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Abstract 

Thousand-and-one-amino-acid kinase 3 (TAOK3) is a serine and threonine kinase that 

belongs to the STE-20 family of kinases. Its absence reduces T cell receptor (TCR) 

signaling and increases the interaction of the tyrosine phosphatase SHP-1 with the 

kinase LCK, a key downstream mediator of TCR signaling. Herein, we further 

investigated the mechanism by which TAOK3 limits the interaction of SHP-1 with LCK, 

using mouse models and human cell lines.  The loss of TAOK3 decreased the survival 

of naïve CD4+ T cells by dampening the transmission of tonic and activation-induced 

TCR signaling, respectively. In mouse T cells, Taok3 promoted the secretion of 

interleukin-2 (IL-2) in response to TCR activation in a manner that depended on Taok3’s 

gene dosage and  its kinase activity. TCR desensitization in knockout T cells was 
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caused by an increased abundance of Shp-1, a major negative regulator of proximal 

TCR signaling. Pharmacological inhibition of Shp-1 rescued the activation potential of 

Taok3-deficient T cells. TAOK3 phosphorylated Thr394 in the phosphatase domain of 

SHP-1, which promoted its ubiquitylation and proteasomal degradation. The loss of 

TAOK3 had no effect on the abundance of SHP-2, which lacks a residue corresponding 

to SHP-1 Thr394. Modulation of SHP-1 abundance by TAOK3 thus serves as a rheostat 

for TCR signaling and determines the activation threshold of T lymphocytes. 

 

Introduction 

Initiation of the T cell receptor (TCR) signaling pathway relies on binding of the TCR to 

an antigen-bound major histocompatibility complex. This stimulates numerous 

intracellular phosphorylation events that lead to the activation and proliferation of T 

cells. TCR signaling initially relies on the Src family kinase LCK, which is associated 

with the intracellular domain of the TCR coreceptor CD4, to phosphorylate the 

immunoreceptor tyrosine-based activation motifs (ITAMs) in the intracellular chains of 

the TCR complex (1-3). During these early stages of activation, several regulatory 

proteins maintain the balance between activation and homeostasis, most notably the 

protein tyrosine phosphatase SHP-1, which is one of the most critical negative 

regulators of proximal TCR signaling. SHP-1 dephosphorylates the TCR ITAMs and 

prevents their phosphorylation by directly inactivating LCK, and it also dephosphorylates 

the protein tyrosine kinase ZAP-70, which is recruited to phosphorylated ITAMs and 

necessary for subsequent steps TCR signaling (4, 5). For the most part, SHP-1 

prevents signaling from reaching downstream protein kinases, such as the mitogen-



activated protein kinases (MAPKs) extracellular signal–regulated kinases 1 and 2 

(ERK1/2), Jun N-terminal kinase (JNK), and p38. These kinases, in turn, promote the 

activation of several transcription factors, such as nuclear factor of activated T cells 

(NFAT) family proteins, activator protein-1 (AP-1), and nuclear factor κ-light-chain-

enhancer of activated B cells (NF-B) (6, 7). NFAT, AP-1, and NF-B act in concert to 

orchestrate the production of interleukin-2 (IL-2), a cytokine that is a hallmark of  T cell 

activation (8). IL-2 is primarily produced by CD4+ T cells and guides the proliferation and 

differentiation of T cells into effector T-helper cells (9, 10). 

 

Considerable effort has been put into identifying pathways that regulate the activation of 

T cells. One noteworthy example is the STE-20 family of kinases. STE-20 kinases 

participate in the Salvador-Warts-Hippo (SWH) pathway, which is known chiefly for 

controlling cell proliferation and apoptosis (11). In addition to controlling organ size, the 

SWH pathway is crucial for numerous T cell functions, such as IL-2 secretion, migration, 

immunological synapse formation, and T lymphocyte memory (12-15). Beyond the core 

enzymes of this pathway, which include the mammalian STE-20–like kinases 1 and 2 

(MST1/2) and large tumor suppressor 1 and 2 (LATS1/2), several other serine and 

threonine kinases positively regulate the SWH pathway, such as mitogen-activated 

protein kinase kinase kinase kinases (MAP4Ks) and thousand-and-one amino acid 

kinases (TAOKs) (16, 17). The third member in the sub-family of TAOKs, TAOK3, 

directly phosphorylates MST1/2 and LATS1/2 (17, 18) and therefore acts as an 

essential regulator of the SWH pathway. TAOK3 was initially identified as an interactor 

of epidermal growth factor receptor (EGFR) kinase substrate 8 (EPS8) and has been 



proposed to act as an intermediate linking specific G protein–coupled receptors 

(GPCRs) to the p38 MAPK pathway (19, 20). 

 

TAOK3 is found at high abundance in blood leukocytes and lymphoid organs, such as 

the thymus and spleen, suggesting a specific role in the hematopoietic compartment 

(21). TAOK3 is also critical for the formation of marginal zone B cells in the spleen (22). 

Studies showed that the generation of splenic type 2 conventional dendritic cells 

(cDC2s) and the occurrence of house dust mite (HDM)-induced allergic asthma both 

involve the TAOK3 kinase (23, 24). TAOK3 also functions as a negative regulator of 

inflammation and proinflammatory responses in macrophages (25). The function of 

TAOK3 has also been investigated in Jurkat T lymphoblasts, in which its deletion alters 

antigen dependant, but not antigen independent TCR activation (26). In this previous 

investigation, it was found that in absence of TAOK3, SHP-1 shows increased 

interaction with LCK, which results in decreased proximal TCR signaling. To address 

how TAOK3 limits the interaction between SHP-1 to LCK, we explored the role of 

TAOK3 in T cell activation using various approaches such as CRISPR-inducible 

deletion, knockout models, and naïve T cell isolation. Taok3 knockout naïve CD4+  

mouse T cells proliferated less than did their wild-type counterparts upon TCR 

engagement due to a combination of a desensitized TCR and reduced IL-2 secretion. 

We identified key residues in human TAOK3 that contributed to the production of IL-2 

and showed that the enzyme's kinase activity was essential. Further dissection of 

proximal TCR signaling revealed that desensitization was caused by increased SHP-1 

protein abundance and phosphatase activity. Under normal conditions, TAOK3 



phosphorylated SHP-1 on Thr394 to promote its ubiquitylation and proteasomal 

degradation. The absence of TAOK3 thus increased the protein stability and abundance 

of SHP-1. Our findings uncover a mechanism that guides the sensitivity of the TCR 

signaling cascade and, consequently, T cell function. 

 

Results 

Taok3-deficient mice have reduced naïve CD4+ T cell abundance and survival 

To better understand the role and function of TAOK3, we aligned its protein sequence 

with that of the human reference proteome. As expected, human TAOK3 shares high 

homology with TAOK1 and TAOK2 (73.6 and 62.5%, respectively). We also found that 

MST1 and MST2 share high sequence identity with TAOK3 in their serine-threonine 

kinase domain (Fig. 1A). Because MST1 is an essential modulator of naïve T activation 

(21), we decided to contrast the transcriptional changes resulting from its activation with 

data extracted from the Database of Immune Cell Expression, eQTLs, and Epigenomics 

(DICE) (22). In contrast to transcripts encoding MST1, which showed a marked increase 

in abundance upon T cell activation, transcripts encoding TAOK3 decreased in both 

CD4+ and CD8+ activated human T cells, but more so in the latter (Fig. 1B). Among all 

the genes that were significantly decreased in expression after T cell activation, TAOK3 

ranked at the 60th and 52nd percentiles in CD4+ and CD8+ T cells, respectively (Fig. 1B). 

Activated naïve CD4+ T cells had a marked decrease in TAOK3 transcript abundance 

when compared to the other CD4+ subsets (fig. S1A). To further elucidate the role of 

TAOK3 in T cells, we performed analyses of the spleens of full-body knockout (Taok3-/-) 

mice. Taok3-/- mice were viable and fertile, had average weight, and displayed no 



apparent phenotype. Flow cytometric analyses revealed a lower proportion and number 

of splenic CD3+ cells (Fig. 1, C and D). This decrease was found for the CD4+ and CD8+ 

compartments without affecting the CD4+/CD8+ T cell ratio (Fig. 1, E to G). We thus 

pursued our analyses in the CD4+ compartment, given that TAOK3 ranked significantly 

higher in CD4+ cells than CD8+ cells (Fig. 1B).  

We next sought to further investigate mature T cell populations in the periphery. Within 

the CD4+ T cell population from Taok3-knockout compared with wild-type mice, we 

observed a lower percentage of naïve (Tn) cells and a higher percentage of effector 

(TEM) and central memory (TCM) subsets (Fig. 1H). This abnormal distribution resulted in 

an approximately 50% decrease in CD4+ naïve T cell numbers (Fig. 1, H and I). There 

were no changes in the proportion of FOXP3+CD25+CD4+ regulatory T (Treg) cells (fig. 

S1, B and C). To further explore whether the secretory function of CD4+ cells was intact 

in Taok3-deficient mice, we quantified cytokine amounts by cytokine multiplexing. 

Serum type II interferon (IFN-γ) concentrations remained unchanged, whereas IL-2 

abundance was decreased by 64% (Fig. 1J). The relative amounts of the T cell–

supporting cytokines IL-7 and IL-15 remained unchanged (fig. S1D). Flow cytometric 

analyses of axillary and inguinal lymph nodes and bone marrow also revealed 

decreased CD4+ T cell numbers, as was observed in the spleen (fig. S1, E to H). 

Finally, we found greater frequencies of apoptotic naïve, central memory, and effector 

memory CD4+ T cells in both spleens and lymph nodes (Fig. 1K, fig. S1I). Naïve T cells 

were also found to have a decreased amounts of Nur77, a marker of tonic TCR 

signaling in homeostatic conditions (Fig. 1L and fig. S1J). Altogether, these 



observations suggest that Taok3 plays a vital role in CD4+ naïve T cell homeostasis, 

survival, and in maintaining IL-2 abundance in the blood. 

 

Taok3 is required for TCR sensitivity in naïve CD4+ T cells  

To better understand whether the above phenotypes were linked to TCR function, we 

performed proliferation analyses on isolated naïve CD4+ mouse T cells in vitro (fig. S2, 

A and B). To mimic partial and complete TCR agonists, we used two concentrations of 

CD3-specific antibody plus IL-2:  2µg/mL antibody + 20U/mL IL-2 for partial TCR 

activation and 10µg/mL antibody ± 20 U/ML IL-2 for complete TCR activation. 

