. First, AP1 activity seems resistant to
induction in preselection DP thymocytes. Unlike in post-selection thymocytes and mature T
cells, TCR stimulation, or even pharmacologic stimuli that typically bypass proximal receptor
signaling (e.g. phorbol esters), fail to activate AP1 in preselection thymocytes [39,44,45].
Second, none of the genes contributing to AP1 activity, when considered individually, is
essential for positive selection [40]. Enforced expression of the AP1 inhibitor BATF or of a
dominant-negative version of Jun did not appear to affect the generation of SP thymocytes and
T cells [46,47], suggesting that functional redundancy among Fos and Jun family members is
not the only explanation behind these results. Thus, the current evidence does not favor a role
of AP1 as an Erk target during positive selection; however, additional genetic analyses will be
required for a definitive assessment of the role of AP1, and we will return to possible functions
of AP1 in thymocyte development in the second part of this review.

Two lines of evidence offer clues to possible Elk targets in thymocytes. First, EIk4 promotes
the transcription of Egrl (Early Growth Response 1) [39], which belongs to a small family of
transcription factors induced in response to TCR signaling [48]. Second, recent ‘ChIP-chip’
analyses of binding sites for Elk1 in the HeLa cell line suggest that Elk proteins control
expression of genes encoding basal transcription factors [49]. Thymocyte selection involves
increased protein and RNA synthesis, which at late stages of selection is sustained by IL-7
signaling [50]; however, cytokine signaling does not operate during the initial stages of
selection, notably because DP thymocytes do not express IL-7 receptors, and it is therefore
possible that TCR-induced Elk4 activation contributes to reactivate basal cell metabolism. Of
note, analyses of EIk1 binding sites in HeLa cells showed that a large fraction of them are not
associated with an SRF site [49]. Thus, even though Elk4 and SRF are both required for positive
selection, their target sets may not be entirely overlapping.

Calcium and NFAT signaling

Intracellular calcium entry, which in lymphocytes mainly occurs as a result of depletion of

endoplasmic reticulum calcium stores and the ensuing activation of calcium-release activated
calcium channels, is a critical consequence of TCR engagement in mature T cells. Similar to
Erk activation, calcium entry has multiple targets effects, both in the cytosol and the nucleus.
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The best characterized pathway transducing calcium signals to the nucleus involves
calcineurin, a calcium-inducible protein phosphatase, and transcription factors of the NFAT
family [26,51]. In unsignaled cells, NFAT proteins are phosphorylated on several sites in their
amino-terminal half, and as a result are retained in the cytosol. The rise in intra-cellular calcium
concentration activates calcineurin, which dephosphorylates NFAT molecules, thereby
allowing their nuclear entry (possibly in part by unmasking a nuclear localization signal) and
their transcriptional function.

Initial hints at the role of this pathway in positive selection came from observations that
cyclosporin or FK506 (two inhibitors of calcineurin) inhibited T cell selection [52-55]. Genetic
inactivation of calcineurin was difficult to achieve, owing to the functional redundancy of its
two catalytic subunits [56,57]. However, T cell targeted disruption of the gene encoding its B1
regulatory subunit (CnB1) [58] demonstrated that calcineurin is required for positive selection.
In contrast, CnB1 disruption did not seem to affect negative selection, in agreement with some
[55] but not other [52-54] studies analyzing the effects of calcineurin inhibitors on T cell
development in vivo, suggesting that the effect of these inhibitors is mediated by their action
on the thymic stroma [58].

The genetic complexity of the NFAT family, and the requirement of these molecules for
multiple developmental processes, has so far limited our understanding of their role in T cell
development. Three calcineurin-sensitive NFAT family members, NFATc1, NFATc2 and
NFATCc3 (also called NFATA4), are expressed in DP thymocytes [59]. NFATc3 expression
peaks in DP thymocytes, whereas expression of NFATc1 and NFATc2 becomes more
prominent in SP thymocytes and mature T cells [60,61]. Accordingly, NFATc3 disruption has
the most prominent effect on positive selection [59,60]. Combinatorial gene disruption further
suggest that NFATc2 minimally contributes to positive selection, and that ¢3 and c1 are the
main contributors to NFAT activity during T cell selection [59].

