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Abstract

The adaptor protein TNF receptor-associated factor 3 (TRAF3) is required for in vivo T cell 

effector functions, and for normal TCR/CD28 signaling. TRAF3-mediated enhancement of 

TCR function requires engagement of both CD3 and CD28, but the molecular mechanisms 

underlying how TRAF3 interacts with and impacts TCR/CD28-mediated complexes to enhance 

their signaling remains an important knowledge gap. We investigated how TRAF3 is recruited 

to, and regulates, CD28 as a TCR co-stimulator. Direct association with known signaling motifs 

in CD28 was dispensable for TRAF3 recruitment; rather, TRAF3 associated with the CD28-

interacting protein Linker of activated T cells (LAT) in human and mouse T cells. TRAF3-LAT 

association required the TRAF3 TRAF-C domain and a newly identified TRAF2/3 binding 

motif in LAT. TRAF3 inhibited function of the LAT-associated negative regulatory protein 

Dok1, which is phosphorylated at an inhibitory tyrosine residue by the tyrosine kinase Breast 

tumor kinase (Brk/PTK6). TRAF3 regulated Brk activation in T cells, limiting association of 

Protein tyrosine phosphatase 1B (PTP1B) with the LAT complex. In TRAF3-deficient cells, LAT 

complex-associated PTP1B was associated with dephosphorylation of Brk at an activating tyrosine 

residue, potentially reducing its ability to inhibit Dok1. Consistent with these findings, inhibiting 

PTP1B activity in TRAF3-deficient T cells rescued basal and TCR/CD28-mediated activation of 

Src family kinases. These results reveal a new mechanism for promotion of TCR/CD28-mediated 

signaling through restraint of negative regulation of LAT by TRAF3, enhancing understanding of 

regulation of the TCR complex.
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Introduction

TRAF3 is an intracellular adaptor protein with versatile cell type- and context-specific roles 

(1). While the roles of TRAF3 have been most extensively studied in B lymphocytes and 

myeloid cells, a growing body of literature supports its role as a key regulator in T cell 

biology (reviewed in 2). Mice with T cell-specific deletion of Traf3 from the CD4+CD8+ 

stage of development onward (T-Traf3−/−) have normal numbers of conventional CD4+ and 

CD8+ T cells. However, these T cells exhibit impaired TCR/CD28 signaling, associated with 

defective in vivo responses to antigen and pathogen challenge (3) and an altered balance of 

effector memory T cell populations (3, 4). In contrast to conventional T cells, development 

of invariant NK T (iNKT) cells is markedly reduced in the absence of TRAF3, as TCR-

mediated upregulation of the key transcription factor Tbet is impaired (5). Strength of TCR-

mediated signaling is important for the differentiation of helper T cell subsets (6-8), and can 

be an important predictor of successful T cell-mediated immune responses. While defective 

TCR/CD28 signaling contributes to the markedly defective T cell responses to immunization 

and infection displayed by the T-Traf3−/− mouse (3), TRAF3 also regulates the functions of 

additional T cell-expressed receptors. These include several types of cytokine receptors (5, 

30) as well as T cell-expressed TNFR superfamily receptors (reviewed in 2), so assessment 

of complex in vivo immune responses mediated by TRAF3-deficient T cells cannot reveal 

precisely how TRAF3 regulates signaling by CD28. We thus turned to in vitro models to 

determine the molecular mechanisms underlying this important role of T cell TRAF3.

The earliest detectable defect in TCR signaling in TRAF3-deficient T cells is activation 

of the Src family kinase Lck. TRAF3-deficient T cells display increased localization of 

the inhibitory kinase Csk and the protein tyrosine phosphatase 22 (PTPN22) to the plasma 

membrane, where they negatively regulate Lck activation (9). T cell TRAF3 normally 

facilitates Lck activation via sequestration of both Csk and PTPN22 to the cytoplasm, 

resulting in enhanced TCR/CD28 signaling (9). Interestingly, while defects in TCR/CD3 

signaling alone are seen in TRAF3-deficient T cells, the defects are much more evident in 

TCR + CD28-stimulated cells (3).

This initial observation of markedly defective TCR function in TRAF3-deficient T cells 

led to the unexpected finding that TRAF3 localizes to the TCR complex, with enhanced 

recruitment upon engagement of both CD3 and CD28; engagement of CD28 alone is not 

sufficient to effectively recruit TRAF3 to the complex (3). A key remaining knowledge 

gap has been identifying the molecular mechanisms by which TRAF3 interacts with the 

CD28 signaling complex, to both enhance TRAF3 recruitment to the TCR complex, and 

promote CD28 signaling. We hypothesized that TRAF3 is recruited directly via CD28, or 

by a CD28-associated adaptor protein, such as the important adaptor molecule LAT. LAT 

was of particular interest, because it balances TCR/CD28 signaling through interactions with 

both positive and negative regulatory molecules (10-13), although it has not been previously 

reported to interact with TRAF3.

Results presented here show that TRAF3 associated with LAT in both human and mouse T 

cells, and this association required a TRAF2/3 binding motif we newly identified in LAT. 

Association of TRAF3 with the TRAF2/3 binding motif in LAT, rather than directly with 
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CD28, suggested that LAT, rather than CD28, mediated the recruitment of TRAF3 to the 

TCR/CD28 complex. We found that TRAF3 enhanced TCR/CD28 signaling concomitant 

with restraining negative regulators of LAT function. TRAF3 promoted the inactivation and 

degradation of the LAT-associated negative regulatory molecule Dok1 (11, 14-15). Further, 

TRAF3 regulated the tyrosine kinase Breast tumor kinase (Brk/PTK6) and the protein 

phosphatase PTP1B (16-18), in a manner that inhibited Dok1 activation, and enhanced LAT-

mediated CD28 signaling. These findings reveal a new mechanism by which TCR/CD28 

signaling is regulated by the multifaceted adapter protein TRAF3, and reveal TRAF3 as an 

important component of promoting LAT signaling in T cells.

Materials and Methods

Mice:

Traf3flox/flox mice, backcrossed extensively to C57Bl/6 mice (19), and bred to Cd4-Cre mice 

to generate T-Traf3−/− mice, were previously described (3-4, 9). CD28 AYAA and Y170F 

knock-in mice (20-21), were provided by Dr. Kelvin Lee (Roswell Park Comprehensive 

Cancer Center, Buffalo, NY). Adult mice (2-6 months; similar numbers of males and 

females) were used, and littermates were used as controls for all experiments. All mice 

were maintained under specific pathogen-free conditions at the University of Iowa and used 

in accordance with NIH guidelines under an animal protocol approved by the Animal Care 

and Use Committee at the University of Iowa.