Carboxyfluorescein-succinimidyl-ester (CFSE) analyses revealed a significant 

difference in the distributions of daughter generations issued from the activation of 

Taok3-/- naïve CD4+ T cells after 72h. At 2µg/mL of CD3-specific antibody, a significant 

proportion of T cells failed to engage in proliferation, and those that did failed to 

proliferate as well as their wild-type counterparts (Fig. 2, A and B). Analysis of the 

abundance of CD69, an early cell surface marker of T cell activation, potentially 

indicated a considerable reduction in the speed of activation of those cells (Fig. 2C). 

Further experimentation at an earlier time point (48h) corroborated this observation (fig. 

S2C). Increasing the concentration of CD3-specific antibody to 10µg/mL largely, but not 

completely, restored the proliferation of Taok3-/- naïve T cells (Fig. 2, D and E). The 

addition of exogenous IL-2 (20U/mL) was required to fully restore activation-induced 

proliferation (Fig. 2, D and E). The addition of IL-2 also abrogated the differences in 

CD69 abundance on cells that had divided three or more times (Fig. 2F). Taok3-

deficient naïve CD4+ T cells produced less IL-2 upon TCR engagement than did their 



wild-type and heterozygous counterparts (Fig. 2G). TCR stimulation without the addition 

of exogenous IL-2 also led to decreased abundance of the IL-2 receptor IL-2Rα (CD25), 

another marker of T cell activation (Fig. 2H). To further examine the relationship 

between Taok3 and IL-2 secretion, we quantified the supernatants of total CD4+ T cell 

suspensions stimulated with a gradient of CD3-specific (0, 0.25, 0.5, 1, 2,5 10, and 20 

µg/mL) and CD28-specific (5µg/mL) antibodies for 24 hours. Using IL-2 ELISAs, we 

observed a dose-response relationship between Taok3 expression and IL-2 secretion 

(Fig. 2I). Given that IL-2 is a critical landmark in the activation program of CD4+ T cells, 

these results indicate that Taok3 is essential to maintain the sensitivity of the TCR to 

activation in naïve CD4+ T cells. The secretion of granulocyte-macrophage colony-

stimulating factor (GM-CSF) and IL-10 was also increased after 24 hours of CD3 and 

CD28 stimulation, whilst IFN-γ and tumor necrosis factor (TNF) was not (fig. S2D). 

Altogether, these results indicate that Taok3 is crucial for the sensitivity of the TCR. We 

thus propose that Taok3 sensitizes the TCR activation threshold in naïve CD4+ T cells. 

 

TAOK3 substitution mutants control the production of IL-2 upon TCR engagement 

To further refine the enzyme’s role in T cell activation, we studied the effect of point 

mutations affecting human TAOK3 on both IL-2 production and proliferation. Lentiviral 

vectors encoding V5-tagged wild-type human TAOK3 (TAOK3-V5) were constructed in 

parallel with the V5-tagged single substitution mutants Y256F, Y305F, and S324A and 

the double substitution mutant T181A Y183F (T181A/Y183F) (Fig. 3A). Among these 

mutants, only S324A has been previously reported to have a functional impact, with 

TAOK3 S324A failing to activate the P38 pathway during cellular stress responses (27). 



We investigated the other mutants because they have been highlighted as frequent 

phosphorylation sites in phosphoSitePlus (28). The lentiviral particles were used to 

transduce the previously described TAOK3 knockout Jurkat T cells to test for rescue in 

the knockout background (26)(Fig. 3B). We first assessed the steady-state growth rate 

of the various mutant cell lines with live cell imaging to monitor confluence of the 

cultures (Fig. 3C). Expression of the mutants TAOK3-Y256F-V5 and TAOK3-S324A-V5 

resulted in reduced proliferation compared to the expression of TAOK3-V5, but 

expression of kinase-deficient TAOK3-T181A-Y183F-V5, a mutant lacking the 

phosphorylatable Thr-X-Tyr motif in the MAPK activation loop (29), increased 

proliferation (Fig. 3C). The almost identical abundances of CD3 and CD28 across the 

cell lines indicated a similar potential for activation with CD3- and CD28-specific 

antibodies for all cell lines (Fig. 3D). Rescue with TAOK3-V5 enhanced the IL-2 

production of KO cells by about 1-fold in response to TCR signaling (Fig. 3E). This 

result indicates consistency in the modulatory effect of TAOK3 and IL-2 production 

because both the genetic deletion (in vivo serum and in vitro stimulated) and rescue had 

a +/- 1-fold effect. The expression of mutants TAOK3-Y256F-V5 and TAOK3-S324A-V5 

further enhanced the IL-2 response (Fig. 3E), which possibly indicates that under 

normal circumstances, phosphorylation of those residues reduces the activity of 

TAOK3. To independently assess the role of the enzyme’s catalytic activity on IL-2 

secretion, we stimulated wild-type murine CD4+ T cells for 24 hours with Compound-43, 

a TAO-kinase inhibitor (30). Concentrations of 3 and 10µM significantly decreased IL-2 

production (Fig. 3F). Finally, we investigated the role of TAOK3 in the activation of 

several MAPKs such as JNK, P38, and ERK (fig. S3, A to C). Transfection of TAOK3 



mutants into HEK293T/17 cells revealed that both the Y256F and S324A mutants 

increased JNK, but not P38, phosphorylation compared to wild-type TAOK3 (fig. S3A). 

TCR-stimulated CD4+ T cells also showed decreased JNK, ERK, and NF-B p65 

phosphorylation (fig. S3, B to E). These findings indicate that amino acid substitutions in 

TAOK3’s regulatory serine rich region can increaseTCR induced IL-2 secretion and JNK 

signaling. 

 

An increase in SShp-1abundance and activity limits TCR signaling strength in 

Taok3-deficient T cells 

We wondered whether the decrease in TCR sensitivity observed in naïve CD4+ T cells 

could be due to signaling defects happening during the initial stages of TCR activation, 

before the activation of MAPKs, such as JNK .. TCR signaling is first initiated by the 

phosphorylation of Lck at Tyr394 which activates the kinase (31). In a similar fashion, 

ZAP-70 Tyr319 phosphorylation is necessary for the propagation of TCR signaling (32) . 

We observed both decreased Lck Tyr394 and Zap-70 Tyr319 phosphorylation in wild-type 

versus Taok3-deficient murine T cells (Fig. 4A and fig. S4A). Further investigations 

revealed a decreased intensity of calcium influx upon CD3 stimulation in Taok3-deficient 

naïve CD4+ T cells compared to wild type (Fig. 4B). These patterns of impaired proximal 

signaling were consistent with the involvement of Shp-1, given that it dephosphorylates 

Lck Tyr394 and ZAP-70 Tyr319 (33). We thus assessed whether the deletion of Taok3 

affected Shp-1  

abundance and activity. An increase in Shp-1 protein abundance of about 0.8-fold in 

Taok3+/- and 3-fold in Taok3-/- was observed in CD4+ T cells (Fig. 4C). No differences in 



the abundance of transcripts encoding Shp-1 (Ptpn6) were detected between 

genotypes, suggesting that the mechanism behind the increase in Shp-1 protein is 

posttranslational in nature (Fig. 4D). Quantification of Shp-1 protein abundance in both 

CD4+ T cells and CD4-depleted splenocytes showed that increased abundance was 

found in CD4+ T cells but not total splenocytes (Fig. 4E and fig. S4B). We next 

quantified Lck Tyr505 phosphorylation to independently determine the activation status of 

Lck and thus, proximal TCR signaling in isolated naïve CD4+ T cells (Fig 4F). Under 

normal circumstances, Tyr505 is phosphorylated to decrease the activity of Lck after 

TCR engagement (34). Phosphorylation of Lck at Tyr505 was significantly higher in 

resting Taok3-/- cells and remained unchanged throughout the different time points of 

TCR stimulation, unlike wild-type cells, which were responsive to CD3 stimulation (Fig. 

4F and fig. S4C).  

To examine whether the catalytic activity of SHP-1 was responsible for the decreased 

TCR activation threshold, we stimulated naïve CD4+ T cells with 5μg/mL of CD3 and 

CD28 antibodies and added different concentrations of NSC-87877, a SHP-1 and SHP-

2 inhibitor (35). Pharmacological inhibition rescued the frequency of activated CD25+ 

cells, IL-2 production, and the frequency of Nur77+ cells but not CD69 expression (Fig. 

4G and fig. S4D). To validate those findings in a T cell–specific loss-of-function model, 

we generated an inducible CRISPR Taok3 deletion mouse model. Expression of the 

Cas-9 enzyme was under the control of the Cre-recombinase inserted into the CD4 

locus (Fig. 4H and fig. S4E). Unfortunately, inducible deletion could not be achieved in 

vivo. We therefore isolated splenic T cells from these mice and induced Taok3 deletion 

ex vivo. We observed that Taok3-deleted T cells had increased proliferation but also 



higher abundance of cleaved caspase-3 in IL-7–containing culture medium, indicating 

higher cellular turnover (fig. S4, F to H).  In Taok3-deleted T cells, Shp-1 protein was 

increased and was accompanied by decreased phosphorylation of Lck Tyr394, Mek1/2 

Ser217/221, and Erk Thr202/Tyr204 and increased phosphorylation of Lck Tyr505, validating 

previous observations (Fig 4I and fig. S4I). Stimulation-induced IL-2 production was 

lower in Taok3-deleted cells compared to control cells after 96h of stimulation (Fig. 4J). 

Deletion also reduced the abundance of IL-2Rα (CD25) and IL-2Rβ (CD122) after 24h 

of stimulation (Fig 4K). These results from independent models (T cells from Taok3 

whole-body knockout mice and T cells in which Taok3 knockout was induced ex vivo) 

agree in demonstrating that Shp-1 protein overexpression is the main driver behind 

TCR desensitization absence of Taok3. 

 

TAOK3 preferentially interacts with the active form of SHP-1 and directly 

phosphorylates Thr394 in the catalytic domain 

To explore the posttranslational mechanism behind the Shp-1 overabundance in Taok3-

deficient T cells, we first sought to determine if human TAOK3 and SHP-1 interacted 

with one another. We first co-transfected FLAG-tagged SHP-1 (FLAG-SHP-1) and 

human-TAOK3 with or without the constitutively active Y527F SRC kinase mutant (Fig. 

