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Abstract

Despite the defined function of the β-catenin pathway in thymocytes, its functional role in 

peripheral T cells is poorly understood. We report that in a mouse model, β-catenin protein is 

constitutively degraded in peripheral T cells. Introduction of stabilized β-catenin into primary T 

cells inhibited proliferation and cytokine secretion after TCR stimulation and blunted effector cell 

differentiation. Functional and biochemical studies revealed that β-catenin selectively inhibited 

linker for activation of T cells phosphorylation on tyrosine 136, which was associated with 

defective phospholipase C-γ1 phosphorylation and calcium signaling but normal ERK activation. 

Our findings indicate that β-catenin negatively regulates T cell activation by a previously 

undescribed mechanism and suggest that conditions under which β-catenin might be inducibly 

stabilized in vivo would be inhibitory for T cell-based immunity.

The β-catenin pathway has been implicated in hematopoietic stem cell self-renewal 

capacities and other developmental pathways in vivo (1). Cytoplasmic β-catenin is included 

in a destruction complex formed by the adenomatous polyposis coli, the axis inhibition 

protein 1, the casein kinase 1, and glycogen synthase kinase 3β (GSK-3β) (2). When 

included in this complex, β-catenin is constitutively phosphorylated on serine 33 and 37 and 

on threonine 41 by the GSK-3β and targeted for degradation by the proteasome (3). 

Activation of the Wnt signaling cascade after the binding of Wnt ligands on Frizzled 

receptors at the membrane results in the phosphorylation of GSK-3β and the inhibition of its 

kinase activity. As a consequence, β-catenin protein can accumulate in the cytoplasm and 

translocate to the nucleus where it binds Lef/Tcf family proteins and facilitates their 

transcriptional activation (4, 5). In addition to this role in gene transcription, β-catenin also 

interacts with E-cadherin and has been reported to regulate cell-surface proximal signals and 
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adhesion (6). Therefore, β-catenin can exert both transcriptional and non-transcription-based 

cellular regulation.

An important role for the β-catenin pathway in thymic development has been suggested by 

the study of Wnt and Tcf1 or Lef1 gene-deficient mice. Specifically, double mutant mice 

exhibit profound defects in T cell maturation in the thymus (7–9). Similarly, thymi of Wnt1 

× Wnt4 double mutant mice and Wnt3A−/− mice showed low cellularity and a strong 

reduction in cell numbers (10, 11). However, the exact role played by β-catenin in this 

process has been more controversial (12). The expression of a nondegradable form of β-

catenin resulted in the transition fromCD4−CD8− (double-negative) to CD4+CD8+ (double-

positive) thymocytes in the absence of pre-TCR signaling (13) and enhanced generation of 

mature thymocytes (14). In addition, T lineage-specific deletion of β-catenin was reported to 

impair T cell development resulting in a reduced number of splenic T cells (15). Also, β- and 

γ-catenin were directly implicated in T cell development because the inhibition of 

interaction between these proteins with Lcf/lef transcription factors resulted in a major block 

in the transition from the CD4−CD8− to the CD4+ CD8+ stage (16). However, deletion of β-

catenin in bone marrow (BM) progenitors did not induce any detectable perturbation of the 

hematopoietic system, including the lymphoid lineage. In particular, T cell development and 

repopulation was totally normal in lethally irradiated mice that received BM progenitors 

deleted for β-catenin (17). Moreover, simultaneous deletion of β- and γ-catenin in BM 

progenitors resulted in the same observations, excluding the possibility of a compensatory 

function by γ-catenin (18, 19).

In contrast with at least some data regarding the contribution of β-catenin to thymocyte 

development, the role of β-catenin in peripheral T cell function is largely unknown. It has 

been reported that the activation of the β-catenin pathway through exposure to Wnt3a 

regulates T cell transmigration in human peripheral T cells (20). However, retroviral 

transduction of regulatory T cells (Tregs) to express a nondegradable form of β-catenin 

resulted in enhanced survival of those cells by increasing the expression of Bcl-XL (21), 

suggesting a potential role for β-catenin in Treg function and therefore implying a potential 

immune inhibitory role for peripheral immune responses. In addition, it has been shown that 

the TCF-1 transcription factor can induce GATA-3 expression required for the differentiation 

of CD4+ T cells into the Th2 fate (22). Finally, recent data suggested that activation of β-

catenin pathway through pharmacologic inhibition of GSK-3β in CD8+ T cells resulted in 

generation of a T cell memory stem cells phenotype harboring increased antitumor activity 

(23). However, we have recently analyzed this phenomenon through direct manipulation of 

β-catenin expression in primary T cells and found no effect on T cell memory phenotype, 

suggesting that GSK-3β may regulate T cell differentiation independently of β-catenin (24, 
25). Despite these few studies, the overall function of β-catenin in regulation of peripheral T 

cell activation remains poorly understood, motivating direct investigation of the functional 

consequences of β-catenin stabilization in peripheral T cells.