Mouse primary T cell isolation:

Splenic T cells were purified from adult (2-6 months) mice as previously described (3, 9). 

Briefly, pan-T cells were isolated with a negative selection kit (STEMCELL Technologies, 

Vancouver, Canada) according to the manufacturer’s protocol. Isolated cells were washed 

with serum-free RPMI 1640 (Life Technologies, Grand Island, NY) prior to use.

Cell lines and culture:

HEK 293T cells were obtained from the ATCC (Manassas, VA) and maintained in DMEM 

supplemented with 10% heat-inactivated FBS (Life Technologies), 2 mM L-glutamine (Life 

Technologies), and 100 U/ml penicillin-streptomycin (Life Technologies).

HT28.11, a subclone of the human CD4 T cell line HuT78 transfected to stably express 

CD28 (22), was a gift from Dr. Arthur Weiss (University of California, San Francisco, CA). 

The TRAF3−/− subclone of HT28.11 cells, referred to here as crTRAF3−/− or crT3−/−, was 

described previously (9). The mouse T cell hybridoma line 2B4 was described previously 

(23). All T cell lines were maintained in RPMI 1640 (Life Technologies) supplemented 

with 10 μM 2-β-mercaptoethanol (VWR International, Radnor, PA), 10% heat-inactivated 

FBS (Life Technologies), 2 mM L-glutamine (Life Technologies), and 100 U/ml penicillin-

streptomycin (Life Technologies).

Antibodies and reagents:

Antibodies (Abs) used for immunoblotting included the following. Rabbit anti-β-actin 

(13E5), rabbit anti-Brk (D4O2D), rat anti-CD3ε (CD3-12), rabbit anti-K48 Ub (D9D5), 
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rabbit anti-LAT (E3U6J), rabbit anti-Lck (cat #2752), rabbit anti-phosphoSrc Y416 (D49G4, 

used to detect pFyn Y416 and pLck Y394), rabbit anti-PTP1B (cat #5311, used to detect 

PTP1B association with Brk in Fig 5H), and rabbit anti-TRAF3 (cat #4729) were purchased 

from Cell Signaling Technologies (Danvers, MA). Mouse anti-PTP1B (Ab38675) Ab, used 

to detect PTP1B expression in cell lysates, was purchased from Abcam (Cambridge, MA). 

Mouse Abs against FLAG (M2) and HA (HA-7) were purchased from Sigma-Aldrich (St. 

Louis, MO). Rabbit anti-phosphoDok1 Y362 (cat # PA5-37548) and rabbit anti-phosphoBrk 

Y447 (cat #PA5-38413) Abs were purchased from Invitrogen (Carlsbad, CA). Rabbit anti-

cIAP Ab (cat #10022-1 AP) was purchased from Proteintech (Rosemont, IL). Mouse anti-

Brk (G-6), goat anti-CD28 (M-20), mouse anti-Dok1 (A-3), mouse anti-GAPDH (6C5), and 

rabbit anti-TRAF3 (H-122 and M-20) Abs were purchased from Santa Cruz Biotechnology 

(Dallas, TX). Rabbit Abs against LAT (cat #06-807) and phosphoBrk Y342 (cat #09-144) 

were purchased from Millipore (Burlington, MA). Stimulatory monoclonal Abs (mAbs) 

against human and mouse CD3ε (OKT3 and 2C11, respectively) and CD28 (CD28.6 and 

37.51, respectively) were purchased from eBioscience (San Diego, CA). The Brk inhibitor 

Cpd 4f was purchased from Millipore. The PTP1B inhibitor TCS-401 was purchased from 

Santa Cruz Biotechnology.

Plasmid constructs:

pCMV3-FLAG-CD28 was purchased from Sino Biological (Chesterbrook, PA). 

pCDNA3-TRAF3-HA, pCDNA3-TRAF3ΔRing/Zn-HA, and pCDNA3-TRAF3ΔTRAFC-

HA were described previously (4, 9, 24). pCDNA3-LATQ212A-FLAG was produced 

using subcloning by overlap extension PCR (25). PCR primers for generating the 

5’ section of the construct were hLAT-F (ttataagcttgccgccaccatggaggaggccatcctgg) 

and Q212A-R (tctgcctccgcggaactcagggcggcaggctcag). Primers for the 3’ section 

were Q212A-F (gagttccgcggaggcagaggaagtggaggaagagggggctcc) and hLAT-FLAG-R 

(aaaatctagattcacttgtcatcgtcatccttgtagtcgttcagctcctgcagattctc). The 5’ and 3’ sections were 

joined by PCR using a mixture of the purified sections as template for amplification with 

hLAT-F and hLAT-FLAG-R. The final PCR product was purified, cut with HindIII and XbaI, 

and ligated into pCDNA3 cut with the same enzymes.

HEK 293T transfection:

1x106 HEK 293T cells per well of a 6 well plate were transiently transfected with the 

plasmids listed above as previously described (9), with the following modifications. 1 μg of 

plasmid DNA and 3 ul of Lipofectamine 3000 in Opti-MEM (both purchased from Thermo 

Fisher, Waltham, MA) were added per well, and cells were incubated for 48 hours. Cells 

were harvested and lysed for 30 minutes on ice with immunoprecipitation lysis buffer (0.5% 

Triton X-100, 100 mM NaCl, 40 mM Tris pH 7.5, 0.05 mg/ml DNase I, EDTA-free mini 

complete protease inhibitor, 1 mM CaCl2, and 1 mM MgSO4). Immunoprecipitations were 

performed by incubating lysates with anti-HA and anti-FLAG Abs (9).

Immunoprecipitation (IP):

TCR/CD28 IPs were performed as previously described (3). All other IPs were performed as 

follows. 15-30x106 T cells per timepoint were incubated with 10 μg/ml each of anti-CD3ε 
(OKT3 or 2C11) and anti-CD28 (CD28.6 or 37.51) mAbs for 30 minutes on ice prior to 
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stimulation in a 37°C water bath for 3 or 7 minutes. Cells were lysed with 200 μl lysis 

buffer (0.5% Brij 97, 1% n-Octyl-β-d-glucopyranoside, 150 mM NaCl, 25 mM Tris pH 8, 

0.05 mg/ml DNase I, EDTA-free mini complete protease inhibitor, 1 μM Na3VO4, 1 mM 

CaCl2, 1 mM MgSO4) on ice for 30 minutes. Precleared lysates were incubated with IP 

Abs at a concentration of 1:100 (in a total volume of 200 μl) on a rotator at 4°C overnight. 