Despite its importance in mature T cells, the role of the calcineurin-NFAT axis as an actual
sensor of positive selection signals was questioned by the observation that CnB1-deficient
thymocytes, or thymocytes lacking NFATc2/c3, have defective Erk activation in response to
TCR engagement [58]. Because CnB1-deficient thymocytes normally phosphorylate Erk in
response to phorbol ester stimulation [58,62], these observations raise the possibility that the
calcineurin-NFAT axis ‘sensitizes’ the Erk pathway, presumably in pre-DP thymocytes [62],
rather than acting as a direct sensor of TCR signals. It is difficult at present to evaluate the
respective share of these direct and indirect contributions of calcineurin-NFAT to positive
selection. The observation that a constitutively active form of the Raf serine-threonine kinase,
the upstream member of the Erk cascade, partially rescues the positive selection block caused
by CsA treatment or CnB1 disruption raises the possibility that the calcineurin-NFAT axis is
not actually involved in the transduction of positively selecting TCR signals [62]. Countering
that perspective, short term treatment with CsA impairs positive selection before the
appearance of Erk ‘desensitization’. In view of this finding, and of the major importance of
this pathway in mature T cells, the tentative conclusion that calcineurin affects positive
selection independently from its effect on Erk activity seems reasonable, even though it will
have to be re-evaluated.

Although the calcineurin-NFAT axis is an essential relay of calcium signaling into the nucleus,
itis not the only one. Other transcription factors are phosphorylated as a result of calcium entry,
in a manner independent from calcineurin or NFAT. These include CREB, phosphorylated by
CaMK kinases [63] and whose role in positive selection has yet to be fully evaluated [64], and
Ets1, the prototype of the Ets family that also includes Elk proteins [65]. Ets1 is phosphorylated
on multiple serine residues in a region, encoded by Ets1 exon 7, which lies immediately
upstream of its DNA binding domain [34,66]. Biochemical and structural analyses indicate
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that such phosphorylation impairs Ets1 binding to DNA [34,66,67]. Ets1 is important for
multiple aspects of T cell development, including TCR allelic exclusion in DN thymocytes
and CD8 cell differentiation [68-70]. Supporting the possibility that ‘Exon 7 phosphorylations’
are important for Ets1 function during positive selection, ‘knockin’ deletion of Exon 7-encoded
sequences resulted in increased numbers of CD8-lineage thymocytes [71].

Additional questions about calcium signaling in thymocytes have emerged from the recent
identification of components of the store-operated calcium entry machinery, including
‘channel’ proteins referred to as CRACM or Orai, and STIM1 and STIM2 regulatory proteins
[72,73]. While the function of CRACM/Orai proteins in T cell selection has yet to be analyzed,
it was unexpectedly found that conditional disruption of the genes encoding STIM1 and STIM2
in DP thymocytes did not substantially disrupt T cell development [74]. While this result may
reflect the delayed loss of STIM proteins after conditional gene deletion, this would not explain
that germline disruption of STIM1 only modestly affects T cell development despite massively
impairing calcium entry in DP cells [72,75].

Altogether, these few examples illustrate how fragmentary is our current picture of calcium
signaling in thymocytes, and underscore the need for future studies both of the control of
calcium entry and of its nuclear targets.

NF-k B and activating kinases

In mature T cells, NF-xB is an important sensor of TCR signaling. NF-xB factors control
transcription as homo or heterodimers associating five distinct gene products (NF-xB1, NF-
kB2, Rel, RelA, and RelB) [76,77]. NF-kB activation requires the serine-phosphorylation and
proteolytic degradation of inhibitory proteins (inhibitors of NF-kB, 1xB) that bind NF-xB and
Rel molecules and sequester them in the cytosol. Two kB phosphorylating activities have been
identified: a ‘canonical’ (IxB kinase, IKK) complex made of IKKa, B and y molecules (the last
one also called Nemo), and a ‘non-canonical’ pathway involving the activation of IKKa by the
unrelated kinase NIK. There is no known connection between TCR signaling and ‘non
canonical’ IKK activity. In contrast, TCR engagement in mature T cells induces ‘canonical’
IKK complexes through the activation of protein kinase C 8(PKC8) and the three adaptor
molecules Carmal, Bcl10 and Maltl [78].

