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Abstract
T cell factor-1 (TCF1) critically regulates T cell development. However, signals that control TCF1
function in developing and mature T cells remain unknown. TCF1 along with β-catenin activates
gene transcription and in cooperation with Groucho family of proteins mediates gene repression. It
has been established that the β-catenin-dependent gene expression is often downstream of the
canonical Wnt signaling pathway. We have genetically manipulated the β-catenin gene and generated
mutant mice that have shown an essential role for β-catenin and TCF1 during pre-T cell receptor
(TCR) and TCR-dependent stages of T cell development. We have also demonstrated a function for
TCF1 and β-catenin downstream of TCR signaling in the differentiation of mature CD4 T cells into
T helper lineages.
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TCF1 and β-catenin signaling
T cell factor-1 (TCF1), encoded by the Tcf7 gene, was originally cloned from T cells based on
its affinity for the AACAAAG motif in the CD3ε enhancer [1]. In adult mice, TCF1 is expressed
exclusively in the T cell lineage. When it was discovered that TCF1 acts directly downstream
of the canonical Wnt–β-catenin signaling pathway, the role of this cascade in T cell
development became an area of intensive investigation.

In the absence of a canonical Wnt signal, the adenomatous polyposis coli (APC)–axin–
glycogen synthase kinase-3- β (GSK3β) degradation complex sequesters cytosolic β-catenin.
In this complex, GSK3β kinase phosphorylates β-catenin in the N-terminus and marks it for
ubiquitylation and proteosomal degradation. The binding of Wnt, a secreted glycoprotein, to
the frizzled receptors and the lipoprotein receptor-related protein (LRP) coreceptors on the cell
surface, leads to inactivation of GSK3β mediated phosphorylation and degradation of β-
catenin. Non-phosphorylated β-catenin accumulates in the cytoplasm, translocates to the
nucleus and together with TCF1, induces expression of Wnt target genes. Thus, β-catenin
modulates gene expression mediated by the Wnt–β-catenin–TCF1 pathway [2,3]. A naturally
occurring 9 kDa protein, called inhibitor of β-catenin and TCF (ICAT), binds β-catenin and
prevents its interaction with TCF1 [4,5] and thereby inhibits TCF1 and β-catenin-dependent
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gene expression [6]. TCF1 also interacts with the groucho-related gene (GRG) co-repressor
protein to repress gene transcription [7].

In addition to mediating Wnt-dependent signals, β-catenin also participates in androgen
signaling pathway and is stabilized by prostaglandins. We have shown that β-catenin is also
stabilized by pre-T cell receptor (TCR) and TCR signals [8,9]. Thus, in addition to Wnt
signaling, β-catenin functions downstream of other signaling pathways.

T cell development in the thymus: DN to DP transition
T cell progenitors migrate to the thymus and undertake a highly ordered developmental
program, which is regulated by stage-specific signals derived from the thymic
microenvironment. The order of maturation is precisely described in terms of expression of
specific cell surface markers. Overall stages are defined in terms of cell surface expression of
CD4 and/or CD8 (Fig. 1). The most immature thymocytes express neither CD4 nor CD8 and
are termed ‘double negative (DN)’, intermediate cells express both CD4 and CD8 and are called
‘double positive (DP)’ and the most mature thymocytes express either CD4 or CD8 and are
called ‘single positive (SP)’. The DN subset is further divided into developmental stages (DN1–
DN4), which bear a precursor product relationship, based on the expression of CD44 and/or
CD25: DN1–CD44+ CD25−; DN2–CD44+ CD25+; DN3–CD44− CD25+ and DN4 (also called
pre-DP)–CD44− CD25− [10]. At the DN3 stage, rearrangement and expression of a competent
TCR β-chain and a non-rearranging pre-Tα chain results in the expression of pre-TCR and
differentiation into DN4/pre-DP thymocytes. Pre-TCR also provides signals that regulate
proliferation and differentiation of pre-DP thymocytes to the DP stage [11]. This is the first of
two checkpoints encountered by developing thymocytes, called the β-selection checkpoint,
which ensures the expression of a functional TCRβ chain and the subsequent proliferation
provides the requisite numbers of thymocytes that express a productive TCRβ chain.