Samples labeled ‘C’ received stimulatory Abs, but not IP Abs. The rest of the IP protocol 

was performed as previously described (9).

Dok1 degradation assay:

1x106 cells were plated in 500 μl serum-free RPMI in a 48 well plate. Cells were incubated 

at 37°C with 10 μg/ml each of anti-CD3ε (OKT3 or 2C11, eBioscience) and anti-CD28 

(CD28.6 or 37.51, eBioscience) Abs for up to 6 hours. Cell pellets were resuspended in 2x 

SDS-PAGE sample buffer and sonicated to prepare whole cell lysates.

Inhibitor experiments:

HT28.11 cells were serum-starved for 24 hours, and 0.5x106 cells (HT28.11 cells) or 1x106 

cells (primary mouse T cells) per well were plated in 210 μl serum-free RPM1 in a 48 well 

plate. Cells were treated with 10 μl of DMSO or inhibitor (for PTP1B inhibition, 5.3 μM 

TCS-401; for Brk inhibition, 20 nM Cpd 4f) and incubated at 37°C for 2 hours. Cells were 

washed three times with serum-free RPMI and stimulated with 10 μg/ml each of anti-CD3ε 
(OKT3 or 2C11, eBioscience) and anti-CD28 mAbs (CD28.6 or 37.51, eBioscience) for 3 

minutes at 37°C. Cell pellets were resuspended in 2x SDS sample buffer and sonicated to 

prepare whole cell lysates.

Western blot analysis:

Proteins were separated by SDS-PAGE and transferred onto PVDF membranes for Western 

blotting as previously described (3-4, 9). Blots were imaged using Fujifilm LAS-4000, and 

densitometry was performed using Fujifilm Multi Gauge software (Fujifilm Life Sciences, 

Cambridge, MA).

Statistical analysis:

Results are presented as means ± SEM, and graphs and statistical analyses were prepared 

using GraphPad Prism software (San Diego, CA). Two-way ANOVA was used for statistical 

comparison of multiple groups, unless otherwise indicated. For analysis of data normalized 

to a reference group, the reference group used to calculate fold change was not included in 

the ANOVA. Statistical significance was set as p <0.05.

Results

TRAF3 recruitment to the TCR/CD28 complex

TRAF3 is recruited to the TCR/CD28 complex, with optimal recruitment seen upon 

engagement of both CD3 and CD28 (3). The cytoplasmic domain of CD28 contains multiple 

motifs previously identified as important for signal transduction, including the membrane-

proximal YMNM motif and the membrane-distal PYAP motif (20-21, 26). The latter, which 
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is particularly important for CD28-dependent proliferation and cytokine production (20-21, 

26), resembles a putative TRAF2/3 binding motif (3). We thus tested the requirement for one 

or both signaling motifs for TRAF3 recruitment to the TCR/CD28 complex. Based upon our 

published studies of TRAF3 interactions with other proteins (9, 27-28), we predicted that the 

TRAF-C domain of TRAF3 would be required for TRAF3-CD28 interactions. To test these 

predictions, we transfected HEK 293T epithelial cells with plasmids encoding WT CD28, 

and either full length TRAF3, or mutant versions lacking the RING/Zn finger or TRAF-C 

domains (Fig. 1A). Neither full length nor mutant TRAF3 directly associated with CD28; 

this was confirmed by performing a reciprocal immunoprecipitation (IP) (Fig. 1B).

We also tested the importance of the published CD28 signaling motifs in TRAF3 

recruitment via a complementary approach, using primary mouse T cells expressing either 

wildtype CD28, CD28 with the PYAP motif mutated to AYAA, or CD28 with the YMNM 

motif mutated to FMNM (indicated as Y170F). There was no distinguishable difference in 

TRAF3 recruitment to the TCR/CD28 complex in T cells expressing wildtype vs. mutant 

CD28 (Fig. 1C). These results, together with those described above in HEK 293T cells, lead 

to the conclusion that direct association with CD28 itself is not critical for the recruitment 

of TRAF3 to the TCR/CD28 complex, and thus TRAF3 is likely recruited to this complex 

primarily through its interactions with other CD28-associated proteins.

Association of TRAF3 with LAT in T cells

We performed motif analysis of several CD28-associated proteins (Eukaryotic Linear Motif 

Database, 29), identifying a previously unreported putative TRAF2/3 binding motif in the 

cytoplasmic domain of LAT (SSQE, amino acids 211-213 in the human sequence). We 

thus tested if TRAF3 associated with LAT in intact T cells. This association was found 

in HT28.11 human T cells, 2B4 mouse T cells, and primary mouse T cells (Fig. 2A). 

The TRAF3-LAT association was observed in all T cell types examined (Fig. 2B), and 

in 2B4 and primary mouse T cells, there was a trend towards increased association with 

in vitro stimulation via CD3 and CD28. These results indicate that TRAF3 associated 

with the TCR/CD28 complex via its interaction with LAT. Given the finding that the 

association did not absolutely require TCR complex signaling, it is possible that TRAF3 

associates constitutively with a fraction of LAT that is not TCR/CD28 associated in resting 

T cells. TRAF3 may then enhance LAT-promoted TCR/CD28 signaling when the complex is 

brought together in the plasma membrane by ligation.

To investigate structural requirements for the association between TRAF3 and LAT, we 

transfected HEK 293T cells with constructs encoding full length and mutant TRAF3, or full 

length and mutant LAT. The LAT mutant has a single amino acid substitution in the putative 

TRAF2/3 binding motif that we identified, such that SSQE becomes SSAE, indicated as 

LATQ212A (Fig. 3A). The TRAF2/3 binding motif is conserved across species (Fig. 3B). 

The N-terminal RING/Zn finger domain of TRAF3 was dispensable for the TRAF3-LAT 

association, whereas the TRAF-C domain was required for the association with LAT (Fig. 

3C). Mutation of a single amino acid in the TRAF2/3 binding motif of LAT ablated the 

interaction between TRAF3 and LAT (Fig. 3D). These results indicate that this newly 
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identified TRAF2/3 binding motif in the cytoplasmic domain of LAT is necessary for the 

association between TRAF3 and LAT.