Signaling via the TCR for Ag has been intensively studied, and many key biochemical 

events are well defined (26). Central to TCR-mediated T cell activation is the adapter protein 

linker for activation of T cells (LAT), which is phosphorylated by the tyrosine kinase Zap70. 

This generates docking sites for multiple downstream signaling molecules, including Gads, 

Driessens et al. Page 2

J Immunol. Author manuscript; available in PMC 2016 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Grb2/SOS, Vav, SLP76, Cbl-b, and phospholipase C-γ1 (PLC-γ1) (27). Four tyrosine 

residues have been characterized as being phosphorylated after TCR engagement and 

responsible for LAT binding activity. In particular, the Y132/Y136 (human/mouse) residue 

constitutes the unique binding site for PLC-γ1 (28). When bound to LAT and tyrosine-

phosphorylated, PLC-γ1 is activated and mediates the hydrolysis of PIP2 to generate 

diacylglycerol (DAG) and inositol trisphosphate, which activate the protein kinase C and 

calcium (Ca2+) pathways, respectively.

The relative paucity of information regarding the functional role of β-catenin in peripheral T 

cells prompted us to study this pathway using careful genetic manipulation directly in the 

peripheral T cell compartment. To analyze functional effects in primary T cells rather than T 

cell lines, mice transgenic for the coxsackie and adenovirus receptor (CAR) in the T cell 

compartment were used (29), which enable high-efficiency transduction using adenoviral 

vectors without cellular activation. We found that β-catenin was constitutively degraded in 

primary T cells. Introduction of a stabilized β-catenin inhibited T cell activation through a 

mechanism reflected by defective LAT phosphorylation at tyrosine 136, which was 

associated with defective PLC-γ1 phosphorylation and calcium mobilization. This was 

associated with functional inhibition of IL-2 production and effector cell differentiation. Our 

results suggest that β-catenin may be a negative regulator of peripheral T cell activation.

Materials and Methods

Mice

Mice expressing the extracellular domain of CAR have been described (29). C57BL/6 mice 

were obtained from The Jackson Laboratory (Bar Harbor, ME). Mice were maintained under 

specific pathogen-free conditions in a specific pathogen-free animal facility at The 

University of Chicago (Chicago, IL), and experimental procedures involving mice were 

approved by the institutional animal care and use committee.

Reagents and tissue culture

Lactacystin and the inhibitor of GSK-3, SB216763, were from Sigma (St. Louis, MO). To 

inhibit GSK-3 kinase activity, T cells were treated 4 h with the drug before being used for 

further experiments. T cells were cultured in complete DMEM medium supplemented with 

10% FCS, 1% penicillin, 1% streptomycin, MOPS, 2-mercaptoethanol, and 1% nonessential 

amino acids in an 8% CO2 incubator at 37°C.

Adenoviral vectors

The complementary DNA (cDNA) encoding mutated β-catenin was a gift from B. Vogelstein 

and K. Kinzler (The Johns Hopkins University, Baltimore, MD). Construction of a 

recombinant adenoviral vector containing the gene expression unit ofβ-catenin under the 

ubiquitin promoter was performed with a two-cosmid system that has been described (30). 

Adenoviral vectors coding for the Cre recombinase (Cre) and an adenoviral vector without a 

coding cDNA (empty adenoviral vector [EV]) were previously described (31).
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Adenoviral transduction of CAR transgenic T cells

Primary total T cells and CD4+ or CD8+ T cells were isolated from splenocytes by negative 

selection using Ab cocktails (Miltenyi Biotec, Auburn, CA). T cells from CAR transgenic 

(Tg) mice were transduced with adenoviral vectors as described previously (31). Transduced 

CAR Tg T cells were rested overnight and used for experiments the next day. For the CAR 

Tg/conditional β-catenin knockout experiments, cells were transduced with adeno-Cre, 

rested overnight, and cultured 4 d at 106 cells/ml in complete medium supplemented with 3 

ng/ml IL-7 (R&D Systems) to allow time for gene deletion before being used for further 

experiments, as described previously (31). Some cell toxicity has been observed during 

transduction with high doses of adenoviral vectors (multiplicity of infection >100), which is 

first normalized by using cells transduced with an empty vector that has the same toxicity as 

the β-catenin or the Cre one. Second, before using the cells for the different assays, they are 

renumbered after the overnight resting period that follows the cell transduction, a time that 

does not show any consequent toxicity.