Role of TCF1 and β-catenin during DN to DP transition
Clevers and colleagues showed that TCF1-deficiency impaired thymocyte maturation with
multiple defects at DN1 to DN4 stages of T cell development. An incomplete block in
development and proliferation results in premature thymic involution in older TCF1-deficient
mice [12,13]. Lymphocyte enhancer-binding factor-1 (LEF1)-deficient mice have normal T-
cell development, but LEF1 and TCF1 double-deficient mice show a block at DN3 stage, which
indicates partial redundancy between LEF1 and TCF1 during thymocyte maturation [14]. Thus,
TCF1 was shown to critically regulate T cell development (Fig. 1).

First indication that loss of Wnt-dependent signaling impaired thymocyte development was
obtained by using soluble frizzled receptors as decoys for Wnt proteins, in fetal thymic organ
cultures (FTOCs) [15]. Subsequently, Tcf-reporter activity was directly demonstrated in all
thymocyte subsets with the highest being in the DN cells [16]. Along similar lines, the secreted
Wnt inhibitor Dickkopf-1 (DKK1), which binds to required LRP coreceptor, prevents Wnt
signaling and inhibits thymocyte differentiation at the DN stage [16]. Finally, we provided
direct evidence for the involvement of Wnts in thymocyte development. We found that Wnt1,
Wnt3a and Wnt4 were predominantly expressed in the thymus and demonstrated that the
thymuses of Wnt1 and Wnt4 double-deficient mice were hypocellular but maturation was
unimpaired [17]. More recently, Wnt3a deficiency resulted in impaired self-renewal and
reconstitution capacity of hematopoietic stem cells (HSCs) on secondary transplantation. In
addition, Wnt3a deficiency also affected early stages of T-lymphoid development in the thymus
[18]. These data showed a role for Wnt-signaling in T cell development and expansion.

Experiments in which ICAT expression was utilized to block interaction of β-catenin with
TCF1 showed that β-catenin–TCF1 pathway was important for T cell development. Retroviral
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over expression of ICAT, which binds β-catenin and prevents interaction with TCF1 and blocks
gene expression in DN thymocytes, resulted in decreased generation of DP thymocytes in
FTOCs [19]. Decrease in the number of DP thymocytes could result from a block in
development or impaired survival of newly generated DP thymocytes. We generated ICAT
transgenic (ICAT-Tg) mice, which express ICAT specifically in thymocytes and T cells. These
mice allowed us to identify the effects of disrupting TCF1 and β-catenin interaction during T
cell development in vivo. Our analysis of ICAT-Tg mice showed that the DP thymocyte
survival was impaired due to diminished expression of the pro-survival factor, BclXL [20].
Studies using transgenic or retroviral reconstitution of TCF1-deficient mice with alternately
spliced forms of TCF1 also showed that the capacity in TCF1 to interact with β-catenin was
required to restore T-cell development in TCF1-deficient mice [15,21]. These data showed that
TCF1 and β-catenin interaction was important for T cell development and thymocyte survival.

To determine whether β-catenin played a role in T cell development, we generated T cell-
specific conditional deletion of β-catenin gene (Catnb) using Lck-Cre. Using these mice we
demonstrated that deletion of β-catenin at the DN3–DN4 stage impaired T-cell development
at the β-selection checkpoint [9]. β-catenin expression was only partially lost at the DN3 stage
and then more fully deleted in DN4 thymocytes. Even so pre-TCR signaling was impaired,
leading to a partial block in DN3-to-DN4 transition and reduced pre-TCR-dependent
proliferation, but not survival, of DN4 (pre-DP) thymocytes [9]. Along these lines, vav-Cre-
dependent deletion of β-catenin in HSCs also impaired long-term growth and maintenance of
HSCs following transplantation [22]. Together, these loss-of-function manipulations
demonstrated a role for Wnt–β-catenin–TCF1 pathway in hematopoiesis and T cell
development in the thymus. By contrast, deletion of β-catenin with inducible Mx1-Cre in HSCs
was shown to reconstitute normal hematopoiesis or lymphopoiesis when transplanted in
lethally irradiated mice [23]. The authors postulated that a β-catenin homolog, γ-catenin
(plakoglobin), might compensate for the lack of β-catenin. However, mice with combined γ-
catenin and β-catenin-deficiency also showed normal hematopoiesis and lymphopoiesis [24,
25]. The authors concluded that these proteins played no role in hematopoiesis and
lymphopoiesis. Notably, their data showed that TCF-reporter activity was retained in the
absence of both β- and γ-catenin [24]. Overall these data show that β-catenin deletion perturbs
HSC survival, self-renewal and subsequent development into T cells. However, this regulation
may be complex and requires further attention.