While NF-kB activity is essential in mature T cells for survival and function, and notably for
the generation of normal populations of regulatory T cells [79], its role during T cell selection
has been more difficult to evaluate [80-82]. Nonetheless, a few salient results have emerged.
None of the NF-«kB or Rel genes is individually required for positive selection [83]; as for AP1
and NFAT proteins, the significance of these observations is limited by the potential for
functional redundancy and the pleiotropic functions of NF-«B. In contrast, IKK activity
promotes in a cell-intrinsic manner the generation of mature T cells from DP thymocytes, as
shown by T cell-targeted deletion of Nemo or ‘knockin’ expression of a catalytically inactive
version of IKK [79]. However, IKK-deficient thymocytes are not arrested at an ‘unsignaled’
preselection stage (as are their Erk-deficient counterparts), but instead during their late
maturation as SP thymocytes. It is possible that NF-«xB is important throughout thymocyte
selection, but that the kinetics of conditional gene deletion and protein degradation would mask
this requirement until a late developmental stage. Alternatively, the late developmental arrest
of IKK-deficient thymocytes may indicate a specific requirement for IKK activity for the
survival of mature thymocytes. If correct, the latter perspective raises the question of whether
TCR engagement is responsible for IKK activation, as TCR signaling is not thought to operate
during the latest stages of thymic maturation.

In fact, independent genetic analyses question whether TCR-mediated NF-«xB activation is
important for thymocyte selection. Similar to mature T cells, TCR stimulation of DP or SP
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thymocytes activates NF-«xB in a Bcl10- and Malt1-dependent manner [84], and reporter
analyses indicate that NF-kB is activated in cells signaled to undergo positive selection in vivo
[85]; however, careful studies of mice deficient for Bcl10 or Malt1 have failed to reveal any
effect on positive selection [84]. While other pathways have been proposed to contribute to
NF-«B activation in response to TCR engagement [86], their contribution to thymocyte
selection remains to be established. Studies of Tak1, a kinase required for canonical NF-xB
activation in thymocytes, offer possible clues to this apparent paradox [87-89]. IKK- and Tak1-
deficient thymocytes are arrested at a similar developmental stage, and in both cases the
requirement is particularly stringent for CD8 cells, consistent with other observations and with
a greater NF-«B activity in CD8 than in CD4 SP thymocytes [81,85]. However, Tak1-deficient
SP thymocytes seemed unable to respond to IL-7, a cytokine that is specifically required during
the selection of CD8 but not CD4 T cells [87]. Thus, it is possible that cytokine signals, rather
than those emanating from the TCR, contribute to NF-xB activation during thymocyte
selection.

The parallel with Tak1 raises another possible solution to the conflicting phenotypes caused
by IKK and Bcl10 or Maltl deficiencies. Tak1 is a multifunctional kinase at the cross-roads
of multiple activation pathways and downstream target cascades [90]. Similarly, it is
conceivable that the requirement for IKK during selection is unrelated to NF-xB, notably
because IKKa has a nuclear localization signal and has been proposed to phosphorylate a
variety of transcription-associated substrates [91]. Further studies will evaluate such NF-«xB-
independent IKK functions in thymocytes, including whether they would also involve Nemo.

Foxo’s: targets of Erk and PI-3 kinases

Foxo transcription factors have emerged within the last few year as important targets of surface
receptors [92]. Foxo proteins form a subgroup of the large family of ‘forkhead box’ or ‘winged
helix’ transcription factors (http://biology.pomona.edu/fox/). Of the three Foxo factors
expressed in immune cells (Foxol, Foxo3 and Foxo4), Foxol is the only one shown so far to
be important in T cells [93,94], although it has been reported that it is in part redundant with
Foxo3 [93]. Unlike transcription factors considered in the previous sections, Foxol expression
itself is induced after cells have initiated positive selection [93,95]. However, Foxo proteins
deserve discussion in this review because their activity is directly controled by at least two
pathways activated by TCR engagement [96]. They are substrates for the serine-threonine
kinase Akt, a PI-3 kinase target, and they are phosphorylated (at least Foxo3) by activated Erk.
Both phosphorylations contribute to Foxo inactivation: Akt-dependent phosphorylation
excludes Foxo proteins from the nucleus, whereas Erk-mediated phosphorylation triggers their
degradation.