T cell activation

Primary T cells were activated with beads (Dynal, Carlsbad, CA) coated with anti-CD3 

(145-2C11) at 1 µg/ml and anti-CD28 (PV1) 1 µg/ml or PMA (10 ng/ml) and ionomycin (2 

µM) and analyzed as described previously for cytokine production and proliferation (32). 

For biochemical analysis, T cells were stimulated as indicated, and the reaction was stopped 

by addition of ice-cold Dulbecco’s PBS.

Immunoblot analyses

Cells were lysed in 0.5% (v/v) Triton X-100 lysis buffer, and immunoblot analysis was 

performed as described (33). Abs to the following targets were used: β-catenin (9562 or 

9582; Cell Signaling, Danvers, MA), total ERK (13-6200; Invitrogen, Carlsbad, CA), 

phosphorylated ERK (9101; Cell Signaling), Cre (69050; Novagen, San Diego, CA), 

phosphotyrosine (4G10, 05-1050; Millipore, Billerica, MA), phosphorylated and total Zap70 

(2717 and 2705; Cell Signaling), phosphorylated and total PLC-γ1 (2821 and 2822; Cell 

Signaling), Cbl-b (sc-8006; Santa Cruz Biotechnology, Santa Cruz, CA), phosphorylated 

and total Akt (9271 and 9272; Cell Signaling), phosphorylated LAT (Tyr132/136; 

Ab4476-50; Abcam (Cambridge, MA); Tyr171; Ab73205-100; Abcam; Tyr191; 04-467; 

Millipore; Tyr226; Ab14520-50; Abcam), and total LAT (06-807; Millipore). Anti-rabbit 

and anti-mouse HRP-conjugated Abs were from GE Healthcare (Piscataway, NJ). Images 

were assembled using Adobe Photoshop software.

Quantitative RT-PCR

Total RNA was isolated by using RNeasy Mini column purification (Qiagen, Valencia, CA) 

according to the manufacturer’s instructions. The RNA was DNase I-treated, and cDNA was 

synthesized from 1 µg total RNA using MLV-Reverse Transcriptase (Invitrogen) according 

to the manufacturer’s directions. Each gene was evaluated using a specific primer/probe set 

purchased from Applied Biosystems and labeled with FAM dye. ΔCT of a particular gene 

was normalized against the ΔCT of 18S. Data were analyzed using SDS Software (Applied 

Biosystems, Carlsbad, CA).
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Flow cytometry

Abs against the following molecules coupled to the indicated fluorochromes were purchased 

from BD Pharmingen (BD, San Diego, CA) or eBioscience (eBio, San Diego, CA): FITC 

anti-CD8 (53-6.7; BD), PerCP anti-CD4 (RM4-5; BD), PE anti-CD3 (2C11; BD), Cy-

Chrome anti-TCRβ (H57-597; BD), PE anti-CD25 (PL61, BD), PE anti-CD28 (37.51, eBio), 

and PE anti–IL-17 (eBio17B7; eBio). In general, 106 cells pretreated or not with GolgiPlug 

(BD) were blocked with the anti-FcR mAb 2.4G2, stained with the indicated Abs or 

appropriate isotype controls for 15 min at 4°C, and then washed. For intracellular staining, 

cells were fixed, permeabilized (PermFix; BD), and stained in saponin-containing buffer 

following the manufacturer’s instructions. Cells were subsequently washed twice in PBS 

containing 1% FCS and resuspended for FACS analysis. Flow cytometry was performed on 

the FACSCanto cytometer using BD FACSDiva software. Data analysis was performed 

using FlowJo software.

Calcium measurement

Intracellular calcium concentration was determined using two visible-wavelength calcium-

sensitive dyes, Fluo-3-acetoxymethyl ester and fura red acetoxymethyl ester, as previously 

described (34). Fluo-3 fluorescence increases whereas fura red fluorescence decreases upon 

binding to calcium. The fluo-3/fura red ratio is a good indication of intracellular calcium 

levels. Briefly, T cells were labeled with fluo-3 and fura red (Invitrogen). The cells were 

then incubated with biotinylated anti-CD3 (2C11; 5 µg/ml) and washed. Cells were kept at 

37°C until analysis. The ratio of fluo-3/fura red was measured over time before and after 

stimulation of the cells with streptavidin.