Effect of TRAF3 upon activity and stability of Dok1

The findings presented in Figs. 2-3 show TRAF3-LAT interactions as important for the 

localization of TRAF3 to the TCR/CD28 complex, and potentially necessary for TRAF3 to 

enhance the function of the complex. We next wished to determine the impact of TRAF3 

upon LAT-mediated signaling. Based upon our recent findings that TRAF3 sequesters 

the Lck inhibitors PTPN22 and Csk in the cytoplasm to enhance TCR signaling (9), 

and additional evidence of restraint of inhibitory signaling pathways by TRAF3 in other 

circumstances (30), we focused our efforts upon TRAF3 interactions with the LAT complex-

associated negative regulatory molecule Dok1 (11, 14-15). TRAF3 associated with Dok1 

upon stimulation through CD3/CD28 in both human and mouse T cells (Fig. 4A, 4B). 

Phosphorylation of Dok1 at Y362 inhibits its activity and targets Dok1 for proteasomal 

degradation (17). We found less pDok1 Y362 (inactivated Dok1) associated with the LAT 

complex in TRAF3-deficient T cells compared to WT T cells (Fig. 4C). There was also less 

pDok1 Y362 relative to total Dok1 in TRAF3−/− T cells stimulated through CD3/CD28 (Fig 

4C, 4D). Thus, TRAF3 in T cells may inhibit Dok1-mediated inactivation of LAT function.

As mentioned above, phosphorylation of Dok1 at Y362 targets it for proteasomal 

degradation. We thus wished to determine the impact of TRAF3 on K48-linked 

polyubiquitination and degradation of Dok1. There was minimal difference in the 

association of the E3 ubiquitin ligase TRAF2, known to associate with TRAF3 to induce 

K48-mediated ubiquitination of target proteins, with the LAT complex in WT and TRAF3-

deficient T cells (Supplemental Fig. 1A, 1B). Furthermore, we did not detect association 

of the TRAF2-binding E3 ubiquitin ligases cIAP1/2, with the LAT complex in either WT 

or TRAF3-deficient T cells (Supplemental Fig. 1C). This indicates that the TRAF2/cIAP 

complex is likely not responsible for enhanced K48-linked ubiquitination of Dok1 in the 

presence of TRAF3 (Fig. 4E).There was a decrease in total Dok1 protein in whole cell 

lysates from TRAF3-sufficient human (Fig. 4F, 4G) and mouse T cells (Fig. 4H, 4I) 

compared to TRAF3-deficient T cells. This is consistent with previous reports (17), and 

with our finding that there is K48-linked polyubiquitin associated with Dok1 in WT but not 

TRAF3-deficient T cells. These findings indicate that TRAF3 promotes the inactivation and 

degradation of Dok1, thus enhancing TCR/CD28 signaling.

TRAF3-mediated regulation of Brk

Phosphorylation of Dok1 at Y362 is mediated by the tyrosine kinase Brk (PTK6) (17). We 

thus asked if Brk was involved in TRAF3-mediated promotion of Dok1 inactivation. We 

found that unstimulated primary mouse T cells express Brk, and found similar Brk protein 

abundance in WT and TRAF3-deficient T cells (Supp. Fig. 2A, 2B). TRAF3 associated 

with Brk upon stimulation through CD3/CD28 in both human and mouse T cells (Fig. 

5A, 5B). Brk also associated with the LAT complex in WT, but not TRAF3-deficient T 

cells (Fig. 5C). This suggests that TRAF3 promotes the recruitment of Brk to the TCR/

CD28-associated LAT complex, allowing Brk better access to Dok1.
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To determine the impact of TRAF3 on Brk activation, we examined the phosphorylation 

status of Brk in TRAF3-sufficient and deficient T cells. Phosphorylation of Brk at Y342 is 

activating, while phosphorylation at Y447 is inhibitory; overall Brk activity depends upon a 

balance between phosphorylation at these sites (18). We thus predicted higher Brk activation 

in the presence of TRAF3. Consistent with this prediction, we observed a stimulation-

dependent increase in pBrk Y342 in WT T cells, while there was a decrease in pBrk Y342 

upon stimulation in TRAF3−/− T cells (Fig. 5D, 5E). The pattern of phosphorylation was 

the opposite for pBrk Y447, with a decrease in pBrk Y447 upon stimulation through CD3/

CD28 in WT T cells, and an increase in pBrk Y447 in TRAF3−/− T cells (Fig. 5F, 5G). 

These results suggest that TRAF3 restrains the inhibitory activity of Dok1 by promoting the 

activity of Brk. This in turn leads to enhanced LAT function and TCR/CD28 signaling.

Dephosphorylation of Brk at Y342 is mediated by the protein phosphatase PTP1B (31-32), 

so we examined the impact of T cell TRAF3 expression on the association between Brk and 

PTP1B. We found that this association was enhanced in TRAF3−/− T cells, compared to their 

WT counterparts (Fig. 5H, 5I), consistent with the decreased levels of pBrk Y342 in T cells 

lacking TRAF3. There is less Brk associated with the LAT complex in TRAF3−/− T cells; it 

is possible that dephosphorylation of Brk at Y342 by PTP1B diminishes Brk association with 

the LAT complex.

To determine the role of Brk in TCR/CD28 signaling, we treated TRAF3-sufficient and 

-deficient T cells with the selective Brk inhibitor Cpd 4f (32). Based upon our recent 

findings that TRAF3 is required for optimal activation of the Src family kinases, one of the 

earliest events following TCR engagement (9), we investigated the impact of Brk inhibition 

upon phosphorylation of Fyn and Lck. Cpd 4f-treated WT human (Fig. 5J, K) and primary 

mouse T cells (Supp. Fig. 2C, 2D) exhibited decreased Src kinase activation, compared 

to their DMSO-treated counterparts. In contrast, there was no detectable difference in Src 

kinase activation between Cpd 4f-treated TRAF3-deficient T cells and their DMSO-treated 

counterparts. These results are consistent with the conclusion that TRAF3-Brk interactions 

may contribute to the role played by TRAF3 in promoting TCR/CD28 signaling.

We next examined the impact of Brk inhibition on the activity of Dok1 associated with 

the LAT complex, to confirm that Dok1 Y362 is a substrate of Brk (Supp. Fig 3A, 3B). 

Consistent with the impaired TCR complex-mediated Src kinase activation observed in WT 

T cells treated with the Brk inhibitor Cpd 4f (Fig. 5J, 5K, and Supp. Fig. 2B, 2C), there 

is less pDok1 Y362 associated with the LAT complex in Cpd 4f-treated WT T cells. Thus, 

Brk inhibition is associated with greater activation of LAT-associated Dok1. This in turn can 

facilitate Dok1-mediated restraint of LAT function and TCR/CD28 signaling.