What is the function, if any, of the PI-3 kinase-Foxo axis in sensing TCR signaling? Genetic
analyses so far have not found a role for any individual Foxo gene as target of TCR signals in
DP cells [93,95]. While in developing B cells Foxol controls the expression of Rag genes
[97], there is no evidence for such a function in DP thymocytes where Foxol expression is
low. Furthermore, whereas PI-3 kinase activity is required for early T cell development [98],
notably in conjunction with Notch signals [99], its potential contribution to the sensing of TCR
signals remains to be evaluated. Thus, the role of Foxo factors as sensors of TCR signals during
selection remains hypothetical at present; we will discuss in the last section of this review their
potential implication in the late stages of thymocyte selection.
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Connecting sensing and effecting circuits

Tracking signaling progression in thymocytes undergoing selection

In a simple perspective, the output of the sensing circuitry described above is a new state of
gene expression that reflects attributes of TCR signals. At the other end of the developmental
sequence are effector circuitries that that control lineage choice [20,21], the terminal maturation
of thymocytes and their exit from the thymus (which both require the transcription factor KIf2
[100]), and the acquisition of the IL-7-dependent survival pattern that characterizes mature T
cells [101,102]. Our current knowledge stops somewhere in the chain(s) of events connecting
sensors and effectors. In some cases, e.g. NFAT or NF-«xB, there is detailed connection to TCR
signals, but little if any information about potential targets in thymocytes undergoing selection.
Reciprocally, there is information on the biological function and molecular targets of Runx1
or Ets1, but their connection to TCR signaling pathways remains somewhat tenuous [20,37,
70,71,103]. The following three examples illustrate emerging connections and remaining
unexplored territory between sensing and effector circuitries; they underscore the scope of the
challenges we face in building a dynamic transcriptional network of thymocyte selection.

Downstream of Elk

The best transcriptional sequence characterized so far implicates Elk4, Egrl and E2A E-box
binding proteins. Egrl (Early Growth factor Response-1) is part of a four member family of
zinc finger proteins (Egrl-4, of which the first three are expressed in thymocytes) [48]. They
are expressed in response to environmental cues in a variety of cell types, and in thymocytes
appear to serve as intermediates between sensing and effector circuitries. Both Egrl and Egr2
contribute to positive selection and mature T cell development [104-106], and their role is most
likely underestimated owing to functional redundancy between family members [107]. Initial
analyses in a DP thymocyte cell line had indicated that expression of all Egr proteins is Ras
dependent [48]. More recently, Egrl has emerged as a link between the Erk signaling pathway
and E2A (Fig. 1). ChIP analyses have identified Egrl as a direct target of Elk4, and Elk4
promotes Egrl expression in thymocytes [39]. In turn, Egrl promotes expression of 1d3
[108,108a], an inhibitor of E2A proteins; Egrl binds the 1d3 promoter in vivo, suggesting that
the control is at least in part direct [39].

The connection to E2A proteins, which bind DNA sites known as ‘E-boxes’, is significant for
several reasons. E2A activity is high in preselection DP cells, where it promotes Cd4 expression
notably through its HEB component [109]. E2A promotes expression of multiple genes
characteristic of DP thymocytes, including the chemokine receptor CXCR4 and RORy t, a
transcription factor essential for DP cell survival and shown to promote Rag2 expression in a
DP cell line [110-113]; conversely, E2A disruption promotes the expression by DP cells of
genes characteristic of mature thymocytes, including IL-7Ra, the chemokine receptor CCR7
and the transcription factor KIf2 [112]. Genetic analyses show that 1d3 is important for positive
selection, supporting the importance of the EIK-Egr-1d3 sequence [108]. Perhaps most
spectacularly, disruption of E2A activity in DP thymocytes allows the development of mature
T cells even in the absence of TCR signaling [112].