T cell differentiation into effector subsets

CD4+ cells were incubated for 3 d in plates coated with anti-CD3 (2C11; 1 µg/ml for Th0, 

Th1, and Th2 or 5 µg/ml for Th17) and anti-CD28 (PV1; 1 µg/ml) in either neutral (Th0) 

conditions (IL-2, 10 U/ml), Th1-polarizing conditions (IL-2, 10 U/ml; IL-12, 5 ng/ml; anti–

IL-4, 10 µg/ml), Th2-polarizing conditions (IL-2, 10 U/ml; IL-4, 10 ng/ml; anti–IFN-γ, 10 

µg/ml), or Th17-polarizing conditions (IL-2, 10 U/ml; TGF-β, 0.5 ng/ml; IL-6, 20 ng/ml). 

Polarized cells were then activated with PMA and ionomycin for 4 h in presence of 

GolgiPlug (BD) (Th17) or rested overnight before being stimulated with anti-CD3 and anti-

CD28 (Th1 and Th2 conditions).

Immunofluorescence microscopy

Cells were incubated for 5 min at 37°C on poly-L-lysine–coated coverslips and then fixed for 

20 min in 3% paraformaldehyde in PBS as described (35). The samples were quenched with 

50 mM NH4Cl/PBS, permeabilized and blocked with a solution of PSG (PBS, 0.01% 

saponin, 0.25% fish skin gelatin, and 0.1% NaN3; all from Sigma) for 30 min and then 

incubated for 1 h with anti–β-catenin Ab (2677; Cell Signaling), washed five times in PSG, 

and then incubated for 1 h with anti-mouse Texas red Ab (Invitrogen). The coverslips were 

then washed again in PSG, rinsed in ddH2O, and mounted with Vectashield (Vector 

Laboratories Burlingame, CA). Cells were observed using the Leica SP2 Laser Scanning 

Confocal microscope (Bannockburn, IL) and images processed using Adobe Photoshop.
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Statistics

Statistical analysis of mean results was done using unpaired t test with Welch correction if 

needed. Error bars reflect the SD. Statistical significance was set at p < 0.05 or p < 0.01.

Results

β-catenin is constitutively degraded in peripheral T cells

As a first step to explore the role of β-catenin in peripheral T cells, we analyzed the 

expression of the endogenous β-catenin protein in T cell subsets freshly isolated from mouse 

spleen and lymph nodes. Western blot analysis revealed that β-catenin was essentially 

undetectable in untreated T cells, and stimulation via the TCR complex resulted in only 

minimally detected expression (Fig. 1A). Absence of β-catenin protein was not due to lack 

of β-catenin mRNA, which was easily detected by quantitative RT-PCR (Fig. 1C). 

Phosphorylation of the β-catenin protein by the kinase GSK-3β is known to induce its 

ubiquitination and degradation by the proteasome. To test if the absence of β-catenin protein 

was due to constitutive degradation, we treated the cells with a proteasome inhibitor 

(lactacystin) or with a specific inhibitor of the GSK-3β kinase activity (SB216763). Both 

treatments induced a strong increase (4- and 8-fold, respectively) in detectable β-catenin 

protein expression compared with basal level as measured by Western blotting (Fig. 1A, 1B), 

whereas mRNA expression tested by real-time RT-PCR was constant after SB216763 

treatment or only minimally increased after lactacystin treatment (Fig. 1C). TCR ligation 

also resulted in substantial β-catenin accumulation after treatment with lactacystin, 

confirming that degradation is still dominant (data not shown). These results indicate that the 

β-catenin gene is transcribed in peripheral T cells but that the protein is constitutively 

degraded.

Introduction of nondegradable β-catenin inhibits T cell activation

To begin to investigate the functional consequences of β-catenin stabilization in peripheral T 

cells, we pretreated primary splenic T cells with the GSK-3β inhibitor SB216763 and 

assessed cytokine production and proliferation in response to anti-CD3/anti-CD28 

stimulation. Both cytokine secretion (Fig. 2A, 2B) and proliferation (Fig. 2C) were highly 

reduced, suggesting that stabilization of the β-catenin pathway could have an inhibitory 

effect on T cell function. Minimal effects resulting in a small reduction of IL-2 secretion and 

a slight increase of IFN-γ was seen when PMA plus ionomycin was used as a stimulus, 

arguing for a dominant inhibitory effect on proximal TCR signaling (Supplemental Fig. 1). 

No significant effect of the drug treatment (up to 20 µM) was observed on T cell survival 

(data not shown).