5A). HEK293T/17 cells lack the appropriate TCR machinery that would normally provide 

with high levels of protein phosphorylation, which are often necessary for protein-protein 

interactions to occur. SRC Y527F was thus used to increase Tyrosine phosphorylation 

of signaling molecules, as would be the case during TCR signaling. In this system, 

SHP-1 is phosphorylated at Tyr536 by SRC Y527F, which promotes protein-protein and 



substrate-protein interactions to occur, as it would be the case during TCR engagement. 

Constitutively active SRC also phosphorylates several substrates that would normally 

trigger the activation and proliferation of T cells, such as phospholipase C γ1 (PLCγ1), 

phosphoinositide 3-kinase (PI3K), and Erk1/2 (36, 37). SHP-1 coimmunoprecipitated 

with TAOK3, and the presence of SRC Y527F further increased SHP-1 

coimmunoprecipitation (Fig. 5A). We validated the reciprocity of this interaction by 

immunoprecipitating SHP-1 (Fig. 5B). We also performed FLAG-SHP-1 

immuoprecipitation using the phosphatase trapping mutants C453S or D419A to 

investigate whether TAOK3 was a substrate of SHP-1 (Fig. 5B). The mutated C/S or 

D/A variants markedly enhance the affinity between a protein tyrosine phosphatase and 

its substrate (38, 39). No substrate-trapping effect was observed with the mutated 

variants, implying that TAOK3 is likely not a direct substrate of SHP-1 (Fig. 5B). 

Pulldown assays using purified recombinant GST-tagged proteins provided additional 

evidence for direct interaction between SHP-1 and TAOK3 (fig. S5, A and B). To 

validate the occurrence of this interaction between endogenous proteins in the context 

of T cell signaling, we performed TAOK3 immunoprecipitation in resting (0), or 15-

minute stimulated (15) Jurkat T cells. SHP-1 coimmunoprecipitated with TAOK3  only 

when the TCR signaling cascade was engaged and not under resting conditions (Fig. 

5C).  

To define the region of interaction between TAOK3 and SHP-1, we cotransfected 

HEK293T cells with SHP- 1 truncation mutants (Fig. 5D), wild-type TAOK3, and SRC 

Y527F. The ∆C72 form of SHP-1, which lacks the last 72 amino acids of the C-terminus,  

was not immunoprecipitated by TAOK3 (Fig. 5E and fig. S5C). Conversely, we 



observed increased coimmunoprecipitation of the ∆N-SH2, C-SH2 mutant form of SHP-

1, which has increased catalytic activity due to loss of the N-SH2, C-SH2 self-regulatory 

domains, suggesting that TAOK3 has greater affinity for the active form of SHP-1 (Fig. 

5E and fig. S5C). This result is consistent with our finding that the presence of SRC 

Y527F, which promotes the activation of SHP-1 catalytic activity by phosphorylating 

SHP-1 at Tyr536, increased SHP-1 coimmunoprecipitation with TAOK3 (Fig. 5A). We 

also tested whether SHP-1 was a substrate of TAOK3 in in vitro kinase assays. Purified 

FLAG-SHP-1 proteins were incubated with or without the kinase domain of TAOK3 (Fig. 

5F and fig. S5D). Reactions were analyzed by mass spectrometry to detect 

phosphorylated residues. We discovered that TAOK3 phosphorylated SHP-1 on Thr394, 

a residue located in the catalytic domain of the phosphatase (Fig. 5F). We modelized 

the SHP-1 phospho-Thr394 and TAOK3 complex using available Alpha Fold structures 

and HADDOCK 2.4 (Fig. 5G). Overall, our results indicated that SHP-1 is a direct target 

of TAOK3 and that the two enzymes from a complex that requires the C-terminal tail of 

SHP-1 for interaction. 

 

TAOK3 promotes the ubiquitylation and proteasomal degradation of SHP-1 

To understand the biological relevance of the TAOK3-SHP-1 interaction and to test 

whether TAOK3 disrupted the crosstalk between SRC and SHP-1, we performed 

affinity-capture mass spectrometry (AP-MS) using SHP-1 as bait. We quantified SHP-1–

interacting proteins in HEK293T/17 cells into which FLAG-SHP-1 was cotransfected 

with either TAOK3 or SRC Y527F or both. Analysis of the protein abundance profiles 

revealed distinct enrichment profiles for the different transfection conditions (Fig. 6, A 



and B). TAOK3 induced both the enrichment and the decrease of SHP-1 protein-protein 

interactions (Fig. 6B). SIRT1, DDX39B, BCR, and MARK2 were amongst the most 

significantly enriched proteins when TAOK3 was cotransfected with SHP-1 (Fig. 6B). 

Conversely, the cotransfection of TAOK3 decreased the interactions between SHP-1 

and ENO1, RAN, PRDX2, and SPTAN1. We next performed protein-interaction network 

analysis using GENEMANIA to identify key enriched and diminished protein interactions 

and functions (Fig. 6C) (40). We found that TAOK3 significantly disrupted the interaction 

between SHP-1 and proteins linked to metabolic activity (Fig. 6D). On the other hand, 

TAOK3 expression provoked an increase in interaction with proteins involved in DNA 

conformation change, gene silencing, regulation of gene expression, and RNA transport 

(Fig. 6D). In cells cotransfected with SRC Y527F, the addition of TAOK3 only changed 

the enrichment of two other proteins namely CAD and SMU1 (fig. S6B). These results 

suggest that TAOK3 significantly alters the interactome of SHP-1. Beyond that role, we 

found the enrichment of ubiquitin E3 ligases such as RAD18 (Fig. 6B and fig. S6A).  

Given that TAOK3 increased the interaction of SHP-1 with ubiquitin E3 ligases, in the 

SHP-1 interactome, it was logical to determine whether TAOK3 instigated the 

degradation of SHP-1, an activity that was also consistent with previous evidence (Fig. 

4C). To test that hypothesis, we created a doxycycline-inducible TAOK3 overexpression 

Jurkat cell line. Upon treatment with doxycycline, these cells overexpressed TAOK3 and 

had a marked decrease in SHP-1 protein abundance, suggesting degradation or 

destabilization of SHP-1 (Fig. 6E and fig. S6C). To determine if this phenomenon was 

the result of ubiquitin-mediated proteasomal degradation, we cotransfected 

HEK293T/17 cells with HA-tagged ubiquitin and FLAG-SHP-1 with or without TAOK3. 



Cotransfection of TAOK3 led to the monoubiquitylation of SHP-1, as marked by an 8 

kDa shift in the SHP-1 molecular weight (Fig. 6F). The addition of MG-132, a potent 

inhibitor of the 26S-proteasome (41), increased basal SHP-1 ubiquitylation and enabled 

the detection of polyubiquitylated SHP-1 in the TAOK3-expressing condition (Fig. 6F). 

Further experimentation with the non-phosphorylatable SHP-1 T394A mutant and the 

phospho-mimetic T394D mutant helped elucidate the role of Thr394 phosphorylation in 

this phenotype. We found that TAOK3-induced polyubiquitylation was lost in the T/A 

mutation (Fig. 6G). Conversely, SHP-1 T/D mutant had higher polyubiquitylation status 

with or without TAOK3 cotransfection (Fig 6G). Additional investigation revealed that 

Thr394 is not conserved in SHP-2, in which the corresponding position is occupied by 

glutamic acid (Glu400), and that SHP-2 protein abundance remained unchanged 

between wild-type and Taok3 knockout murine CD4+ T cells (fig. S6, D and E). Further 

experimentation with CD3- and CD28-stimulated Jurkat cells revealed that SHP-1 had 

increased stability in TAOK3-deficient cells compared to wild-type upon treatment with 

cycloheximide (CHX) for 24h (Fig. 6H and fig. S6F). In contrast, SHP-2 stability 

remained unaffected by CHX treatment, regardless of stimulation (Fig. 6H and fig. S6F). 

These results demonstrate that TAOK3 promotes SHP-1 mono- and polyubiquitylation 

through Thr394 phosphorylation, leading to the proteasomal degradation of the 

phosphatase. TAOK3-induced, phosphorylation-mediated degradation was restricted to 

SHP-1 and did not affect SHP-2.  

 

Discussion 



SHP-1 is a major modulator of T lymphocyte activity through its negative regulation of 

the TCR and its role in the signaling of checkpoint receptors, such as PD-1 (4, 42, 43). 

Our identification of TAOK3-mediated SHP-1 phosphorylation and subsequent 

degradation represents a previously uncharacterized mechanism by which the intensity 

of TCR signaling is modulated. Our results also suggest the involvement of E3 ubiquitin 

ligases, such as RAD18, in the promotion of SHP-1 degradation, given the patterns of 

SHP-1 polyubiquitination. Several E3 ligases have already been identified as inducers 

of SHP-1 degradation, including RNF6, RNF38, SMURF1, Itch, and WWP2 (44-47). 

These ubiquitin ligases are all expressed in T cells and could mediate ubiquitylation of 

SHP-1- upon Thr394 phosphorylation. Our data also suggest that the endogenous SHP-

1-TAOK3 interaction might preferentially form under specific conditions, such as during 

TCR engagement or Src-familly kinase activity.  

In addition to promoting SHP-1 degradation, the ubiquitylation of SHP-1 decreases its 

association with Lck (47) and might therefore also serve as a positive feedback 

mechanism to sensitize proximal TCR signaling. Other phosphatases are also known to 

dephosphorylate Lck, namely PTPN22, PTPN2, and DUSP22 (48-51). However, it is 

unlikely that TAOK3 also targets those phosphatases given their lack of the consensus 

TAO kinase phosphorylation motif (52, 53). Taok3-/- T cells also phenocopy SHP-1–

overexpressing transgenic (ptpn6-tg) T cells, with decreased TCR signaling (54, 55). 

Conversely, the deletion of SHP-1 does not impact T cell activation or development 

(56). This might imply that T cells can compensate for SHP-1 loss more easily than for 

SHP-1 increase, perhaps through the functional redundancy of other phosphatases 

such as SHP-2, PTPN2, and/or PTPN22.  



Independently of its activity on SHP-1, TAOK3 promotes JNK phosphorylation, which 

would also promote IL-2 secretion by T cells through the activation of the Jun 

constituent of the dimeric AP-1 transcription factor, a heterodimer of Fos and Jun 

proteins (57, 58). Mutation of residues Tyr256 and Ser324 downstream of the kinase 

domain of TAOK3 markedly enhanced the activation of JNK and the production of IL-2. 