How oversimplified is this simple scheme? As might be expected, additional links between
TCR stimulation, Egr activity and effector mechanisms add complexity to this linear cascade.
NFATCc1 cooperates with Egrl to induce 1d3 after pre-TCR signaling [114], and the same may
be true in TCR signaled DP cells. Other Egr factors affect selection; notably, Egr2 promotes
expression of Bcl-2 and has been proposed to promote IL-7 receptor expression and signaling
[105,106]. The up-regulation of Bcl-2 and IL-7Ra are characteristic of positive selection, and
both genes are required for the long-term survival of mature T cells [115,116]. Thus, the
connection between Egr proteins and Bcl-2 or IL-7Ra is biologically significant; whether it is
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direct or occurs though antagonism of E2A, as suggested for IL-7Ra by analyses of E2A-
deficient thymocytes [112], remains to be determined. But there is reason to think that the
overall picture will be more complex. Egr binding sites are frequent in a variety of gene
promoters, suggesting a wide array of molecular targets; indeed, microarray gene expression
analyses in DN thymocytes found that Egr genes promoted expression of multiple genes
involved in cell metabolism [107]. Itis not known if such effects are direct, nor do we appreciate
the extent to which Egr proteins are functionally interchangeable. Additional stimuli feed into
Egr activity. Expression of Egr2 and Egr3 is NFAT-dependent [48,117]. Egrl is a target of
AP1 in other developmental systems [118], and it is conceivable that AP1 further enhances
Egrl expression in late thymocyte differentiation. In addition, it has been reported that Fos
promotes expression of Bcl2, suggesting a cooperation of two distinct EIk targets on the same
gene [119]. In mature T cells, the activity of Egr factors is controled by the two proteins Nabl
and Nab2 whose expression is controled by TCR signaling [120].

Thpok expression and CD4 lineage differentiation

Atypical example of the challenges in linking sensing and effector pathways is to connect TCR
signals to the up-regulation of the CD4-committing gene Thpok. The research on CD4-CD8
differentiation was reviewed recently [7,20,21,121,122], and we will simply mention that
Thpok is required for CD4-lineage commitment during positive selection [17,123,124], that it
is not expressed in preselection DP cells, and that it is selectively up-regulated in MHC I1-
restricted thymocytes [17,18]. Because of its expression pattern and requirement for CD4-
lineage commitment, it is important to understand how Thpok is induced by TCR signaling.
Assuming that TCR-induced Thpok up-regulation is cell-intrinsic (i.e. that this is not mediated
through a secondary ligand-receptor system), the question is equivalent to connecting the
sensing circuitry to Thpok cis-regulatory elements.

A simple hypothesis is that Thpok up-regulation involves a linear cascade of transcription
factors, similar to that connecting ElIk and E2A. A prime candidate for such a function would
be the zinc finger transcription factor Gata3, which is induced by TCR signaling [125], is
required for Thpok expression in thymocytes and is recruited in vivo to the Thpok locus
[123]. However, enforced Gata3 expression in DP thymocytes is not sufficient to induce
substantial Thpok expression [126, and L. W., K.F. Wildt and R.B, unpublished observations],
challenging the idea of a simple linear cascade. Adding to this caveat, in vitro TCR engagement
in DP thymocytes up-regulates Gata3 but not (at least not significantly) Thpok [18,125],
suggesting that other factors are required. Such additional levels of controls could include post-
translational modifications, or combinatorial effects, and previous studies suggest a few
speculations. NFAT proteins and Gata3 cooperate for IL-4 gene expression during Th2 effector
differentiation [26,127], and a similar cooperation could operate at the Thpok locus. NFAT
also induces expression of the HMG-binding protein Tox [128], which is required for CD4-
lineage differentiation, presumably by inducing chromatin modifications [129,130]. While
there is at present no evidence supporting a specific role of NFAT in lineage differentiation,
the potential for an NFAT-Gata3 cooperation remains to be evaluated. In addition, studies in
Th2-differentiating T cells indicate that Erk-mediated phosphorylation stabilizes Gata3
proteins by preventing their ubiquitin-proteasome mediated degradation [36]. However, the
control of Gata3 expression and activity by Erk kinases is complex [131] and it remains unclear
which effect, if any, Erk has on Gata3 in thymocytes.