GSK-3β regulates multiple downstream signaling molecules in addition to β-catenin, and 

pharmacologic inhibitors can have unexpected off-target effects. Therefore, we decided to 

engineer an adenoviral vector coding for a nondegradable β-catenin protein containing an 

amino acid substitution in position 33 (S33Y) that prevents its phosphorylation and 

consequent degradation. Transduction of CAR Tg T cells with adenoviral vectors has been 

used successfully in our laboratory (30) to manipulate genetically resting T cells without a 

need for cellular activation. To express protein expression level of β-catenin comparable with 
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the endogenous levels observed in T cells after the inhibition of GSK-3β, several 

concentrations of vector were explored (Fig. 3A). Proliferation and IL-2 production were 

then assessed in response to anti-CD3/CD28 stimulation. T cells expressing stabilized β-

catenin showed reduced proliferation and IL-2 production compared with that of T cells 

transduced with an EV (Fig. 3B, 3C). Similar results were observed with either naive or in 

vitro-primed effector T cells and in both the CD4+ and CD8+ T cell subpopulations (data not 

shown).

The effect of introducing nondegradable β-catenin in CD4+ T cells differentiated under Th1 

and Th2 conditions also was examined, and a significant reduction in both IL-4 (Fig. 3D) 

and IFN-γ (Fig. 3E, 3F) secretion was observed. Similarly, introduction of stabilized β-

catenin during Th17 differentiation generated a marked reduction in IL-17 secretion 

compared with that of EV-treated T cells (Fig. 3G). Thus, these results suggest that the 

presence of stabilized β-catenin in primary T cells is generally inhibitory for multiple T cell 

functions.

Despite the minimal detection of stabilized β-catenin in primary T cells in vitro, it was of 

interest to determine whether deletion of β-catenin might alter T cell function. To this end, 

we used a model system generated by crossing β-catenin conditional knockout mice, 

containing Loxp sites in introns 1 and 6, with CAR Tg mice, a system that we have shown 

allows for deletion of targeted alleles using a Cre adenovirus in vitro (31). We first 

confirmed that β-catenin was deleted in the T cells treated with the adenovirus encoding Cre 

compared with T cells treated with empty virus, in the presence of the GSK-3β inhibitor 

(Supplemental Fig. 2A). β-Catenin can only be detected in the presence of a GSK-3 inhibitor 

because of minimal protein expression at baseline. Upon β-catenin deletion, a minimal 

increase in IL-2 production and proliferation in response to CD3/CD28 ligation was 

observed in vitro (Supplemental Fig. 2B, 2C). This is not unexpected, as only minimal β-

catenin protein was detected under the in vitro conditions. For primary T cells, therefore, it 

is likely that alternative ligands induce meaningful β-catenin stabilization that were not 

included in this in vitro culture system.

Expression of stabilized β-catenin in T cells inhibits proximal TCR signaling

To begin to understand the mechanism of inhibition of T cell activation by nondegradable β-

catenin protein, we examined IL-2 secretion by T cells stimulated by PMA and ionomycin to 

bypass proximal TCR signaling. In fact, IL-2 production in response to PMA/ionomycin was 

minimally affected by stabilized β-catenin, arguing that β-catenin is likely inhibiting early 

TCR signaling events (Fig. 4A). These results also suggest that β-catenin is not directly 

repressing IL-2 gene transcription. Because β-catenin theoretically could regulate cellular 

function either by translocating to the nucleus and influencing transcription or through direct 

protein–protein interactions, we examined the cellular localization of stabilized β-catenin 

protein in primary T cells by confocal microscopy. Notably, the β-catenin protein expressed 

after treatment with GSK-3β inhibitor or through adenoviral transduction was found to be 

predominately cytosolic (Fig. 4B). This result suggested that β-catenin may be functioning 

by directly interfering with TCR-based signaling. As a crude attempt to block transcriptional 

effects of β-catenin, we treated transduced cells with cycloheximide to prevent production of 
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new proteins. However, this approach also blocked expression of the transduced β-catenin 

protein, making the results uninterpretable (data not shown). We also performed gene 

expression profiling of β-catenin–transduced T cells compared with control cells in search of 

candidate genes that might be induced by β-catenin and inhibitory for TCR signaling. 

However, no clear candidates were identified (data not shown).