These results suggest that under normal circumstances, phosphorylation of these 

residues reduces the function of TAOK3. These residues may contribute to 

conformational autoinhibition of the kinase domain of TAOK3, which could be mediated 

by disordered serine-rich or coiled-coiled domains, not unlike that described for other 

STE-20 kinases (59, 60). TAOK3 also has the potential to form protein-protein 

interactions through these other domains. A study by Bagci et al. (61) showed that 

TAOK3 interacts with the Rho GTPase RAC1. Although the exact regions of interaction 

between the two proteins remains unknown, it is likely that that interaction involves the 

coiled-coiled domain of TAOK3. This interaction could also participate in TCR signaling 

dynamics independently of SHP-1 (62, 63). Given that TAOK3 phosphorylates Thr394 in 

the protein tyrosine phosphatase (PTP) domain of SHP-1, but that the C-terminal tail 

was also found to be important for binding, it is possible that TAOK3 docks onto the C-

terminal tail of SHP-1 through its coiled-coiled domain. Docking could then induce 

conformational changes in TAOK3 that enable binding to the target region. This 

hypothesis remains to be validated.  

Here, we also demonstrated that increasing TCR stimulation not only rescued the 

proliferative capacity of TAOK3-deficient, naïve T cells, but also that newly formed cells 

exhibited more pronounced effector-like phenotypes. The role of IL-10 in the promotion 



of effector cell differentiation remains conflicted, but in our hands, IL-10 abundance 

correlated with increased memory-like cell formation in Taok3 knockout T cells (64). 

These observations imply that TAOK3 exerts a differential role in naïve versus memory-

like T cells. A possible explanation for this is that naïve T cells use the ERK1/2, p38, 

and JNK pathways differently to how they are used by effector-memory cells (65-67). 

Our group and others have demonstrated the capacity of TAOK3 to promote JNK 

signaling (68). These reports conflict with initial studies that reported TAOK3 as being 

inhibitory toward JNK, hence its initial name “JNK-inhibitory kinase (JIK)” (69). The most 

likely scenario is that the ability of TAOK3 to phosphorylate JNK is cell type–specific. 

Indeed, TAOK3 was reported as a positive regulator of JNK phosphorylation in Jurkat 

E6.1 (T cells), HEK293T/17 (kidney origin), immortalized hepatocytes (68), and 

osteoblasts (70). On the other hand, TAOK3 is a negative regulator of JNK 

phosphorylation in mouse brain cells (71), fibroblasts, and cervical cells (69). TAOK1 

inhibits JNK signaling in HeLa cells (cervical cells) upon IL-17 stimulation (72).  

Other STE-20 kinases are also considered as potent modulators of immune signaling 

through their activation of the ubiquitin-proteasome system (73, 74). Our studies thus 

point to some redundancy between TAOKs and other STE-20 kinases. There is, 

however, functional divergence between some STE-20 kinases, such as MAP4K1 (also 

known as HPK1) (75)  and MAP4K3 (also known as GLK) (76), which could be a 

consequence of different protein domain composition and substrate specificities (52, 

77). Studies have also reported a link between TAOKs and NF-κB–mediated 

inflammation, tumorigenesis (78-80), and drug resistance (81, 82). Inhibitors of TAOK 

family kinases have shown some potential for cancer therapy (30, 83, 84). Our results 



define additional potential functions for TAOK3 in cancer cells, such as DNA 

conformational change, regulation of gene expression, and RNA transport. Overall, we 

conclude that TAOK3 is important in the modulation of SHP-1 degradation through 

phosphorylation of Thr394 in the PTP domain of the phosphatase (Fig. 7). The absence 

of TAOK3-mediated degradation reduces TCR reactivity and T cell activation. 

Destabilization of SHP-1 thus serves as a mechanism to increase the reactivity of the 

TCR signaling cascade.  

 

Materials and Methods 

Mice 

Whole-body Taok3 KO mice were purchased from Jackson laboratories MMRRC stock 

#43790. These mice were generated by the KOMP team using a CRISPR-generated 

KO mutant of the Taok3 kinase by deleting exon 6, leading to a frameshift mutation 

causing an early stop codon (85). Taok3-/- mice were bred with background-compatible 

CD57/Bl6 mating partners. Control animals for Taok3−/− mice were Taok3+/+ littermates 

from the heterozygous breedings mentioned earlier. Animals were housed and bred in 

specific-pathogen-free facilities at the Comparative Medicine and Animal Resources 

Centre (CMARC) at McGill University in accordance with the Canadian Council on 

Animal Care Guidelines. The engineered mouse Embryonic Stem Cells (ESCs) were 

generated in collaboration with Mirimus Inc. (Brooklyn, NY). The Cas9D10A-IRES-tGFP 

cassette was synthesized and cloned into Col1A1-TRE-LSL-tGFP-miR30 backbone (86) 

to form the vector Col1A1-TRE-LSL-Cas9D10A-IRES-tGFP. Taok3 exon 7 and exon 8 

were identified to generate gene insertions and deletions (INDELs) (87). Three pairs of 



small guide RNAs (sgRNAs) were designed targeting each of these exons and cloned 

upstream of the Tetracycline Responsive Element (TRE) into the Col1A1-TRE-LSL-

Cas9D10AIRES-tGFP targeting vector. The Taok3 sgRNA-containing targeting 

construct was electroporated into pre-engineered KH2 ESCs (Lonza 4D-

NucleofectorTM System, Program CG-104) (86). These cells contain the reverse tet-

transactivator (rtTA) driven by the endogenous Rosa26 locus (Rosa-rtTA). The 

construct was targeted downstream of the constitutively expressed Col1A1 locus. The 

resulting off-frame exons are expected to be unable to code for proteins. Stable 

transfectants were selected through hygromycin selection and individually picked after 

one week. Individual colonies were transduced with Cre-encoding adenovirus and 

treated with doxycycline (Dox) (1 μg/ml) for 24 hours to assess Cas9 expression by 

Western blot and Taok3 gene targeting by DNA sequencing. ESCs expressing the 

second pair of sgRNAs targeting exon 8 (exon 8-2) were selected for microinjection and 

generation of the mouse colony (Charles River Laboratories, Wilmington, MA). The 

sgRNA sequences were: sgTaok3-Exon8-2f: TCAGCCAGCTTCACCTGACCTGG and 

sgTaok3-Exon8-2b: CTCCCGCCAACTCCTTTGTGGGG. Validation of deletion of 

Taok3 exon 8 with PCR using primers: Forward-

CCGCTCGAGTCGCTAATTGCATGTTCTGG and  Reverse-

TATGAATTCATCCATCTGAGGCCAATCTG. Transgenic iCRISPR mice were bred with 

CD4-Cre expressing mice. iCRISPR-mediated knockdown of Taok3 required extended 

periods of Doxycycline treatment. Splenocytes were treated with Doxycycline (Sigma, 

D3072-1ML) for five days. After this period, we purified the T cells and cultured them 



with Dox. for additional seven days in the presence of recombinant murine IL-7 at 

50ng/mL (Preprotech, 217-17). 

 

Cell lines and culture 

Mouse spleens were aseptically collected and mashed through 40 μM cell strainers for 

collection of whole cell suspensions in mouse R10 medium (RPMI supplemented with 

non-essential amino acids, 10% heat-inactivated FBS, 1mM sodium pyruvate, 2 mM L-

glutamine, 100 μg/ml penicillin/streptomycin, 10 mM HEPES pH 7.0 and 0.1% 2-

mercaptoethanol). T cells were purified by negative selection using EasySep™ Mouse 

Naïve CD4+ T Cell Isolation Kit (, Stemcell technologies, 19765) or EasySep™ Mouse 

CD4 Positive Selection Kit II (Stemcell technologies, 18952) and used directly for 

functional assays or cultured with doxycycline (iCRSPR model). For extended cultures 

(iCRSPR model), cells were maintained in medium containing 50 ng/ml mouse 

recombinant IL-7 (PeproTech, 217-17). Jurkat cells (clone E6.1) and HEK 293T cells 

were purchased from American Type Culture Collection. TAOK3-deficient cell line 

Jurkat T3-19 was previously generated (26) and served as the source for transduction 

and stable expression of TAOK3 mutants (V5, T181AY183F-V5, Y256F-V5, Y305F-V5, 

S324A-V5). For doxycycline-inducible TAOK3-V5 overexpression, TET-ON-TAOK3-V5 

was transduced in the TAOK3-V5 cell line. Overexpression was induced with 1µg/mL of 

Doxycycline (Sigma Aldrich, D3072-1ML) for 24 hours. Suspension cells were cultured 

in RPMI 1640 medium (Hyclone) supplemented with non-essential amino acids, 10% 

heat-inactivated FBS, 1mM sodium pyruvate, 2 mM L-glutamine, 100 μg/ml 

penicillin/streptomycin, 10 mM HEPES pH 7.0. Cells were cultured at 37°C, 5% CO2, 



and 95% relative humidity. HEK 293T adherent cells used for transfections were 

cultured in DMEM high glucose (Hyclone, SH30022FS) supplemented with 10% FBS 

100 μg/ml penicillin/streptomycin at 37°C, 5% CO2, and 95% relative humidity. For 

SHP-1 stability experiments, Jurkat E.6 cells were incubated with 20μM of Cyclo 

heximide (Sigma Aldrich, 66-81-9) or with DMSO vehicle for 24 hours.  

 

Western blotting analysis 

Cells were washed twice using ice-cold PBS supplemented with 400µM Na3VO4 and 

400µM EDTA. Pellets were then frozen at -80C until lysis in Triton lysis buffer (1% 

Triton X-100, 150 mM NaCl, 1 mM Na3VO4, protease inhibitors (Thermo Fisher 

Scientific), 10 mM Tris pH 7.6) on ice for 45 min. Lysates were centrifuged at 17,000 x g 

at 4 ̊C for 10 min, and the liquid phase was collected for usage in downstream 

applications. When necessary, the total protein content of the lysates was quantified 

(BCA Assay Kit, Thermo Fisher Scientific) and equalized among samples. Images were 

captured with a Chemidoc luminescence acquiring system (BioRad) and analyzed 

digitally (Image Lab, BioRad). The densities of phospho-proteins were normalized by 

their total counterparts, and the density of total proteins was normalized to the loading 

control. For total protein loading control, we used TGX Stain-Free™ FastCast™ 

Acrylamide Kits, 7.5 or 10%( Biorad, 1610183) or added 0.5% v/v Tri-Chloro-ethanol 

(TCE) to acrylamide gel preparations (88).  Antibodies used can be found in 

supplementary methods. 