Enforced expression of stabilized β-catenin has further identified a role for β-catenin at multiple
stages of T cell development. The first such mouse was generated by deletion of exon3 of β-
catenin, which encodes the GSK3β phosphorylation domain, using Lck-Cre at the DN3 stage
of thymocyte development. This manipulation led to very high levels of β-catenin expression
(~a log higher than that naturally stabilized by pre-TCR signals), which blocked TCRβ chain
rearrangement and expression. In this model, TCRβ negative DN thymocytes transitioned to
the DP stage in the absence of pre-TCR signaling [26]. The same observation was made using
another model in which β-catenin was stabilized at very high levels in thymus by Lck-Cre
mediated deletion of the Apc gene [27]. These studies show that high levels of β-catenin
expression in DN thymocytes impairs T cell development by blocking TCRβ rearrangement
and by allowing pre-TCR-independent maturation of a small number of cells to the DP stage.

We studied normally developing thymocytes and found that pre-TCR signals induce
stabilization of β-catenin in DN thymocytes [8], which is down-regulated prior to transition to
the DP stage [28]. Taken together with the observation that partial deletion of β-catenin at the
DN3 stage impaired pre-TCR signaling [9], these data suggest that the pre-TCR utilized β-
catenin for β-selection. To study this notion further, we generated β-CAT-Tg mice with
enforced expression of stabilized β-catenin. In β-CAT-Tg mice, expression of β-catenin in
DN3-DN4 thymocytes was increased by approximately two- to fourfold in comparison with
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that stabilized by pre-TCR signals and β-selection was facilitated as judged by phenotypic and
several molecular criteria [8]. Detailed analysis showed that β-selected β-CAT-Tg thymocytes
fail to develop further due to persistent expression of transgenic β-catenin in post-β-selected
thymocytes. Molecular analysis β-CAT-Tg thymocytes revealed that the failure to down-
regulate β-catenin expression in pre-DP thymocytes induced expression of transforming
growth factor β (TGFβ) and impeded expression of the orphan nuclear hormone receptor
RORγt that is required for transition of DN thymocytes to the DP stage [28]. Thus, modest
increase in β-catenin at the DN3–DN4 stage facilitates pre-TCR signaling and β-selection but
must be turned down in β-selected thymocytes as sustained expression impairs further
maturation. Thus, pre-TCR signals induce and utilize β-catenin to facilitate β-selection.
Together, these studies provide an additional important insight, which is that the level of β-
catenin over-expression critically controls the biological outcome.