We therefore focused on potential defects in proximal TCR signaling in the presence of 

stabilized β-catenin. Flow cytometry revealed that surface expression of TCRβ and CD28 

were not reduced in T cells expressing nondegradable β-catenin (Fig. 4C). Examination of 

the phosphorylation status of specific target proteins activated in the TCR signaling cascade 

revealed no difference in the induction of p-Zap70, p-Akt, p-Vav, or p-Erk after CD3/CD28 

ligation (Fig. 4D). Expression of the negative regulator Cbl-b also was not increased. To 

broaden the set of candidate signaling proteins affected, global phosphotyrosine Western 

blotting was performed. This analysis revealed that a single major tyrosine phosphorylated 

protein of ~150 kDa was blunted in the presence of nondegradable β-catenin (Fig. 4E). As 

this band probably corresponds with PLC-γ1, a phospho-specific Ab for PLC-γ1 was used. 

These results confirmed the inhibition of PLC-γ1 phosphorylation in T cells expressing 

nondegradable β-catenin (Fig. 4F) (5-fold increase of phospho-PLC-γ1 in control cells 

versus 1.5-fold in β-catenin–expressing cells; p < 0.05). These results suggest that the 

presence of stabilized β-catenin does not inhibit all early phosphorylation events downstream 

from TCR signaling but rather is relatively selective for blunting PLC-γ1 phosphorylation.

β-Catenin stabilization in T cells prevents the activation of the LAT/PLC-γ1/Ca2+ cascade 
after TCR signaling

Diminished PLC-γ1 phosphorylation would predict decreased enzymatic activity and 

blunted rise of intracellular free calcium. We therefore examined anti-CD3–induced Ca2+ 

flux in EV or β-catenin–transduced T cells. As expected, Ca2+ release induced after TCR 

stimulation was substantially blunted in T cells expressing stabilized β-catenin, whereas 

calcium elevation was clearly observed after ionomycin treatment (Fig. 5A).

It was curious that PLC-γ1 phosphorylation was diminished whereas ZAP70 

phosphorylation, as well as phosphorylation of other ZAP70 targets, such as Vav, were 

intact. In addition, it was apparently paradoxical that calcium flux, which is dependent upon 

PLC-γ1–induced generation of inositol trisphosphate, was diminished whereas ERK 

activation, which can result from PLC-γ1– induced generation of DAG and Ras activation 

via GRP1, was preserved. A potential explanation could be a selective phosphorylation 

defect in the tyrosine 136 residue of LAT, which would result in defective recruitment of 

PLC-γ1 into the activation complex. In such a scenario, Grb2/Sos recruitment via other LAT 

phosphorylation sites would be preserved, thus allowing for continued activation of the 

Ras/ERK cascade. To test this hypothesis, we used phospho-specific Abs specific for the 

four phosphotyrosines in LAT reported to be induced after anti-CD3/CD28 ligation. Notably, 

a significant decrease in phosphorylation at tyrosine 136 of LAT was indeed observed (Fig. 

5B; 2.4-fold induction of phospho-LAT [Y136] expression in control cells versus 1.1-fold in 

β-catenin–expressing cells; p < 0.05). In contrast, phosphorylation at tyrosines 171, 191, and 

226 was relatively preserved in the cells expressing a stabilized β-catenin. Together, these 
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results argue that stabilized β-catenin selectively inhibits the LAT/PLC-γ1/Ca2+ pathway in 

peripheral T cells, resulting in blunted T cell activation and effector cell differentiation.

Discussion

Despite evidence that the β-catenin pathway plays an important role during thymocyte 

development, its function in circulating T cells is poorly understood. We observed that β-

catenin was constitutively degraded in peripheral conventional T cells and that the 

expression of a nondegradable β-catenin protein was inhibitory for T cell activation by 

selectively blocking the LAT/PLC-γ1/Ca2+ pathway. Although it has been suggested that β-

catenin might promote expression of Cbl-b (21), we could not confirm this in our study at 

the protein level in primary T cells. In addition, the signaling defect in T cells expressing 

stable β-catenin does not correspond with what we and others have reported to be regulated 

by Cbl-b, which includes altered Akt and Vav phosphorylation (36). Together, our data 

suggest that expression of stabilized β-catenin is a negative regulator of activation of 

peripheral T cells by a novel mechanism.

In contrast with our observations in peripheral T cells, it was shown recently that the 

expression of nondegradable β-catenin in double-positive thymocytes can increase the 

phosphorylation of Jnk and p38 after CD3 and CD28 stimulation (37). This difference could 

result from a different cellular context between thymocytes and peripheral T cells or could 

be the result of differential timing for the overexpression of β-catenin, as the thymic 

phenotype could reflect compensatory changes in the double-positive cells that survive and 

accumulate despite β-catenin expression. Nevertheless, IL-2 secretion by β-catenin 

overexpressing thymocytes was still reduced, confirming what we have observed for 

peripheral T cells expressing a stabilized β-catenin protein (21).