 

Quantitative real-time polymerase chain analyses 



The mRNA expression in isolated murine CD4+ T cells was detected using qRT-PCR. 

Total RNA was extracted using the RNeasy kit (Qiagen), quantified using a NanoDrop 

ND- (Thermo Fisher Scientific), and transcribed into cDNA with the Superscript III™ 

Reverse Transcriptase (Thermo Fisher Scientific). Quantitative real-time PCR was 

performed with FastStart essential DNA green master (Roche, Diagnostics) using Bio-

Rad CFX96 Real-Time System. CFX Maestro software was used for the analysis of the 

qPCR data (Bio-Rad). Primer sequences: Taok3: 5’-TCCGCGTCTTTGGTTACACGGC-

3’ and 5’-GCGCCGCATCCGCTTATAACCT-3’; Shp-1: 5' -

TTTGCGACGCTGACAGAGCTGG -3’ and 5’ - GGCCGTGGTACCACCTCTCACT -3’; 

Hprt1: 5’-AAGCTTGCTGGTGAAAAGA-3’ and 5’-CAAGGGCATATCCAACAACA-3’; 

Hmbs: 5’-AGGTCCCTGTTCAGCAAGAA-3’ and 5’-CTTGGAATGTTACGGGCAGT-3. 

 

Immunoprecipitations and kinase reaction 

For all the transfections performed in HEK293 T cells, Lipofectamine 2000 (Thermo 

Fisher Scientific, 11668019) reagent was used. In most assays, 500µg of protein was 

used for IP. Briefly, cells were lysed in IP buffer (20mM Tris pH7.4, 100mM NaCl 1% 

Triton and a complete protease inhibitor cocktail). The lysates were centrifuged for 

10min, 13,000rpm to get rid of cell debris/DNA and pre-cleared with a 10% slurry of 

agarose beads for 30 minutes (A-1040S-500, Agarose Bead technologies). IP with anti-

FLAG M2 agarose beads was 2 hours, 4°C, and beads were washed 5 times with IP 

buffer prior to resuspension in 1X Laemmli buffer. Samples were boiled before loading 

on gel. For endogenous TAOK3-IP in Jurkat T cells, 1500µg was used. There, cells 

were lysed and pre-cleared as described above, and 1500µg of lysate was incubated 



overnight, at 4°C, with 4uL Dynabeads (10001D, Termofisher scientific) A and 2uL 

Taok3 antibody (Proteintech 10158-2-AP, Proteintech) per reaction. For the detection of 

a substrate trapping phenotype on TAOK3, we mutated C453S and D419A in the SHP-

1-pDEST26-c-FLAG. The C453S mutation of SHP-1 allows binding of the physiological 

substrate and leads to the stabilization of the enzyme-substrate interaction. On the 

other hand replacing the aspartate maintains the WDP-loop over the phospho-tyrosine 

substrate and thus prevents the substrate from undocking. In these mutants, a putative 

substrate would have increased co-immunoprecipitation upon SHP-1 IP (89, 90). Kinase 

reaction for detection of phosphorylated residues on SHP-1. For the detection of 

phosphorylated SHP-1 residues, we first incubated FLAG-SHP-1 (aa1-595) with or 

without GST-TAOK3 (aa1.-411) (Sino biological, 11547-H20B) in Kinase buffer (50mM 

Tris pH7.5, 20mM MgCL2, 2mM DTT) in the presence of 1uM ATP. Briefly, TAOK3 and 

substrate were incubated at room temperature in Kinase buffer for 30 minutes in a ratio 

of 1:4 (for SHP-1). Reactions were then kept at -80C until analysis by mass 

spectrometry. For  

 

Flow-cytometry 

Staining and washing were performed in round bottom polystyrene 5mL tubes ( Falcon, 

14-959-6). Unless otherwise stated, intracellular staining was performed with the 

Foxp3/Transcription Factor Fixation/Permeabilization solution. (eBioscience) according 

to the manufacturer’s protocol. For calcium incorporation assays, cells were incubated 

for 45 minutes at 37C with loading media ( RPMI 1640, 2% FBS, 20 mM HEPES and 50 

μM ß-mercaptoethanol containing 4μg/mL Fluo-4AM (InVitrogen, F14201), 2.5 mM 



probenecid (Sigma-Aldrich, P8761-25G) and 0.02% Pluronic® F-127 (Sigma-Aldrich, 

P2443-250G). Cells were washed once with PBS before de-esterification with HBSS 

supplemented with 20 mM HEPES, 1mM CaCl2, 1mM MgSO4 and 50 μM ß-

mercaptoethanol for 30 minutes at room temperature.  Cells were subsequently washed 

with PBS before incubation with biotin-conjugated anti-CD3 antibody for 30 minutes on 

ICE. 1μg/mL Ionomycin (Sigma-Aldrich, 407953) was used as a positive control for 

calcium incorporation. Intracellular staining for phospho-Lck-Tyr505 was realized with 

True-Phos™ Perm Buffer (Biolegend) and according to the manufacturer's protocol. 

Secondary antibody Anti-rabbit secondary antibody conjugated to Alexa Fluor 488 was 

used for detection (1:500 dilution). The data acquisition was made with the 5-laser LSR 

FORTRESSA from BD operated with the BD DIVA software. Data were analyzed using 

FlowJo. V10 software. Antibodies and dilution used can be found in supplementary 

methods. 

 

Antibodies 

Antibodies for immunoblotting: The antibodies with the indicated dilutions were as 

follows: anti-pS536 (p65-NF-κB) (Cell signaling Technologies, 3033S, 1:1000), anti- NF-

κB (Cell signaling Technologies, 8242S, 1:2000), monoclonal anti-TAOK3 (Abcam, 

ab150388, 1:1000), anti-pT183/Y185 (JNK) (Cell signaling Technologies, 9251S, 

1:1000), anti-JNK (Cell signaling Technologies, 9252S, 1:2000), anti-pT180/Y182 (p38) 

(Cell signaling Technologies, 4511S, 1:1000), anti-p38 (Cell signaling Technologies, 

8690S, 1:2000), anti-V5 tag (InvivoGen, 46-0705, 1:1000), anti-actin (Sigma, A4700, 

1:6000), anti-pT202/Y204 (ERK) (Cell signaling Technologies, 4377S, 1:1000), anti-



ERK (Cell signaling Technologies, 4695S, 1:2000), polyclonal anti-TAOK3 (Abcam, 

70297, 1:1000), anti-pTyr394 (Lck) (R&D, MAB7500, 1:1000), anti-pTyr394 (Lck) (Cell 

signaling technologies, 70926S, 1:1000), anti-Lck (Cell signaling Technologies, 2752S, 

1:2000), monoclonal anti-TAOK3 (Abcam, ab150388, 1:1000), anti-vinculin (Sigma, 

V9131, 1:3000), anti-SHP-1 (Cell signaling Technologies, 3759S, 1:2000), anti-Tyr505 

(Lck) (Cell signaling Technologies, 2751S, 1:1000), anti-CAS9 (Abcam, 189380, 

1:1000), anti-FLAG tag (Cell signaling Technologies, 14793S, 1:3000), anti-SRC (Cell 

signaling Technologies, 2110S, 1:2000), anti-GAPDH (Sigma, MAB374, 1:6000), anti-

pY536 (SHP-1) (Abcam, 41437, 1:1000), anti-HA tag (Cell signaling Technologies, 

3724S, 1:3000). 

Antibodies for Flow cytometry: APC anti-IL-2 (BD Pharmigen, 562041, 1:50), BV421 

anti-CD44 Clone (BD Pharmigen, 563970, 1:600), BV786 Anti-CD62L (BD Pharmigen, 

564109, 1:400) and PerCP-Cy5.5 anti-CD122 (BD Pharmigen, 564764, 1:200), Alexa-

Fluor 488 Anti-IgG (Biolegend, minimal x-reactivity, 1:500) Donkey Polyclonal Antibody 

(Biolegend, 406416, 1:500), APC/Cy7 anti-CD4 (Biolegend, 100413, 1:400), PE anti-

CD4 (Biolegend, 100407, 1:500), APC Anti-CD3ε (Biolegend, 100311, 1:200), FITC 

Anti-CD3ε (Biolegend, 100306, 1:200), PE/Cy5 anti-mouse CD8a (Biolegend, 553034, 

1:400), APC anti-CCR4 (Biolegend, 131211, 1:100), Biotin anti-CXCR3 (Biolegend, 

126503 ,1:400), PE anti-T-bet (Biolegend, 644809, 1:100), APC anti-PD-1 (Biolegend, 

135209 , 1:200), BV786 anti-IL7Rα (Biolegend, 135037, 1:200), PerCp cy5.5 anti-CD69 

(Biolegend, 104521, 1:300), PE Anti-CD25 (Biolegend, 101904, 1:300), PeCy7 anti-

CD25 (Biolegend, 101915 , 1:300), PerCp anti-CD28 (Thermo-fisher, MA1-10171, 

1:100), PeCy7 anti-CD44 (Thermo-fisher, 25-0441-81, 1:700)BV650-Streptavidin 



(Biolegend, 405231, 1:2000). Stains: LIVE/DEAD™ Fixable Blue Dead Cell Stain Kit for 

UV excitation (Thermo-fisher, L34961, 1:1000), CellTrace™ CFSE Cell Proliferation Kit, 

for flow cytometry (Thermo-fisher, C34554, 1:1000). 

 

Viral transduction 

For the stable expression cell lines, the transfer plasmids consisted of the pLenti6-

Taok3-V5 and the mutant versions (T181A Y183F, Y256F, Y305F, and S324A). 

Transduction was conducted via lipofection. The packaging and envelope plasmids 

were psPAX2 (12260) and pMD2.G (12259), respectively, and were purchased from 

Addgene. For lentiviral vectors, the Taok3 complete ORF was in pLenti6/V5 DEST 

(Thermo Fisher Scientific, V49610). Site-directed mutagenesis was performed as 

described in (91) to generate mutants T181AY183F-V5, Y256F-V5, Y305F-V5, and 

S324A-V5. Briefly, pLenti6-Taok3 was used as a PCR template for amplification with a 

high-fidelity polymerase (Kapa HiFi, Roche) primer containing point mutations. All 

constructs were sequenced to confirm the correct insertion of the amplicon and the 

presence of the desired mutations. Production of lentiviral particles and transduction 

was described in (26). 