β-catenin is an established oncogene that causes tumors in a nmber of tissues including the
colon [29,30]. As mentioned earlier, in the thymus of mice bearing Lck-Cre-dependent deletion
of exon3 of β-catenin gene, TCRβ− DP thymocytes develop in the absence of pre-TCR signals.
TCRβ− DP thymocytes induce expression of c-myc, a known β-catenin target gene and develop
c-myc-dependent DP lymphomas [31]. By contrast, we found that β-CAT-Tg mice fail to
develop thymic lymphomas. We discovered that this was because immediately upon expression
of transgenic (oncogenic) β-catenin, thymocytes undergo oncogene-induced senescence (OIS),
growth arrest, DNA-damage and p53-mediated apoptosis, which prevents the development of
thymic lymphoma in β-CAT-Tg mice [32]. The removal of p53 function in p53−/− β-CAT-Tg
mice prevented apoptosis of thymocytes expressing oncogenic β-catenin and promoted β-
catenin-dependent DN lymphoma. β-catenin-dependent DN lymphomas were c-myc and
Notch independent [32] and thus were molecularly and phenotypically distinct from those
observed in p53-deficient mice, which are DP in phenotype and c-myc dependent [33]. Thus,
β-catenin-dependent thymic lymphomas develop in the absence of p53-function and are
phenotypically and molecularly distinct from those that develop in p53-deficient mice. We
believe that lymphoma formation is prevented in β-CAT-Tg (p53-sufficient) mice because
intrathymic signals induce stabilization of β-catenin as a part of normal development [8]. β-
catenin expression must be down-regulated prior to further development [28]; if this fails,
essential ‘safety’ mechanisms are put in place to remove cells that have the lymphomagenic
potential [32]. Thus, gain-of-function and loss-of-function manipulations demonstrate that
Wnt-signaling, β-catenin and TCF1 regulate thymocyte proliferation and β-selection during T
cell development.

We have also demonstrated that one consequence of transgenic expression of stabilized β-
catenin in thymocytes in β-CAT-Tg mice is pre-mature age-dependent thymic involution. It is
very likely that the failure to down-regulate β-catenin in post-β-selected thymocytes followed
by OIS, growth arrest and apoptosis contribute to thymic involution [34]. We propose that
these mechanisms may also contribute to normal age-dependent thymic involution.

T cell development in the thymus: DP to SP transition
Prior to expression of CD4 and CD8 and transition to the DP stage, pre-DP thymocytes undergo
growth arrest, which allows the re-expression of RAG2 protein and rearrangement of the
TCRα gene. Expression of TCRα and β chains along with the CD3 proteins leads to the
expression of a mature αβ TCR on DP thymocytes. DP thymocytes that express a functional
αβ TCR face three developmental fates depending on the avidity of their surface T cell receptor
(TCR) with MHC/self-Ag complexes presented by thymic stromal cells [35,36]. Majority of
DP thymocytes do not recognize MHC/self-Ag complex, fail to receive a TCR signal and die
by neglect. DP thymocytes that react with high avidity with MHC/self-Ag complexes receive
strong TCR signals and are eliminated by negative selection [36,37]. A small fraction of DP
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thymocytes receive just the right signal through their TCR and are selected for further
differentiation into mature CD4+ SP or CD8+ SP thymocytes, by a process referred to as
positive selection [36,38,39]. Mature SP thymocytes subsequently emigrate from thymus into
peripheral lymphoid organs to contribute to the naïve CD4 and CD8 T cell pool. During positive
selection, DP thymocytes undergo lineage commitment to differentiate into SP thymocytes
with coordinated expression of MHC class I restricted T cell receptors (TCRs) with CD8
coreceptor (CD8SP) or MHC class II restricted TCRs with CD4 coreceptor (CD4SP) [40–
42]. Positive selection is initiated and driven by signals transduced through both TCR and
coreceptors. Cytokine receptor signals, particularly IL-7 receptor signals, also play an
important role in the positive selection and maturation of CD8SP thymocytes [42,43].