It is of interest that the defective PLC-γ1 activation and calcium flux, in concert with 

diminished phosphorylation of tyrosine 136 in LAT, upon expression of stabilized β-catenin 

generates a similar phenotype to T cells expressing a LAT mutant at position 136 (38). T 

cells expressing a Y136F LAT exhibited reduced TCR-mediated activation of PLC-γ1, Ca2+ 

release, and IL-2 production along with intact TCR-induced ERK activation. A similar 

phenotype was described either in T cells from LAT-deficient mice or in the LAT-deficient 

Jurkat cell line J.CaM2.5 (39, 40) engineered to express the LAT homologue adapter linker 

for activation of B cells/non-T cell activation linker (LAB/NTAL). This protein contains a 

similar domain structure as LAT but is expressed mainly in B but not in T cells and lacks the 

region corresponding with tyrosine 136 in LAT. Together, these data are consistent with the 

notion that the presence of stabilized β-catenin phenocopies expression of tyrosine 136 

mutants of LAT.

It is not yet clear if expression of stable β-catenin directly gives rise to this selective LAT 

tyrosine phosphorylation defect or if this mechanism is dependent on Wnt/β-catenin target 

gene expression. Our gene expression profiling of β-catenin–transduced cells did not reveal 

any obvious candidates that could inhibit TCR signaling. It does not appear that ZAP70 

itself is functionally impaired, as tyrosine phosphorylation of ZAP70 was intact as was 

phosphorylation of other putative ZAP70 substrates, including Vav. Moreover, 
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phosphorylation at other tyrosines in LAT (Y171, Y191, and Y226) was also intact. The 

preservation of ERK phosphorylation in T cells expressing stabilized β-catenin could be 

consistent with a conserved ability of LAT to recruit Grb2 and SOS on these other 

phosphorylated tyrosines (28, 41, 42). Because it was shown in Jurkat cells that the LAT–

Grb2–SOS complex by itself is not able to compensate for RasGRP1 deficiency (43), a low-

level residual PLC-γ1 might provide enough DAG to contribute to downstream activation of 

ERK.

The armadillo repeat region of β-catenin forming a superhelix motif with a long positively 

charged groove (44) could theoretically interact with a negatively charged protein like LAT 

(45). However, using immunoprecipitation experiments, we were not able to demonstrate a 

detectable interaction between β-catenin and either LAT or PLC-γ1. Thus, if there is a direct 

protein interaction, it does not appear to be stable in standard lysis buffers. It was also 

conceivable that β-catenin might induce a phosphatase that selectively dephosphorylated 

LAT at tyrosine 136. However, exposure of β-catenin–expressing T cells to sodium vanadate 

did not restore LAT phosphorylation. Therefore, identification of the final molecular 

mechanism of this novel signaling defect will require significant further investigation.

It was recently observed that expression of stabilized β-catenin in Tregs via retroviral 

transduction increased Treg survival (21). These results suggest that β-catenin may 

contribute to the functional phenotype of Tregs. Notably, we have found that Tregs 

constitutively express stabilized β-catenin and have generated preliminary data that 

conditional deletion of β-catenin from Tregs in vitro led to a markedly decreased cell 

survival (G. Driessens and T.F. Gajewski, unpublished observations). These data support the 

notion that β-catenin may be functionally important in the Treg lineage and suggest that 

future studies conditionally deleting β-catenin selectively in peripheral Tregs in vivo will be 

of interest.

In contrast, conditional deletion of β-catenin in conventional T cells had minimal effects on 

CD3/CD28-induced activation in vitro, consistent with minimal detected expression of β-

catenin in that T cell subset. It will nonetheless be of interest to determine the effect of β-

catenin deletion on conventional T cell function in vivo, as it is expected there will be a 

condition when β-catenin is indeed stabilized during systemic immune responses that are not 

reproduced using reductionist systems in vitro. As suggested by the expression of the 

nondegradable protein, β-catenin could play an inhibitory role on T cell activation once 

activated in peripheral T cells. Teleologically, it would be surprising that T cells expend 

energy to express and then subsequently degrade β-catenin protein constitutively without a 

biologic need to stabilize it under some condition in vivo. It will be of interest to study the 

expression of Wnt family members and the potential inhibitory activity on T cells localized 

in specific microenvironments, particularly within tumors that produce Wnt ligand(s).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1. 
β-Catenin is constitutively degraded in T cells. Purified splenic T cells were pretreated with 

lactacystin (Lac) or SB216763 (SB) or activated with anti-CD3 and CD28 for 6 h and lysed. 