 

Plasmids 

The SHP-1 (PTPN6) complete ORF was inserted in pDEST26-c-FLAG. All subsequent 

mutations and truncated mutants were cloned from that vector. SHP-1 WT (amino acid 

1-595), SHP-1ΔC72 (aa 1-523), SHP-1ΔNSH2 (aa 110-595), SHP-1ΔNSH2-CSH2 (aa 

243-595), SHP-1N-SH2, C-SH2 (aa 1-213), SHP-1 C-term (aa 523-595). The Taok3 



entire ORF was inserted in the pcDNA 3.1 backbone. For the TET-ON TAOK3-V5 

Jurkat cell line, we inserted the Taok3  complete ORF in pLenti-puro (Addgene, 39481) 

before sub-cloning it, along with the CMV promoter and Tet operators, into pLenti6/V5 

DEST (Thermo Fisher Scientific, V49610). HA-tagged Ubiquitin vector was purchased 

from Addgene (Addgene, 18712). 

 

TCR stimulation 

Ex vivo T cells were stimulated with plate-bound CD3 (2µg/mL, 10µg/mL, or a 

concentration range) and soluble CD28 (5µg/mL). Prior to stimulation, the functional 

grade CD3 antibody (Thermo Fischer Scientific, 16-0031-86) was diluted in PBS. For 

functional assays: (24-72h) incubated in tissue-culture-treated 96 well plates overnight 

(16h) at 4℃. Plates were then washed once with sterile PBS before the addition of the T 

cell suspensions. 20U/mL of recombinant murine IL-2 (Preprotech, 212-12) was 

supplemented when culturing Naïve CD4 T cells assays. IL-2 was not supplemented 

when 24h ELISA cytokine quantification was realized (Fig. 2). The functional grade anti-

CD28 (Thermo Fischer Scientific, 16-0281-86) was used in suspension at 5µg/mL 

unless stated otherwise. For signaling: (0-30minutes) Short-term stimulations of Jurkat 

cells (1x106) and Jurkat Taok3 mutants (KO, V5-WT, Y181F Y183F, Y256F, Y305F, 

and S324A) were done using soluble 10µg/mL anti-CD3 (Life Technologies, 16-0038-

85, clone UCHT1), 5µg/mL anti-CD28 (Life Technologies, 16-0289-85, clone CD28.2) 

and 10µg/mL F(ab’)2-Goat anti-Mouse IgG serving as a cross-linker (Life Technologies, 

16-5098-85). For CD4+ isolated mouse splenocytes, similar short-term stimulation was 

realized with anti-mouse antibodies already described in the reagents section and with 



anti-Armenian hamster rabbit IgG serving as a cross-linker (Thomas scientific, 307-005-

003). For pharmacological inhibition of Shp-1/2, we used 0 to 4μM of NSC-87877 

(Selleck Chemicals, S8182) at the same time as plate bound CD3 (5μg/mL) and soluble 

CD28 stimulation (5μg/mL). Cells were maintained in stimulation without the addition of 

exogenous IL-2 for a total of 48-hours. These isolated CD4+ T naïve T cells were not 

pre-treated with the inhibitor prior to the stimulation/expansion. 

 

Live-cell imaging 

Tissue culture plates were treated with poly-L-lysine according to the manufacturer’s 

protocol (Sigma, P4707). Jurkat-derived cell lines were plated in 96 well plates (5 x 103 

cells per well) and cultured in an IncuCyte cell culture system (Essen Bioscience). 

Images of live cells were captured every 4 hours for 7 days (4 images per well, 200x 

magnification) to track the growth of mutants at steady state. Growth curves were 

digitally generated, and the confluence slope at the linear phase was calculated to 

determine the rate of growth (%confluence/hour). 

 

Enzyme-linked immunosorbent assays (ELISAs) and multiplexing 

Doxycycline-treated mouse T cells (5 x104 in 1 ml of medium) were cultured in 24-well 

plates and stimulated with plate-bound anti-CD3 (2 μg/ml) and soluble anti-CD28 (5 

μg/ml). Supernatants were collected after 1 and 4 days of stimulation. Accumulation of 

IL-2 in the supernatants was quantified by ELISA according to the manufacturer’s 

protocol (BMS601, Thermo Fisher Scientific). Supernatants of primary CD4+ T cells 

stimulated with rangof of concentrations of plate-bound anti-CD3 and soluble anti-CD28 



(5µg/mL) were collected 24h after, and IL-2 was quantified using ELISA MAX™ Deluxe 

Set Mouse IL-2 (431004, Biolegend). For cytokine multiplexing, serum or supernatants 

were diluted one fold in PBS before being sent to EVE Technologies, Calgary, Alberta, 

Canada, for cytokine multiplexing with a Bio-Plex 200. 

 

CFSE staining for quantitative proliferation analysis 

Naïve CD4+ T cells were stained with CFSE according to the manufacturer’s protocol 

(C34554, Life Technologies, 1:1000). After 72h of culture with stimulants, cells were 

harvested and analyzed with the 5-laser LSR Fortessa from BD. The average 

distribution of daughter generation was calculated from the technical and biological 

replicates of each condition. 

 

Protein purification 

HEK-293 cells were transfected using 15ug FLAG-SHP-1 (aa1-595) plasmid: 30uL 

Lipofectamine 2000 OptiMem media per 15cm plate. Confluent plates were lysed in 

Lysis buffer: 20mM Tris pH 7.4, 300mM NaCl, 1% Triton and complete protease 

inhibitor. DNA/cell debris were removed by centrifugation at 13,000rpm for 10 minutes, 

4°C. The lysate was incubated with FLAG-Agarose M2 beads for 2 hours before 

transferring the agarose beads to an empty PD-10 column. Beads were washed 4X 

using 10CV lysis buffer followed by one wash with TBS pH7.5. The protein was eluted 

6*2CV using 100ug/mL FLAG peptide in TBS. Eluted proteins were concentrated on 

AMICON Ultra-4. Cut-off 30K glycerol was added for a final concentration of 15-20% 



along with 1mM DTT. Protein purity was evaluated by gel migration and Coomassie 

blue staining. 

 

Affinity purification mass spectrometry 

HEK293T/17 cells were transfected with SHP-1 (FLAG) and co-transfected with or 

without TAOK3 and/or SRCY527F. Cell lysates were subjected to M2-FLAG 

immunoprecipitation as per the previously described method. Co-IP sample beads were 

loaded onto a single stacking gel band to remove lipids, detergents, and salts. The 

single gel band containing all proteins was reduced with DTT, alkylated with iodoacetic 

acid, and digested with trypsin. 2 µg of extracted peptides were re-solubilized in 0.1% 

aqueous formic acid and loaded onto a Thermo Acclaim Pepmap (Thermo, 75uM ID X 

2cm C18 3uM beads) pre-column and then onto an Acclaim Pepmap Easyspray 

(Thermo, 75uM X 15cm with 2uM C18 beads) analytical column separation using a 

Dionex Ultimate 3000 uHPLC at 250 nL/min with a gradient of 2-35% organic (0.1% 

formic acid in acetonitrile) over 2 hours. Peptides were analyzed using a Thermo 

Orbitrap Fusion mass spectrometer operating at 120,000 resolution (FWHM in MS1) 

with HCD sequencing (15,000 resolution) at top speed for all peptides with a charge of 

2+ or greater. The raw data were converted into *.mgf format (Mascot generic format) 

for searching using the Mascot 2.6.2 search engine (Matrix Science) against Human 

Uniprot sequences (2022). The database search results were loaded onto Scaffold Q+ 

Scaffold_4.9.0 (Proteome Sciences) for statistical treatment and initial data 

visualization. Further analysis was realized with the Prohitz visualization tool (92). 



Protein interaction networks and molecular function were visualized using the 

GeneMania online tool (40). 

 

Statistical analysis and data visualization 

Protein interaction modeling was conducted in Pymol upon initial docking with 

HADDOCK2.4 (93, 94) using the rigid AlphaFold structures for SHP-1 (P29350) and 

TAOK3 (Q9H2K8) (95, 96). Statistical analysis was done using Graphpad prism V9.0. 

Briefly, ratio paired t-tests were performed upon validation of Gaussian distribution with 

the Anderson-Darling normality test. If normality was not reached, equivalent non-

parametric tests were used to compare the difference in means between the two 

groups. For more than two groups, one and two-way ANOVA with matching biological 

replicates and Dunnett’s multiple comparison test were used. To objectively measure 

the significance in proliferation distributions from Fig. 2, χ2 tests were realized by 

comparing the percentages distribution of each daughter generation from the average of 

technical and biological from each genotype (Generation 0& G1, G2, G3, G4, G5, and 

G6+). G0 and G1 generations had to be pooled to meet the χ2 statistical test criteria 

(n/group ≥5). Significance was considered at p-values < 0.05. 

 

Supplementary Materials  

Figs. S1–S6. 
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Figure Legends 

Fig. 1. Genetic deletion of Taok3 decreases naïve CD4+ T cell abundance and 

survival. (A) Phylogenic tree of the STE20 kinases sharing the highest sequence 

identity with TAOK3. (B) Expression analyses using data extracted from the Database 

of Immune cell Expression (DICE) ranking transcript fold-change between activated and 

resting CD4+ and CD8+ naïve T cells (Up, increased in expression; Down, decreased in 

expression). (C) Gating strategy used to define CD3+ T cells in flow-cytometric analysis 

of splenocytes from Taok3+/+, Taok3+/-, and Taok3-/- mice. SSC-A, side-scatter. 

Numbers represent the frequency of this population in splenocytes. (D) Total numbers 

of splenic CD3+ T cells in the indicated genotypes. (E) Gating strategy used to define 

splenic CD4+ and CD8+T cells. The numbers represent the frequency of each 

population in splenocytes. (F and G) Total numbers of splenic CD4+ and CD8+ T cells 

(F) and splenic CD4/CD8 T cell ratio (G) in the indicated genotypes. (H) Gating strategy 

to define naïve (CD62Lhi, CD44lo) effector memory (CD62Llo, CD44hi) and central 

memory (CD62Lhi, CD44hi) subsets of CD4+ splenic T cells. (I)  Total number of naïve, 

effector memory, and central memory CD4+ subsets in the indicated genotypes. (J) IFN-

γ and IL-2 abundance in serum at steady state. (K) The frequency of apoptotic (Annexin 

V-FITC+) cells within CD4+ T cell subsets in spleen and lymph nodes. (L) Mean 

fluorescence intensity (MFI) of Nur77 in naïve CD4+ T cells in the spleen and lymph 

nodes. Black dots in graphs represent individual mice. Data were pooled from mice from 

at least three independent litters for a total of n = 3–13 mice per genotype. In (D, F, I), 

n=12 Taok3+/+, n=7 Taok3+/-, and n=12 Taok3-/- mice. In (G), n=9 Taok3+/+, n=7 

Taok3+/-, and n=9 Taok3-/- mice. In (J), n=6 mice/genotype for IFN-γ, and n=13 Taok3+/+ 



and n=10 Taok3-/- mice for IL-2.  In (K), n=4 mice/genotype. In (L), n=3 mice/genotype. 