None of these mechanisms, however, would readily explain why TCR engagement on DP
thymocytes fails to up-regulate Thpok. A possible, although at present highly speculative,
explanation comes from the parallel kinetics of Thpok expression [124,132,133] and restoration
of AP1 inducibility [44,45] during thymocyte selection. In MHC ll-signaled thymocytes, both
are contemporaneous with TCR up-regulation, raising the possibility that AP1 contributes to
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Thpok expression. Such an idea would fit with the repeated observation that Erk activity is
more important for CD4 than CD8 T cell development [29,134,135]. AP1 would connect the
Erk pathway, of which it is a target, to the calcineurin-NFAT axis, as exemplified in mature T
cells by the cooperative binding of NFAT and AP1 factors to cytokine gene promoters [26,
136]. In such complexes, NFAT factors are recruited to composite elements in association with
an AP1 Fos-Jun dimer [137], unlike their binding as homodimers to ‘NFAT-only’ sites. While
the idea that AP1 contributes to Thpok expression remains highly speculative, it has great
appeal in light of the low AP1 activity in TCR'® preselection cells. A requirement for AP1 for
Thpok expression would fit with the “kinetic signaling” perspective of lineage commitment,
and notably with the concept that TCR!® DP thymocytes are not competent for lineage choice
[138,139]. Additional genetic studies of AP1, using gene disruption analyses in addition to
dominant negative approaches [47], would be needed to ascertain its function in lineage choice.

Foxol and IL-7Ra expression

Four recent studies put the spotlight on the role of Foxol in T cell homeostasis [93,94,140,
141]. Foxol promotes the expression of IL-7Ra and of the zinc finger transcription factor KIf2.
The effect of Foxol on IL-7Ra expression is at least in part direct, as Foxol proteins are
recruited in vivo to a cis-regulatory element 3.6 kb upstream of the IL-7Ra gene promoter
[93]. In post-thymic cells, it has been proposed that Foxol contributes to a self-regulatory loop
that limits cell sensitivity to 1L-7 [93,142]. That is, IL-7-mediated activation of PI-3 kinase
would promote Foxol phosphorylation and its exclusion from the nucleus, thereby reducing
IL-7Ra gene expression.

CD4 and CD8 SP thymocytes express Foxol and IL-7Ra, and such IL-7Ra expression depends
in part on Foxol, suggesting that similar mechanisms may operate in the thymus [12,93,95].
However, TCR signaling also activates PI-3 kinase [143], adding an extra twist to the control
of Foxol activity (Fig. 2). Indeed, TCR signaling has a dual role in IL-7Ra expression in post-
DN thymocytes. While only positively selected thymocytes express IL-7Ra [12], indicating a
requirement for TCR engagement, IL-7Ra expression is highest on the most mature
thymocytes, that have ceased TCR signaling as indicated by their down-regulation of the TCR
signaling marker CD69. Accordingly, in vitro signaled DP thymocytes up-regulate IL-7Ra
only after signaling has been terminated [138]. A related pattern was reported for KIf2, another
Foxol target in T cells [93,140]: KIf2 is expressed in mature but not immature thymocytes,
and its expression, at least in mature T cells, is down-regulated by TCR signaling [144]. These
observations suggest a two step model, whereby TCR signaling would promote Foxol
expression, through a yet unidentified pathway, but prevent Foxol-mediated IL-7Ra.
transcription by excluding Foxol molecules from the nucleus through activation of P13 kinase
(Fig. 2). As a result, actual IL-7Ra expression would be restrained in cells until the cessation
of TCR signaling. While future studies will evaluate this possibility, it would illustrate how
signals from distinct receptor could target the same sensing factor and contribute to effector
gene expression. Of note, IKKB was shown to promote Foxo3 phosphorylation and nuclear
exclusion in tumor cells [145]. While it is not yet known if IKK( phosphorylates Foxol in T
cells, this observation is interesting to correlate with the finding that Tak1, an IKK activator,
promotes IL-7 signaling (although not IL-7Ra expression) in SP thymocytes [87]. As the
consequences of Takl, IKK and Foxol deficiencies all become apparent in mature SP
thymocytes [79,93], it is possible that Foxo factors are a relevant physiological target of IKK
in SP thymocytes.