Interaction between TRAF3 and PTP1B

TRAF3 constitutively associated with the phosphatase PTP1B in T cells (Fig. 6A, 6B). To 

understand how this interaction contributes to the TRAF3-mediated enhancement of TCR/

CD28 signaling, we examined PTP1B recruitment in WT and TRAF3−/− T cells, finding 

enhanced recruitment of PTP1B to the LAT complex in TRAF3−/− T cells. (Fig. 6C). This 

suggests that in the absence of TRAF3, PTP1B preferentially localizes to the LAT complex, 

where it can dephosphorylate Brk at Y342 and facilitate the restraint of TCR/CD28 signaling.
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To further address the role of PTP1B in restraint of TCR/CD28 signaling, we treated 

TRAF3-sufficient and deficient T cells with TCS-401, a selective competitive inhibitor of 

PTP1B (34). We first investigated the impact of PTP1B inhibition upon activation of the 

Src family kinases Fyn and Lck, the earliest observed defect in CD3/CD28 signaling in 

TRAF3-deficient T cells (9). TCS-401-treated TRAF3-deficient human (Fig. 6D, 6E) and 

primary mouse T cells (Fig. 6F, 6G) exhibited increased Src kinase activation, compared to 

their DMSO-treated counterparts. TCS-401-treated WT human T cells exhibited increased 

phosphorylation of Brk at Y342, confirming the role of PTP1B in regulation of Brk activity 

via dephosphorylation at Y342 (Supp. Fig. 4A, 4B). There was minimal difference in 

phosphorylation of Brk at Y447 between DMSO-treated and TCS-401-treated WT cells. 

Interestingly, in contrast to their WT counterparts, TCS-401-treated TRAF3-deficient T 

cells exhibited increased phosphorylation of Brk at Y447 (Supp. Fig. 4C, 4D).This may be 

due to altered autophosphorylation of Brk, or to the unhindered activity of the tyrosine 

kinase SRMS, which also phosphorylates Brk at Y447, in the absence of functional PTP1B 

(32). These results indicate that lack of normal restraint of PTP1B may contribute to 

the impairment in LAT-mediated CD3/CD28 signaling observed in TRAF3-deficient T 

cells. Thus, T cell TRAF3 plays key mechanistic roles in ‘inhibiting the inhibitors’ of 

normal LAT-enhanced TCR complex signaling, to ultimately promote TCR/CD28-mediated 

functions.

Discussion

It is becoming increasingly clear that TRAF3 plays multiple important roles in T cell 

biology (reviewed in 2). Our group’s initial characterization of the T-Traf3−/− mouse, 

which lacks TRAF3 in all mature T cells, revealed that TRAF3 is important for TCR/

CD28-mediated effector function and cytokine production (3). We continue to expand our 

understanding of the role of TRAF3 in various aspects of T cell biology (4-5, 9, 35).

The initially unexpected finding that TRAF3 is recruited to the TCR/CD28 complex in 

normal T cells (3) led us to question how TRAF3 is recruited to this complex, and how it 

enhances CD28 signaling downstream of Lck activation, one of the earliest events in the 

signaling cascade. As TRAF3 regulates various types of receptors in T cells, alterations in 

multiple signaling pathways undoubtedly contribute to the documented defective in vivo T 

cell responses in T-Traf3−/− mice. Thus, analysis of T cell responses in vivo cannot reveal 

precisely how TRAF3 regulates signaling by a specific receptor complex. We thus turned 

to in vitro models to identify the molecular mechanisms by which TRAF3 is recruited to, 

and enhances the function of, the TCR/CD28 complex. The data presented here uncover 

an important interaction between TRAF3, via the TRAF-C domain, and LAT, via a highly 

conserved TRAF2/3 binding motif, in recruitment of TRAF3 to the TCR/CD28 complex. To 

our knowledge, this is the first time that LAT has been shown to associate with a signaling 

protein independent of phosphorylated tyrosine residues in the LAT intracellular domain.

LAT can be recruited to the TCR complex upon engagement of CD3 alone, which raises 

the question of why TRAF3 recruitment is difficult to detect upon engagement of only 

CD3 (3), if TRAF3 can constitutively associate with LAT. It should be noted that T cell 

TRAF3 deficiency does in fact modestly impact activation of TCR-associated signaling 

Arkee et al. Page 9

J Immunol. Author manuscript; available in PMC 2022 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



molecules following engagement of CD3 alone (3), so there may be a small amount of 

recruitment in the absence of CD28 engagement, not easily detected by co-IP. However, 

CD28 stimulation is likely to enhance the recruitment of LAT specifically to the TCR 

complex, and/or promote clustering of key signaling molecules at the plasma membrane 

via modulation of cytoskeletal dynamics and vesicular trafficking, as suggested by a recent 

report (36). Additionally, there are multiple pools of LAT in the cell, including plasma 

membrane-associated and vesicular LAT, as well as multiple pools of TRAF3 (37). CD28 

signaling may enhance the trafficking of vesicles containing LAT associated with TRAF3 to 

the plasma membrane, facilitating the recruitment of TRAF3 to the TCR/CD28 complex.

Mutation of a single amino acid in the TRAF2/3 binding motif in LAT prevented the 

interaction between TRAF3 and LAT. This suggests the possibility that the Q212A 

LAT mutation could phenocopy some of the features of TRAF3 deficiency in T cells. 

Unfortunately, direct experimental testing of this possibility faces technical challenges. 

Cells lacking normal LAT would be the optimal model in which to test functions of 

introduced WT vs. mutant forms of LAT. However, LAT deficiency in vivo results in a 

complete absence of T cells, and inhibition of LAT expression in the HuT78 T cell line 

interferes with TCR surface expression and signaling (JCDH, unpublished data), which 

prevents interpretation of such experiments. Thus, we have not created a LAT Q212A-

expressing T cell line. LAT-deficient Jurkat T cell lines with functional TCRs exist (38), 

but data interpretation is complicated because Jurkat T cells lack the negative regulatory 

phosphatase PTEN (39). Thus, we have not used Jurkat as a model for TRAF3 signaling, as 

TRAF3 impacts receptor-associated phosphatase recruitment and activity via several distinct 

receptors (30, 35), including PTP1B in the present study. The impact of the LAT Q212A 

mutation on TRAF3 recruitment to, and function of, the TCR/CD28 complex is an area for 

future investigation.