Role of TCF1 and β-catenin during DP to SP transition
We found that endogenous β-catenin levels increased during transition of DP into SP
thymocytes, which suggested a regulatory function for β-catenin in positive selection (Fig. 1)
[44]. Accordingly, β-CAT-Tg mice showed an increase in both mature CD4 and CD8 SP
thymocytes, with a preferential increase in CD8SP thymocytes [44,45]. This observation
provided an opportunity to investigate the cellular and molecular mechanisms by which β-
catenin may regulate the development of DP thymocytes into mature SP thymocytes. Studies
with β-CAT-Tg mice that also express transgenic TCR demonstrated that enforced expression
of β-catenin enhanced positive selection of both MHC II-restricted CD4 and MHC I-restricted
CD8SP thymocytes but did not affect the lineage commitment. It has been known for some
time that the timing of generation of CD4 and CD8 cells from DP precursors is different; with
CD4 cells developing faster compared to CD8 cells [46]. We found that β-catenin expression
accelerated the rate of generation of CD8SP cells and consequently β-CAT-Tg CD4SP and
CD8SP thymocytes were generated with the same kinetics [44]. This provided a cellular
mechanism for the preferential effect of β-catenin on CD8SP thymocyte development.
Molecular analysis showed that β-catenin expression enhanced IL-7R signals in positive
selection intermediates by both up-regulating IL-7R α chain (IL-7Rα) expression and
simultaneously down-regulating suppressor of cytokine signaling (SOCS)-1 expression [47].
Finally, we showed that the effect of β-catenin on CD8 development was dependent on IL-7R
signals in FTOCs [47]. Together, these results indicate that β-catenin expression in DP
thymocytes, presumably driven by TCR signals, promotes the positive selection and maturation
of CD8SP thymocytes by enhancing IL-7R signals in developing thymocytes.

We have found that normal DP thymocytes express very low levels of β-catenin. It is likely
that the increase in β-catenin levels in pre-positive selection thymocytes is an important factor
in its role in positive selection. In two other models that express β-catenin at high levels in DP
thymocytes, the characteristics of the DP thymocytes that are important for positive selection
appear to be altered. In mice that express stabilized β-catenin from the CD4 promoter, increased
level of surface CD4 and altered survival might critically affect positive selection of
thymocytes [48,49]. In mice expressing high levels of β-catenin from the deletion of exon3
(discussed above), DP thymocytes fail to express TCRβ chain and thus will not properly
respond to TCR-dependent positive selection signals [26,31]. These results also indicate that
the level of β-catenin overexpression and the developmental stage where β-catenin is expressed
influence the biological outcome of the action of β-catenin.

In addition to positive selection, β-catenin and TCF1 were shown to be essential mediators of
TCR-induced negative selection. In a recent report, TCR signal in DP thymocytes was shown
to stabilize β-catenin and induce β-catenin and TCF1-dependent gene expression [50]. Using
a mouse model in which CD4-Cre mediates the deletion of exon3, the authors demonstrated
that increased β-catenin enhances TCR-induced signaling pathways that promote negative
selection. Thus, high levels of β-catenin expression in TCR-signaled DP thymocytes promoted
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apoptosis. TCF1-deficient mice showed impaired negative selection, suggesting that TCF1 and
β-catenin cooperate to mediate apoptosis and negative selection of thymocytes [50]. By
contrast, in β-CAT-Tg mice, where the amount of β-catenin is only modestly increased while
retaining the pattern of expression of endogenous β-catenin, positive selection of thymocytes
is promoted by enhancing IL-7R signaling [44,47]. Together, these data show that high level
of β-catenin expression in TCR-signaled DP thymocytes promotes negative selection whereas
modest level facilitates positive selection.

Mature T cell activation and T helper cell differentiation
In the peripheral lymphoid organs, naïve CD4 and CD8 T cells survive and maintain
homeostasis until they encounter antigen. Upon encountering antigen in the context of MHC
presented by the antigen presenting cells (APCs), T cells become activated, expand and produce
cytokines to perform effector functions (Fig. 1). CD4 T cells differentiate into specialized
effector cells called T helper (TH) cells or T regulatory (Treg) cells. If antigen-activated CD4
T cells encounter APC-derived IL-12, signaling via STAT4 induces the production of IFNγ
and commitment to TH1 lineage [51,52]. Activated CD4 T cells commit to TH2 lineage upon
encountering IL-4 produced by cells of the innate immune system, which induces expression
of GATA-3 and IL-4 production by CD4 T cells themselves [51–54]. In addition, CD4 T cells
can also utilize TCR-driven cell-intrinsic mechanisms for differentiation to the TH2 lineage
[55]. If activated CD4 T cells encounter TGFβ and IL-6 or TGFβ and IL-21, signals via STAT3
lead to differentiation to the TH17 lineage and IL-17 and IL-22 production [56,57]. Finally,
TGFβ alone results in the differentiation of CD4 T cells to Treg cells that suppress the activity
of activated CD4 T cells [58,59]. Thus, CD4 T helper cell differentiation into various subsets
provide the diversity required to effectively fight different types of infections.