A, β-Catenin expression was assessed by SDS-PAGE and immunoblotting with Abs to the 

indicated proteins. A representative of three individual experiments is shown. B, The 

expression of β-catenin protein was quantified by densitometry and expressed as a ratio to 

the basal expression level. C, β-Catenin mRNA expression was measured by real-time RT-

PCR and normalized to 18S expression. The average of two separate experiments is shown. 

*p < 0.05.
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FIGURE 2. 
GSK-3β inhibition interferes with T cell activation. Purified peripheral T cells were 

stimulated with anti-CD3 and anti-CD28 mAbs in the presence of increasing concentrations 

of the GSK-3β inhibitor. A and B, Secretion of IFN-γ (A) and IL-2 (B) was measured by 

ELISA 16 h poststimulation. C, [3H]Thymidine incorporation was measured 48 h 

poststimulation. A representative of two independent experiments is shown. **p< 0.01.
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FIGURE 3. 
Expression of a nondegradable β-catenin protein inhibits effector functions of T cells. 

Purified peripheral T cells from CAR Tg mice were transduced with an EV or an adenoviral 

vector coding for a nondegradable form of the β-catenin (β-cat). A, Transduced cells were 

lysed, and β-catenin expression was assessed by SDS-PAGE and immunoblotting with Abs 

to the indicated proteins. A representative of six independent experiments is shown. B and 

C, Transduced cells were left untreated or stimulated with anti-CD3 and CD28, and 

[3H]thymidine incorporation was measured 48 h poststimulation (B), and IL-2 secretion was 
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measured by ELISA 16 h poststimulation (C). An average of six independent experiments is 

shown. D–F, CD4+ T cells were cultured under Th1 and Th2 conditions for 3 d and were 

transduced either with EV or β-cat. IL-4 produced by Th2 differentiated T cells (D) was 

measured by ELISA and IFN-γ produced by Th1 cells was measured by ELISA (E) or flow 

cytometry (F) 16 h after anti-CD3 and CD28 stimulation. G, CD4+ T cells were transduced 

with EV or β-cat and differentiated under Th17 conditions. IL-17 production was measured 

by flow cytometry 4 h after stimulation with PMA and ionomycin in presence of an inhibitor 

of the Golgi transporter. A representative of two independent experiments is shown. **p < 

0.01.
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FIGURE 4. 
Expression of stabilized β-catenin in T cells inhibits proximal TCR signaling. Purified 

peripheral T cells from CAR Tg mice were transduced with an EV or an adenoviral vector 

coding for a nondegradable form of the β-catenin (β-cat). A, Transduced cells were left 

untreated or stimulated with either anti-CD3 and CD28 or PMA and ionomycin, and IL-2 

production was measured by ELISA 16 h later. An average of four independent experiments 

is shown. B, EV or β-cat transduced T cells were analyzed by confocal immunofluorescence 

microscopy to determine the localization of β-catenin. The nuclear dye DAPI is shown in 

blue and β-catenin in red. A representative image of highly positive cells is shown (original 

magnification ×400). C, Transduced cells were analyzed by flow cytometry for the 

expression of CD28 and TCRβ. A representative of two independent experiments is shown. 

D–F, Cells were activated with anti-CD3 and anti-CD28 for indicated time points, and cell 

lysates were blotted with selected phospho-specific and total Abs as indicated (D, F) or for 

total phospho-tyrosine expression (E). A representative of three individual experiments is 

shown. *p < 0.05; **p < 0.01.
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FIGURE 5. 
Expression of stabilized β-catenin in T cells prevents activation of the LAT/PLC-γ1/Ca2+ 

pathway after TCR ligation. Purified peripheral T cells from CAR Tg mice were transduced 

with an EV or an adenoviral vector coding for a nondegradable form of the β-catenin (β-cat). 

A, To measure the Ca2+ release after TCR stimulation, transduced cells were stained with 

fluo-3 and fura red dye and incubated with a biotinylated anti-CD3 Ab. Cells were kept at 

37°C and analyzed by flow cytometry for the fluo-3 and fura red expression over time before 

and after activation of the cells with streptavidin. Ionomycin was used as a positive control. 

A representative of three individual experiments is shown. B, Cells were activated with anti-

CD3 and anti-CD28 for 5 min, and cell lysates were blotted with specific Abs as indicated. 

A representative of three individual experiments is shown.
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