The present study shows that TRAF3 regulated the LAT-associated negative regulatory 

molecule Dok1, by promoting its phosphorylation at Y362 and subsequent inactivation and 

proteasomal degradation. To date, studies of Dok1 have focused upon its role as a negative 

regulator of CD3 and the CD3-associated signaling molecule Zap70 (14, 40). Our results 

show that Dok1 plays a previously unrecognized role as a negative regulator of signaling 

more proximal to the LAT complex. TRAF3 often promotes K48-mediated ubiquitination 

leading to protein degradation by recruiting the TRAF2/cIAP complex to TRAF3-associated 

proteins (1, 41). However, we showed here that there was minimal difference in recruitment 

of TRAF2, and no recruitment of cIAP, to the LAT complex in TRAF3-sufficient versus 

-deficient T cells, indicating that the TRAF2/cIAP complex is highly unlikely to mediate the 

ubiquitination of Dok1 we observed.

TRAF3 promoted the inhibition of Dok1 by enhancing its interactions with the inhibitory 

kinase Brk (Fig. 5). Prior to our study, Brk was not well studied in lymphocytes; we 

show here for the first time that Brk associates with both TRAF3 and the LAT complex 

in T cells. Interestingly, Brk contains a predicted TRAF2/3 binding motif, as does PTP1B, 

which dephosphorylates Brk at its activating tyrosine (Y342) in the absence of TRAF3. 

Our data show that the association between Brk and PTP1B was enhanced, as was 

localization of PTP1B to the LAT complex, in TRAF3-deficient T cells. This raises the 
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possibility that TRAF3 acts as a barrier between Brk and PTP1B, preventing Brk from 

being inactivated, by sequestering PTP1B from the LAT complex. It is also possible that 

interactions between TRAF3 and Brk alter intramolecular interactions within Brk (42-43), 

and promote phosphorylation of Y342, whereas Brk may be more likely to exist in an 

autoinhibited conformation in the absence of TRAF3, and/or is more easily targeted by the 

tyrosine kinase SRMS (32).Such molecular interactions may partially explain the increased 

phosphorylation at Y447 observed in TCS-401-treated TRAF3−/− T cells (Supp. Fig. 4C-D). 

It would be of interest in future work to determine if TRAF3 prevents Brk and PTP1B from 

physically interacting with each other, and/or if TRAF3 affects the phosphorylation status of 

PTP1B. Recent studies indicate that the stability of PTPN22, which TRAF3 also regulates to 

promote TCR/CD28 signaling, is enhanced upon Ser751 phosphorylation (44).

We previously demonstrated that TRAF3 does not detectibly alter the differentiation of 

CD4+ T cells into TH1 and TH2 subsets in vitro (3). However, TRAF3 does play a 

role in maintenance of memory CD8+ T cell populations (4). TRAF3 is also required 

for TCR signaling-mediated upregulation of Tbet, for normal IL-15 receptor function in 

developing iNKT cells, and for restraint of IL-2R signaling, which has implications for Treg 

differentiation (3-5, 35). TRAF3 impacts signaling through the TCR, cytokine receptors, and 

members of the TNFR superfamily, all of which play a role in T cell subset differentiation; 

the results of studies interrogating the impact of TRAF3 on T cell differentiation are thus 

complex to interpret, as discussed above (3, 5, 8). The role of TRAF3 in the differentiation 

of other T cell subsets, such as TFH, TH17, and TRM cells, is currently unknown and is an 

area of future interest.

Our study provides a mechanistic basis to explain how TRAF3 associates with and regulates 

T cell CD28 function, to ultimately promote early TCR complex signaling. Our results also 

introduce Brk and PTP1B as two new participants in the regulation of TCR/CD28 signaling 

via LAT. Fig. 7 presents a model depicting how we propose TRAF3 regulates the activity 

status of Dok1, and subsequently impacts TCR/CD28 signaling (Fig. 7). These results add 

new mechanisms of regulation, and additional signaling molecules, to our understanding of 

TCR/CD28-mediated activation, potentially identifying additional targets for manipulation 

of T cell functions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations used in this article:

Abs Antibodies

Brk (PTK6) Breast tumor kinase

IP Immunoprecipitation

iNKT cells invariant NK T cells

LAT Linker of Activated T cells

TCR T cell receptor

PTP1B Protein tyrosine phosphatase 1B

PTPN22 Protein tyrosine phosphatase 22

SEM Standard error of the mean

TRAF3 TNF receptor-associated factor 3

WB Western blot

WCL Whole cell lysate

WT Wildtype
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Key points:

• TRAF3 is recruited to the TCR/CD28 complex and interacts with LAT.

• TRAF3 enhances TCR/CD28 signaling and restrains the negative LAT 

regulator Dok1.

• TCR-induced kinase activation in TRAF3−/− T cells is enhanced by inhibiting 

PTP1B.
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Figure 1. TRAF3 recruitment to the TCR complex does not require direct TRAF3-CD28 
association.
A) TRAF3 and CD28 constructs used in HEK 293T cell transfections. ‘C. coil’ denotes 

coiled coil domain, ‘EX’ denotes extracellular domain, ‘TM’ denotes transmembrane 

domain, and ‘CYT’ denotes cytoplasmic domain. B) HEK 293T cells were transfected with 

plasmids encoding HA-tagged TRAF3 and FLAG-tagged CD28 (constructs shown in Fig. 
1A). IP with Abs against HA (left) or FLAG (right) was performed on cell lysates, followed 

by Western blot (WB) analysis to assess the association of TRAF3 constructs with CD28 

(upper panels). Blots of whole cell lysates (WCL) appear in the lower panels. Blots are 

representative of 3 independent experiments. C) Primary mouse T cells were isolated from 
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mice expressing wildtype CD28, CD28 AYAA, or CD28 Y170F as described in Materials 

and Methods. Cells were stimulated with anti-CD3/anti-CD28 Abs for the times indicated 

and lysed. The TCR/CD28 complex was immunoprecipitated with the stimulatory Abs, and 

samples were subjected to WB analysis to assess the association of TRAF3 with the TCR/

CD28 complex. Blots are representative of 3 independent experiments.
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Figure 2. TRAF3 association with LAT in T cells.
A) Unstimulated HT28.11 (human), 2B4 (mouse), and primary mouse T cells were lysed 

and subjected to IP with isotype control or anti-TRAF3 Abs. LAT association with TRAF3 

was assessed by WB. Blots are representative of 4-6 independent experiments. B) T cells 

listed in A were stimulated with anti-CD3/anti-CD28 Abs for the times indicated and lysed. 