Role of TCF1 and β-catenin in T cell activation and T helper cell differentiation
Regulation of T cell activation by TCF1 and β-catenin remain poorly understood. An earlier
study on the peripheral T cell function in TCF1-deficient mice showed that the total spleen
cells from TCF1-deficient mice responded to ConA and alloantigen normally and certain in
vivo anti-viral response was also normal in these mice [12]. However, TCR stimulation was
shown to inhibit GSK3β activity in vitro but not induce TCF1-dependent reporter activity in
Jurkat T cells [60]. Furthermore, it was reported that nuclear localization of LEF1 and β-catenin
was not sufficient to induce target gene transcription in T cells [61]. These data supported the
surprising notion that TCF1, which is exclusively expressed in T cells in adult mice, may not
regulate gene expression in mature T cells.

We have found that TCF1 is highly expressed in T cells and β-catenin expression is stabilized
downstream of TCR-stimulation in T cells, which results in up-regulation of TCF1-reporter
activity and TCF1-dependent gene expression in T cells [62]. Likewise, as mentioned earlier,
TCR signaling was shown to stabilize β-catenin in thymocytes and regulate TCR-dependent
events during T cell development [44,50].

To determine whether TCR-dependent TCF1 and β-catenin signaling regulated T cell function,
we analyzed TCF1-deficient CD4 T cells in several well-defined assays. We demonstrated that
TCF1 in cooperation with β-catenin regulates expression of GATA-3, the transcription factor
essential for differentiation to the TH2 fate and for IL-4 production (Fig. 1) [62]. To arrive at
this conclusion, we used both loss-of-function ICAT-Tg and TCF1-deficient mice and gain-
of-function β-CAT-Tg mice. Using CD4 T cell from these mutant mice, we demonstrated that
TCF1 and β-catenin play a critical role in the initiation of TH2 cell differentiation. GATA3 is
expressed from two transcripts, Gata3-1a and Gata3-1b [63]. We showed that initial TCR-
dependent GATA3 expression in activated CD4 T cells was predominantly produced from
Gata3-1b transcripts and not from Gata3-1a. Gata3-1b transcript was induced at early time
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points after activation and was independent of IL-4R signaling via STAT-6. Using both
chromatin immunoprecipitation assay and luciferase reporter assay, we found that TCF1 and
β-catenin bound to the TCF1 binding site upstream of Gata3 exon-1b to directly activate
Gata3-1b gene transcription. Further support for the regulation of Gata3-1b by TCF1 was found
in the observation that deletion of TCF1 diminished Gata3-1b expression and IL-4 production.
In contrast, enforced expression of β-catenin enhanced Gata3-1b expression and IL-4
production. Moreover, enforced expression of ICAT impaired Gata3-1b expression and IL-4
production, demonstrating a functional requirement for interaction between TCF1 and β-
catenin. Importantly, TCF1 and β-catenin could induce Gata3-1b expression in the absence of
STAT6, in the presence of anti-IL-4/IL-4R Abs or in the presence of dominant negative
mastermind-like that blocks Notch activity. Therefore, the effect of TCF1 and β-catenin on
Gata3-1b induction was independent of both IL-4R signaling and Notch signaling. These
observations further support the notion that TCF1 and β-catenin promote initial TCR-
dependent events during TH2 cell differentiation. By using ovalbumin-induced allergic asthma
model, we demonstrated that TCF1-deficient mice develop impaired TH2 response in vivo as
indicated by decreased IL-4 level in bronchoalveolar lavage, thus resulting in decreased
pathogenesis of allergic airway inflammation. Finally, we showed that TCF1 deficiency
resulted in increased IFNγ production in CD4 T cells, while overexpression of a mutant form
of TCF1 that could not bind β-catenin led to suppression of IFNγ production [62]. These results
show that TCF1 negatively regulates IFNγ production and TH1 fate, independently of its
interaction with β-catenin. Thus, these data demonstrate that TCF1 plays an essential role in
the initiation of TH2 lineage differentiation and it does so by a twofold mechanism: initiating
GATA-3 expression, which induces IL-4 production and simultaneously inhibiting IFNγ
production.