Error bars represent mean ± SEM. One-way ANOVA and Dunnett’s multiple 

comparison. *p≤0.05, **p≤0.01, ***p≤0.001, ****p≤0.0001. 

 

Fig. 2. Taok3 is required TCR sensitivity in naïve CD4+ T cells but not for 

differentiation to effector cells. (A) Flow cytometric analysis of CFSE proliferation 

histograms of naïve CD4+ T cells from Taok3+/+, Taok3+/-, or Taok3-/- mice stimulated ex 

vivo for 72h with 2g/mL of CD3-specific antibody. (B) Bar plot showing daughter 

generation distributions from (A). (C) Mean fluorescence intensity (MFI) of CD69 in each 

daughter generation from (B). (D) CFSE proliferation histograms of naïve CD4+ T cells 

stimulated for 72h with 10µg/mL of CD3-specific antibody with or without exogenous IL-

2. (E) Bar plot showing daughter generation distributions from (D). (F) Bar chart 

representing CD69 MFI in each daughter generation from (E). (G) Quantification of IL-2 

produced by naïve CD4+ T cells after 72h of stimulation with the indicated amounts of 

CD3-specific antibody, as measured by ELISA. (H) Bar chart representing the average 

MFI of IL-2Rα (CD25) in flow cytometric analysis of naïve CD4+ T cells after 72h of 

stimulation with with as the indicated amounts of CD3 specific antibody . (I) IL-2 

production curves in total CD4+ T cells stimulated for 24 hours with various amounts of 

CD3-specific antibody. Data pooled from n=4 mice/genotype (A to F, H, J, K) or from 

n=3 mice/genotype (G and I). Error bars represent mean ± SEM. Statistical analysis: (B 

and E) χ2 tests were realized to compare the distribution of generations from the 

average of replicates from each genotype, (C, F, G, H) Two-way ANOVA and Dunnett’s 



multiple comparisons. (I) One-way ANOVAs versus Taok3+/+ curve. *p≤0.05, **p≤0.01, 

***p≤0.001, ****p≤0.0001. 

 

Fig. 3. TAOK3 substitution mutants in the serine rich domain increaseIL-2 

secretion upon TCR engagement. (A) Schematic representation of substitution 

mutations in TAOK3 vectors used for stable transduction and transfection. (B) 

Immunoblot blot analysis of V5-tagged TAOK3 mutant proteins within individual TAOK3 

knockout (KO) Jurkat E6.1 cell lines expressing the TAOK3 constructs depicted in (A). 

Actin is a loading control. (C) Growth rate (% confluence/hour) and proliferation curves 

(% confluence over time) of TAOK3 KO Jurkat E6.1 cells with stable expression of the 

indicated TAOK3 constructs. (D) Flow cytometric analysis of CD3 and CD28 abundance 

in the indicated cell lines. (E) ELISA quantification of IL-2 production in the indicated cell 

lines stimulated with plate-bound CD3-specific antibody and soluble CD28-specific 

antibody. (F) ELISA quantification of IL-2 production by mouse primary CD4+ T cells 

treated with DMSO (Vehicle), or various concentration of TAO kinase inhibitor 

(compound-43) and stimulated with immobilized CD3-specific antibody and soluble 

CD28-specific antibody for 24h or left unstimulated. Data pooled from three independent 

experiments (B to E) or mice (F). Error bars represent mean ± SEM. Statistical analysis: 

One-way ANOVA and Dunnett’s multiple comparisons. *p≤0.05, **p≤0.01, ***p≤0.001, 

****p≤0.0001. 

 

Fig. 4. A T cell–specific increase in Shp-1 abundance and phosphatase activity 

desensitizes the TCR threshold of Taok3-deficient cells. (A) Immunoblot analysis of 



phosphorylated (p) and total Lck, Zap-70, and Taok3 in mouse Taok3+/+ or Taok3-/- CD4+ 

T cells stimulated with soluble CD3- and CD28-specific antibodies for 15 or 30 minutes 

or left unstimulated, resting (0). Total protein is used as the loading control. (B) Flow 

cytometric analysis of Ca2+ influx in naïve CD4+ T cells activated with CD3-specific 

antibody or Ionomycin. The bar chart shows the slope of the CD3 activation phase in 

Taok3+/+ and Taok3-/- cells. (C) Immunoblot analysis and quantification of Shp-1 isolated 

(resting) CD4+ T cells from Taok3+/+, Taok3+/-, and Taok3-/- mice from multiple litters. 

Each data point represents one mouse. (D) Shp-1 mRNA expression in total CD4+ T 

cells relative to housekeeping genes Hprt and Hmbs (E) Immunoblot analysis of SHP-1 

protein after immunomagnetic separation of CD4+ T cells into a positive fraction (+) 

containing CD4+ T cells, and a negative fraction (-) containing splenocytes minus CD4+ 

T cells. The bar graph shows the amount of SHP-1 in each cell fraction (Normalized vs. 

CD4+, Taok3+/+). (F) XY plot showing mean fluorescence intensity of phosphorylated 

LCK (Tyr505) in naïve CD4+ Taok3+/+ or Taok3-/-  T cells stimulated with immobilized 

CD3-specific antibody and soluble CD28-specific antibody for 5, 15 and 30 or left 

resting without stimulation. The abundance of phosphorylated Lck is relative to that in 

unstimulated/resting Taok3+/+ T cells (G) Flow cytometric analysis of CD25+ cells and IL-

2 production (ELISA) in wild type or knockout naïve CD4+ T cells treated with indicated 

concentrations of SHP-1 inhibitor NSC-87877 during the stimulation with immobilized 

CD3-specific antibody (5μg/mL) and soluble CD28-specific antibody (5μg/mL)  for 48 

hours. (H) Schematic representation of an iCRSPR mouse model used to induce the 

deletion of Taok3 in T cells ex vivo. (I) Immunoblot blot analysis of phosphorylated and 

total Shp-1, Lck, Mek1/2, Erk1/2, Taok3, and Cas9 in T cells from Taok3 iCRISPR mice 



treated with vehicle or with doxycycline (Dox) to induceTaok3 deletion. Vinculin is used 

as the loading control. (J) Quantification of IL-2 produced by vehicle-treated and Taok3-

deleted total T cells after 24h and 96-hour of stimulation with CD3 and CD28 antibodies. 

(K) Flow cytometric analysis of IL-2Rα and IL-2Rβ (CD122) in vehicle-treated and 

Taok3-deleted total T cells. Data pooled from at least three independent experiments or 

biological replicates (mice). (B, J, and K) n=5 mice/genotype. (C) protein samples 

obtained from n=10 Taok3+/+, n=4 Taok3+/-, n=9 Taok3-/- mice were run independently 

six times. In (D) n=7 Taok3+/+, n=2 Taok3+/-, n=7 Taok3-/- mice. (E to G) n=3 

mice/genotype. Error bars represent mean ± SEM. Statistical analysis: (C, D, F) One-

way ANOVA with Dunnett’s multiple comparison test. (F) One-way ANOVA (To assess 

TCR responsiveness vs. time). Two-way ANOVA and Dunnett’s multiple comparison (E) 

or Šidák’s multiple comparisons (F, G, J). (K) paired T-tests. *p≤0.05, **p≤0.01, 

***p≤0.001, ****p≤0.0001. 

 

Fig. 5. TAOK3 phosphorylates the PTP domain of SHP-1 at Thr394. (A) Transfected 

TAOK3 was immunoprecipitated (IP) from HEK293T cells co-transfected with empty 

vector or FLAG-SHP1 with or without SRCY527F. TAOK3 immunoprecipitates and total 

cell lysates (Input) were immunoblotted for TAOK3, FLAG, and SRC. ACTIN is a 

loading control. (B) FLAG immunoprecipitates from HEK293T cells transfected with 

empty vector or SRCY527F plus wild-type (WT), C/S, or D/A mutant forms of SHP-1 were 

immunoblotted for TAOK3, FLAG, and SRC. (C) Endogenous TAOK3 was 

immunoprecipitated from lysates of Jurkat E6.1 cells that were either resting (0) or 

stimulated for 15 minutes with CD3 and CD28 antibodies. Immunoprecipitates were 



blotted to show TAOK3 and SHP-1. GAPDH is a loading control. (D) Schematic 

representation of truncated SHP-1 mutants. (E) Immunoblotting for TAOK3 and FLAG in 

TAOK3 immunoprecipitates from HEK293T cells expressing wild-type TAOK3 and the 

indicated SHP-1 truncation mutants. (F) Schematic representation of incubation of 

FLAG-SHP-1 purified from HEK293T/17 cells i with and without purified recombinant 

TAOK3 (sino biological) for further detection of the phosphorylation site using mass 

spectrometry. The amino acid sequence above the tandem mass spectrum shows the 

region flanking SHP-1 Thr394 (red “t”). m/z is the mass/charge ratio. The “b”s and “y”s 

indicate mass spectrometry–identified fragment ions from the N-termini (b) and C-

termini (y) from a phosphorylated Thr394 peptide in the SHP-1 + TAOK3 condition. (G) 

SHP-1–TAOK3 interaction model based on AlphaFold structures and experimentally 

defined interaction sites. For SHP-1, Thr394 is shown in magenta, the PTP domain in 

orange, the SH2 domains in green, and the, C-terminus in red. For TAOK3, the kinase 

domain is shown in blue and the coiled-coiled domain in grey. (A-E) Data are 

representative of at least three independent experiments. 