Lysates were subjected to IP with anti-TRAF3 Ab, followed by WB analysis to assess 

TRAF3 association with LAT. ‘C’ indicates samples that received stimulatory Abs only, i.e. 

no IP Ab added after lysis, to control for any association of LAT with the stimulatory Abs.
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Figure 3. Association between TRAF3 and LAT requires the TRAF-C domain of TRAF3, and an 
intact TRAF2/3 binding motif in LAT.
A) TRAF3 and LAT constructs used in HEK 293T cell transfections. Q212 refers to the 

amino acid sequence of human LAT. B) Sequence conservation across a wide range of 

species of the TRAF2/3 binding motif in LAT (generated with WebLogo). C) HEK 293T 

cells were transfected with the HA-TRAF3 and full-length LAT constructs depicted in 

A. HA was immunoprecipitated, and LAT association was assessed by WB (top). Protein 

expression in input whole cell lysates (WCL) is also shown (bottom). D) HEK 293T cells 

were transfected with HA-TRAF3 and LATQ212A constructs depicted in A, and HA was 

immunoprecipitated as in B. LATQ212A association with TRAF3 was assessed by WB 

(top), and protein expression in input WCL is also shown (bottom). Blots shown in B and C 

are from a single experiment and are representative of at least 3 independent experiments.
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Figure 4. Enhanced inactivation and degradation of Dok1 in the presence of TRAF3.
A) Human HT28.11 (left) and mouse 2B4 (right) T cell lines were stimulated with anti-

CD3/anti-CD28 Abs for the times indicated, and TRAF3 was immunoprecipitated from 

lysates. Association of Dok1 with TRAF3 was assessed by WB. Blots are representative 

of 3-4 independent experiments. B) Densitometric analysis of the ratio of Dok1 associated 

with TRAF3 at each timepoint shown in A, with each timepoint normalized to 0 min, 

to determine the impact of CD3/CD28 stimulation on the kinetics of the TRAF3-Dok1 

association. C) Human HT28.11 WT and crTRAF3−/− cells were stimulated with anti-CD3/

anti-CD28 Abs for the times indicated and lysed, and LAT was immunoprecipitated from 

lysates. Association of pDok1 Y362 and total Dok1 with the LAT complex was assessed 

by WB. * in WCL indicates a band from the molecular weight (MW) ladder loaded in 

that lane. Blots are representative of 6 independent experiments. D) Densitometric analysis 

of the ratio of pDok1 Y362 associated with total Dok1, with each timepoint normalized 

Arkee et al. Page 20

J Immunol. Author manuscript; available in PMC 2022 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



to WT 0 min, to determine the impact of genotype on relative amount of pDok1 Y362 

associated with the LAT complex. The difference in pDok1 Y362/Dok1 ratios between WT 

and crTRAF3−/− cells was statistically significant (*p=0.0174). E) Human HT28.11 WT and 

crTRAF3−/− cells were stimulated and lysed as in C, and Dok1 was immunoprecipitated 

from lysates. K48-linked polyubiquitin associated with Dok1 was assessed by WB. * 

indicates protein ladder. Blots are representative of 6 independent experiments. F) Human 

HT28.11 WT and crTRAF3−/− cells were stimulated with anti-CD3/anti-CD28 Abs for up 

to 6 hours. Levels of Dok1 in WCL were assessed by WB. G) Densitometric analysis of 

Dok1 abundance in WCL in F over time, presented as the ratio of Dok1 to GAPDH in each 

lane, normalized to the maximum ratio for each genotype, to control for cell line-specific 

differences in abundance of Dok1. The difference in Dok1 abundance over time between 

WT and crTRAF3−/− cells was statistically significant (*p=0.0159). Blots are representative 

of 6 independent experiments. H) Primary WT and T-Traf3−/− mouse T cells were stimulated 

as in F, and levels of Dok1 in WCL were assessed by WB. Blots are representative of 

7 independent experiments. I) Densitometric analysis of Dok1 abundance in WCL in H 

over time, presented as the ratio of Dok1 to GAPDH in each lane, normalized to the 

maximum ratio for each genotype, to control for cell type-specific differences in abundance 

of Dok1. The difference in Dok1 abundance over time between WT and T-Traf3−/− cells was 

statistically significant (*p=0.0034).

‘C’ indicates samples that received stimulatory Abs only, i.e. no IP Ab added after lysis. 

Graphs depict mean ± SEM. A 2-way ANOVA was performed to establish statistical 

significance in D, G, and I. The reference group used to calculate fold change was not 

included in the analysis in D. *: p<0.05; ‘N.S.’: not significant.
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Figure 5. TRAF3-mediated regulation of Brk.
A) Human HT28.11 (left) and mouse 2B4 (right) T cells were stimulated as in Fig. 4A, 

and TRAF3 was immunoprecipitated. Association of Brk with TRAF3 was assessed by 

WB. Blots are representative of 3 independent experiments. B) Densitometric analysis of 

the ratio of Brk associated with TRAF3 at each timepoint shown in A, with each timepoint 

normalized to 0 min to determine the impact of CD3/CD28 stimulation on the kinetics of 

the TRAF3-Brk association. C) Human HT28.11 WT and crTRAF3−/− cells were stimulated 

and lysed as in Fig. 4C, and LAT was immunoprecipitated from lysates. Association of 

Brk with the LAT complex was assessed by WB. Blots are representative of 4 independent 

experiments. D) Human HT28.11 WT and crTRAF3−/− cells were stimulated as in Fig. 4A 

for the indicated times and lysed. Phosphorylation of Brk at Y342 was assessed by WB. 