CD4 T cells differentiate into Tregs in the presence of TGFβ. Using retroviral transduction
system, Ding and colleagues showed that expression of a stable form of β-catenin in Tregs
promoted their survival and as a result, enhanced their ability to protect against inflammatory
bowel disease in a mouse model. The same report also showed that high levels of β-catenin
expressed from retroviral expression vector induced expression of anergy-associated genes
such as Cbl-b, GRAIL and Itch [64]. Together, our studies and these studies show for the first
time a role for TCF1 and β-catenin-dependent gene expression in the activation and function
of CD4 T cells.

Activated CD8 cytotoxic T cells release perforin and granzymes and induce infected, target
cells to undergo apoptosis. Armed effector CD8 T cells also secrete cytokines such as IFNγ,
TNFα and TNFβ. Activated CD8 T cells play an instrumental role in combating cytoplasmic
viral, bacterial and protozoan infections. We have found that expression of β-catenin transgene
induces memory-like phenotype and function in CD8 T cells (Yu, et al., manuscript in
preparation). Along these lines, adoptive transfer of Wnt-treated CD8 T cells was shown to
enhance anti-tumor activity in vivo [65]. Thus, Wnt, β-catenin and TCF1 have the potential to
regulate CD8 T cell function. Finally, a recent report showed that Wnt proteins produced by
endothelial cells induced matrix metalloproteinase (MMP) 2 and MMP9 expression in
activated T cells and promoted their migration through the subendothelial basement membrane
and interstitial collagen [66]. These data show that Wnt signals regulate transmigration of
effector T cells. Thus, in sharp contrast to the notion that Wnts, TCF1 and β-catenin might not
regulate gene expression in T cells [12,61], these initial studies reveal a role of β-catenin and
TCF1 in the activation and function of mature T cells.

Conclusion and future directions
Altogether, studies described earlier have demonstrated the ability of β-catenin and TCF1 to
regulate various aspects of T cell development and CD4 and CD8 T cell function (Fig. 1). T
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cell development is regulated at two major checkpoints, the pre-TCR driven β-selection and
the TCR-mediated positive or negative selection. Enforced expression of β-catenin or deletion
of β-catenin or TCF1 affects both these checkpoints. TCR also regulates mature T cell functions
including effector and memory cell differentiation, anergy and tolerance as well as
transmigration. Enforced expression of β-catenin or deletion of TCF1 affects many of these
functions. Together, these data suggest that TCF1 and β-catenin regulate gene transcription
downstream of the pre-TCR and TCR. An important observation from these studies is that the
stage of T cell development or activation when β-catenin is increased in expression affects the
biological outcome. More experimental manipulations are needed to fully understand this
interesting phenomenon. Furthermore, a direct connection between Wnt–β-catenin and TCF1
signaling remains to be fully established under various conditions of T cell activation and
function. Finally, elucidation of the several signaling pathways that are induced upon TCR
signaling will facilitate a better understanding of how TCF1, in cooperation with β-catenin or
with GRG proteins, regulates T cell development, activation and function.
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Fig. 1.
TCF1 and β-catenin regulate T cell development and function. The shaded area represents the
thymus where T cells develop from bone-marrow derived precursors. Early thymic precursors
(ETPs) are the most immature thymocytes that mature through well-described stages defined
by the expression of cell surface markers. Mature CD4 and CD8 thymocytes migrate to the
peripheral lymphoid organs where they differentiate into effectors upon encounter with
antigen. Points at which TCF1 and/or β-catenin play a role during development in the thymus
and mature T cell differentiation into effector subsets are indicated
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