As an aside, if Foxol control of KIf2 expression mirrored that of IL-7Ra, continuous TCR-
induced PI-3 kinase activation could also contribute to prevent the terminal maturation and
thymic egress of thymocytes with excessive affinity for self-ligands, thereby enabling a simple
‘licensing” mechanism to prevent the thymic egress of self-reactive T cells.
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Conclusions and Future challenges

The last few years have seen much progress in our understanding of thymocyte signaling. As
in other biological systems, multiple layers of control, at the level of gene expression and post-
translational modifications, contribute to transduce signals from cytosolic intermediates to
sensing transcription factors, and to the emergence of effector expression networks. Emerging
evidence also points to micro-RNAs as important contributors to signaling and potentially
transcriptional circuits [15,146-148]. Many pieces are missing from the sketch drawn in this
review. Other TCR-induced kinases have potential targets in the nucleus [149], including
protein kinase D, which activates histone deacetylases and thereby has pleitropic effects on
gene expression, whereas other ligand-receptor systems directly or indirectly affect TCR
signaling [150]. Conversely, several ‘orphan’ transcription factors, including Bcl11b [151] or
Schnurri2 [152], are essential for positive selection, but what induces them or controls their
activity remains obscure.

Future studies will have to tackle broader challenges. The first is to define target genes for
transcription factors and assemble sensing and regulatory networks. New massively parallel
sequencing approaches coupled to transcription factor immunoprecipitation (‘Chipseq’
analyses) have transformed into a realistic perspective what appeared as an impossible task
only a few years ago [153]. However, networks assembled on binding sites give only a partial
picture, and need to be refined to take into account the combinatorial and dynamic components
of transcriptional responses, as in vivo recruitment observed by ChlP analyses does not equate
to transcriptional regulation [154,155]. In this context, new tools will be necessary to decipher
the logic of transcription factor combinatorial binding [156]. The multiple post-translational
modifications, including, beyond phosphorylation, acetylation methylation, ubiquitination and
sumoylation, are as many dimensions to these analyses.
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Figure 1.

Schematic representation of the Erk-Elk (green) and calcineurin-NFAT (blue) sensor modules
in thymocytes. Plain arrows indicate activation, dashed arrows nuclear import. The membrane-
proximal signaling event that lead to PLCy 1 activation are not depicted. Active PLCy 1 releases
inositol triphosphate and diacyl glycerol, which cause calcium release from intra-cellular stores
(and the ensuing opening of plasma membrane CRAC channels) and activation of Ras via the
exchange factor RasGRP1 [157,158], respectively.
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Figure 2.

Foxol as a sensor for TCR and IL-7 signals in thymocytes. In mature T cells, IL-7 activates
PI1-3 kinase and Akt, thereby causing Foxol phosphorylation. As Foxol promotes IL-7Ra
expression, IL-7-mediated Foxol phosphorylation contributes to repress IL-7Ra expression
and thereby IL-7 signaling. In SP thymocytes, where Foxol also promotes IL-7Ra expression,
both TCR signaling and IL-7 signaling potentially contribute to P1-3 kinase activation. This
mechanism could have a ‘licensing’ function by preventing the terminal maturation of SP
thymocytes unable to cease TCR signaling. In tumor cells, IKK has been shown to
phosphorylate Foxo3 and prevent its nuclear translocation [145]; it is not yet known which
stimulus activates IKKp, and whether it also acts on Foxol in thymocytes or T cells.
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