Blots are representative of 6 independent experiments. E) Densitometric analysis of the 

ratio of the abundance of pBrk Y342 to that of GAPDH in each lane. Fold change was 
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calculated by dividing the ratio of pBrkY342/GAPDH at each timepoint by the ratio of pBrk 

Y342/GAPDH at the 0 min timepoint for each cell line, to control for cell line-specific 

differences in abundance of pBrk Y342. The difference in pBrk Y342 abundance between WT 

and crTRAF3−/− cells was statistically significant (*p=0.0490). F) Human HT28.11 WT and 

crTRAF3−/− cells were stimulated as in Fig. 5D, and phosphorylation of Brk at Y447 was 

assessed by WB. Blots are representative of 7 independent experiments. G) Densitometric 

analysis of the ratio of the abundance of pBrk Y447 to that of GAPDH in each lane. Fold 

change was calculated by dividing the ratio of pBrkY447/GAPDH at each timepoint by 

the ratio of pBrk Y447/GAPDH at the 0 min timepoint for each cell line, to control for 

cell line-specific differences in abundance of pBrk Y447. The difference in pBrk Y447 

abundance between WT and crTRAF3−/− cells was statistically significant (*p=0.0432). H) 

Human HT28.11 WT and crTRAF3−/− cells were stimulated and lysed as in Fig. 4A, and 

Brk was immunoprecipitated from lysates. Association of PTP1B with Brk was assessed 

by WB. Blots are representative of 4 independent experiments. I) Densitometric analysis 

of the ratio of PTP1B associated with Brk in each lane. Fold change was calculated by 

dividing the ratio of PTP1B/Brk at each timepoint by the ratio of PTP1B/Brk at WT 0 min. 

to determine the impact of genotype on the kinetics of the PTP1B-Dok1 association. The 

difference in PTP1B/Brk association between WT and crTRAF3−/− cells was not statistically 

significant. J) Human HT28.11 WT and crTRAF3−/− cells were treated with DMSO or the 

Brk inhibitor Cpd 4f for 2 hours, as described in Materials and Methods, then stimulated 

through CD3/CD28 for the times indicated and lysed. Phosphorylation of Fyn at Y416 and 

Lck at Y394 was detected by WB with an anti-pSrcY416 Ab. Blots are representative of 3 

independent experiments. K) Densitometric analysis of the ratio of abundance of pSrc Y416 

to that of GAPDH. Fold change was calculated by dividing the ratio of pSrc Y416/GAPDH 

in each lane to the ratio of pSrc Y416/GAPDH for DMSO-treated WT 0 min, to determine 

the impact of Cpd 4f treatment on Src kinase activation relative to a baseline value. The 

difference between DMSO-treated and Cpd 4f-treated WT cells was statistically significant 

(*p=0.0123). The difference between DMSO-treated and Cpd 4f-treated crTRAF3−/− cells 

was not statistically significant. ‘C’ indicates samples that only received stimulatory Abs, 

i.e. no IP Ab added after lysis (A, C, I). Graphs depict mean ± SEM. A 2-way ANOVA 

was performed to establish statistical significance in E, G, and I, and K. The reference 

group used to calculate fold change was not included in the analyses. *: p<0.05; ‘N.S.’: not 

significant.
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Figure 6. Interaction between TRAF3 and PTP1B.
A) Human HT28.11 T cells were stimulated through CD3/CD28 for the times indicated 

and lysed, and TRAF3 was immunoprecipitated. Association of PTP1B with TRAF3 was 

assessed by WB. Blots are representative of 4 independent experiments. B) Densitometric 

analysis of the ratio of PTP1B associated with TRAF3 at each timepoint shown in A, with 

each timepoint normalized to 0 min, to determine the impact of CD3/CD28 stimulation on 

the kinetics of the TRAF3-Brk association. C) Human HT28.11 WT and crTRAF3−/− cells 

were stimulated as in A, and LAT was immunoprecipitated. Association of PTP1B with the 

LAT complex was assessed by WB. * in IP indicates a band from the molecular weight 

(MW) ladder loaded in that lane. Blots are representative of 4 independent experiments. 

D) Human HT28.11 WT and crTRAF3−/− cells were treated with DMSO or the PTP1B 

inhibitor TCS-401 for 2 hours, as described in Materials and Methods, then stimulated 
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through CD3/CD28 for the times indicated and lysed. Phosphorylation of Fyn at Y416 

and Lck at Y394 was detected by WB with an anti-pSrcY416 Ab. Blots are representative 

of 5 independent experiments. E) Densitometric analysis of the ratio of abundance of 

pSrc Y416 to that of GAPDH. Fold change was calculated by dividing the ratio of pSrc 

Y416/GAPDH in each lane to the ratio of pSrc Y416/GAPDH for DMSO-treated WT 0 

min, to determine the impact of TCS-401 treatment on Src kinase activation relative to 

a baseline value. The difference between DMSO-treated crTRAF3−/− cells and TCS-401-

treated crTRAF3−/− cells was statistically significant (*p=0.0173). F) Primary WT and 

T-Traf3−/− mouse T cells were treated as in D. Phosphorylation of Fyn at Y416 and Lck 

at Y394 was detected by WB with an anti-pSrc Y416 Ab. Blots are representative of 4 

independent experiments. G) Densitometric analysis of the ratio of abundance of pSrc Y416 

to that of β-actin. Fold change was calculated by dividing the ratio of pSrc Y416/β-actin 

in each lane to the ratio of pSrc Y416/ β-actin for DMSO-treated WT 0 min, to determine 

the impact of TCS-401 treatment on Src kinase activation relative to a baseline value. 

The difference between DMSO-treated T-Traf3−/− cells and TCS-401-treated T-Traf3−/− 

cells was statistically significant (*p=0.0117). ‘C’ indicates samples that only received 

stimulatory Abs, i.e. no IP Ab added after lysis (A, C). Graphs depict mean ± SEM. An 

unpaired two-tailed t test was performed to establish statistical significance at each timepoint 

in E. A 2-way ANOVA was performed to establish statistical significance in E and G. The 

reference group used to calculate fold change was not included in the analyses in E and G. *: 

p<0.05; ‘N.S’.: not significant.
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Figure 7. Impact of T cell TRAF3 upon regulation of Dok1 activity and TCR/CD28 signaling via 
LAT.
In TRAF3-sufficient T cells (left), TRAF3 associates with LAT and recruits Brk to the LAT 

complex. Brk activation via phosphorylation at Y342 is enhanced in the presence of TRAF3, 

allowing Brk to phosphorylate and inactivate Dok1. Phosphorylated Dok1 is ubiquitinated 

and targeted to the proteasome for degradation, and TCR/CD28 signaling proceeds normally.

In TRAF3-deficient T cells (right), the association between PTP1B and Brk is enhanced 

as a result of increased PTP1B localization to the plasma membrane, and Brk is 

inactivated via PTP1B-mediated dephosphorylation at Y342. In the absence of Brk-mediated 

inhibitory phosphorylation, active Dok1 facilitates the inhibition of LAT-mediated TCR/

CD28 signaling. ‘P’ in open circles represents activating phosphorylation; ‘P’ in shaded 

circles represents inhibitory phosphorylation.
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