 

Fig. 6. TAOK3 modulates SHP-1 protein-protein interactions and its ubiquitin-

dependent proteasomal degradation. (A to D) Affinity-capture mass spectrometry of 

lysates of HEK293T/17 cells transfected with the indicated combinations of SHP-1, 

TAOK3, and SRCY527F. (A) Venn diagrams showing the number of specific co-

interactors having differential abundance between the condition groups (FDR<0.5). (B) 

Dot plot of the differentially enriched or diminished co-interactors from A. (FDR<0.5). (C) 

Protein interaction network for the significantly enriched co-interactors in the SHP-1 + 



TAOK3 condition and associated molecular function from (B). (D) Bar plot of the 

significantly enriched/diminished molecular functions from (B). (E) Immunoblot analysis 

of TAOK3 and SHP-1 in Jurkat T cells for which overexpression of TAOK3 is controlled 

by a TET-ON system (doxycycline-inducible). Total protein is used as the loading 

control. (F) Immunoblotting for HA, FLAG, and TAOK3 in total cell lysates (Input) and 

FLAG immunoprecipitates (IP) in HEK293T/17 cells expressing HA-Ubiquitin, FLAG-

SHP-1, and TAOK3 and treated with or without MG-132 proteasome inhibitor as 

indicated. Actin is used as the loading control. (G) Immunoblotting for HA and FLAG in 

FLAG immunoprecipitates from HEK293T/17 cells expressing HA-Ubiquitin, TAOK3, 

and FLAG-tagged wild-type (WT) or mutant (T394A=T/A, T394D=T/D) SHP-1 as 

indicated and treated with MG-132. (H) Immunoblot analysis of SHP-1, SHP-2, and 

TAOK3 in Jurkat E6.1 cells subjected to CD3 and CD28 stimulation and/or treatment 

with Cycloheximide as indicated. GAPDH was used as the loading control. (E-H) Data 

are representative of at least three independent experiments. 

 

Fig. 7. Model for TAOK3-mediated SHP-1 degradation and regulation of TCR 

signaling. SHP-1 inhibits the activation of the TCR signaling cascade by 

dephosphorylating LCK ,ZAP-70 and the ITAMs in the intracellular chains of the TCR 

complex. In the context of TCR signaling, TAOK3 interacts with SHP-1 and mediates its 

phosphorylation at Thr394. This leads to mono- and polyubiquitylation of SHP-1, which in 

turn promotes its proteasomal degradation. TAOK3 therefore reduces the stability of 

SHP-1, thereby increasing the sensitivity of T cells to activation. 
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Fig. S1. Supplemental mouse immunophenotyping. These data complement Fig. 1. (A) Expression 

abundance analyses using data extracted from the Database of Immune Cell Expression (DICE). Violin plot 

represents the relative TAOK3 transcript abundance in various T cell subsets. (B) Gating strategy used to 

identify FOXP3+, CD25+ T-reg cells. (C) Bar chart representing the frequency of FOXP3+, CD25+ 

population within the CD3+, CD4+ population in the spleen. (D) Serum IL-7 and IL-15 amounts in Taok3+/+ 

and Taok3-/- mice.  (E) Gating strategy used to define CD3+, CD4+ T cells isolated from lymph nodes 

(pooled Axillary and Inguinal). (F) Bar chart representing the frequency of CD3+, CD4+ population in 

lymph nodes. (G) Gating strategy used to define CD3+, CD4+ T cells isolated from bone marrow. (H) Bar 

chart representing the frequency of CD3+, CD4+ population in lymph nodes bone marrow. (I) Flow 

cytometry plots for the quantification of apoptotic Annexin V+ Naïve (CD62L+, CD44-), T central memory 

(TCM, CD62+, CD44+), or T effector memory (TEM, CD62-, CD44+) CD4+ T cells. (J) Flow cytometric 

analysis of Nur77 in splenic CD4+ Naïve T cells (from Fig. 1L). Black dots represent individual mice. Error 

bars represent mean ± SEM. Data pooled from least three independent biological replicates for a total of 

(B, C, D, I) n=4 mice/genotype, (E and F) n=7 mice/genotype, (G and H) n=5 mice/genotype, and (J) n=3 

mice/genotype. Statistical analysis: (C and F) One-way ANOVA and Dunnett’s multiple comparisons; (D 

and H) Unpaired T-test. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.000. 



 

 

 

Fig. S2. Additional data relating to Fig. 2. (A and B) Gating strategy used to confirm proper isolation of 
naïve CD4+ T cells. Sorting of total splenocytes before isolation (A) and naïve CD4+ isolated splenocytes 

(B) are shown. (C) CD69 abundance in naïve CD4+ T cells stimulated with CD3 and CD28 for 48 hours. 

(D) Cytokine multiplex analysis of GM-CSF, IFN-γ, TNF-α, and IL-10 in total T cells stimulated with CD3 
and CD28 for 24 hours. (C and D) Data pooled from at least three biological replicates (mice). Error bars 

represent mean ± SEM. black dots representing individual mice. (C and D)  n=3 mice/genotype. Statistical 

analysis: (C) One-way ANOVA and Dunnett’s multiple comparisons; (D) Paired T-tests. *p≤0.05, 
**p≤0.01, ***p≤0.001, ****p≤0.000. 

  



  



Fig. S3. Investigation of MAPK signaling events related to TAOK3. (A) Immunoblot analysis of 
phosphorylated (p) and total JNK and P38 and TAOK3 in HEK293T/17 cells transiently transfected with 

vectors encoding wild-type or mutant TAOK3 for 24 hours. Total protein is used as the loading control. 

Densitometric analysis of amounts of phosphorylated JNK (Thr185/Tyr185) and P38 (Thr180/Tyr182) were 

normalized to total JNK and total P38, respectively (B) Immunoblot analysis of phosphorylated and total 
JNK, P38, and Taok3 in total mouse CD4+ T cells stimulated with CD3 and CD28 for 15 minutes or left 

unstimulated (0). Densitometric analysis of amounts of phosphorylated JNK (Thr185/Tyr185) and P38 

(Thr180/Tyr182) were normalized to total JNK and total P38, respectively. (C) Immunoblot analysis of 
phosphorylated and total ERK and Taok3 in total mouse CD4+ T cells stimulated with CD3 and CD28 for 

15, 30 minutes or left unstimulated (0). Vinculin is used as the loading control. Densitometric analysis of 

levels of phosphorylated ERK (Thr202/Tyr204) normalized to total ERK (D) Immunoblot analysis of 
phosphorylated NF-κB (Ser536), total NF-κB, and Taok3 in the different genotypes at 10µg/mL of CD3 

antibody. Densitometric analysis of amounts of phosphorylated NF-κB Ser536 were normalized to total NF-

Κb. (E) Immunoblot analysis of phosphorylated NF-κB (Ser536), total NF-κB, and Taok3 in a range of 

concentrations of CD3 antibody. Densitometric analysis of amounts of phosphorylated NF-κB (Ser536) 
normalized to total NF-κB. Error bars represent mean ± SEM. Black dots represent biological replicates 

(independent experiments). Data pooled from at least three independent experiments. Statistical analysis: 

(A and D) One-way ANOVA and Dunnett’s multiple comparisons, (B, C, E) Two-way ANOVA and Šidák's 
multiple comparisons tests. *p≤0.05, **p≤0.01, ***p≤0.001, ****p≤0.000. 

  



 
 

Fig. S4. Additional data relating to Fig. 4. (A) Densitometric analysis of phosphorylated Lck (Tyr394) and 

phosphorylated Zap-70 (Tyr319) normalized to total Lck and total Zap-70, respectively (from Fig. 4A). (B) 

Immunoblot analysis of SHP-1 and Taok3 amounts in total splenocytes. Numbers above the lanes indicate 

an individual mouse in each group. Total protein is used as the loading control.  (C) Flow cytometric 
analysis of phosphorylated Lck (Tyr505) in resting, isolated naïve CD4+ T cells. (D) Flow cytometric 

analysis of Nur77+ cells, CD69+ cells from Fig. 5G. Plots show the percentages of Nur77+ and CD69+ cells 

upon stimulation with CD3 and CD28 and treatment with the indicated concentrations of NSC-87877. (E 
to H) Additional results pertaining to T cells isolated from iCRISPR-Cd4-cre mouse model and treated with 

or without doxycycline to induce Taok3 deletion. Immunoblot analysis of Cas-9 and PCR reaction on 

isolated genomic DNA from isolated T cells, treated with or without doxycycline (E). Actin is used as the 
loading control for the blot. Cre is the positive control for PCR. Confluency curves and growth rates (F),  

flow cytometric analysis of CFSE intensity (G), and  immunoblot analysis of Taok3 and Cleaved Caspase-

3 (H) in isolated T cells treated in culture with or without doxycycline (non-TCR stimulated). (I) 

Densitometric analysis of phosphorylated Lck (Tyr394), Lck (Tyr505), Mek1/2(Ser217/221), and Erk1/2 
(Thr202/Tyr204) normalized to their respective total protein (from Fig. 4I). Data pooled from least three 

independent experiments or biological replicates (mice). Error bars represent mean ± SEM. Statistical 

analysis: (A, D, I) Two-way ANOVA and Šidák’s multiple comparisons; (F) Paired T-test. *p≤0.05, 
**p≤0.01, ***p≤0.001, ****p≤0.000. 

  



 
 

Fig. S5. Additional data relating to Fig. 5. (A) Immunoblotting for TAOK3, SHP-1, and GST in total cell 
lysates (Input) and GST pulldowns from bacterial cells (DH5α)expressing the indicated proteins. (B) 

Immunoblotting for TAOK3, SHP-1, and GST in total cell lysates and GST pulldowns from competent 

bacteria (DH5α) expressing the indicated combinations of WT or D/A and C/S mutant forms of SHP-1 and 
GST or full-length GST-TAOK3. (C) Densitometric analysis of the abundance of FLAG-tagged SHP-1 

mutants immunoprecipitated with TAOK3 normalized to their respective abundance in total cell lysate and 

relative to SHP-1-FLAG. (D) Coomassie blue staining assessing the purification of FLAG-SHP1 from 

HEK293T/17 cells to be used in kinase reactions and mass spectrometry. (A, B, D) Data representative of 
at least three independent experiments. (C) Data pooled from three independent experiments. Black dots 

represent biological replicates (Independent experiments). Error bars represent mean ± SEM. Statistical 

analysis: (C) One-way ANOVA with Dunnett’s multiple comparisons. *p≤0.05, **p≤0.01, ***p≤0.001, 
****p≤0.000. 

  



 
 

Fig. S6. Additional data relating to Fig. 6. (A) Ubiquitin-related enzymes found in AP-MS experiment 

before the adjustment of p-values. (B) Comparison of the enrichment profiles between SHP-1 + SRCY527F 
with or without cotransfection with TAOK3. Here, statistical comparison and reported FDR comparing 

SHP-1 + SRC Y527F versus SHP-1 + SRC Y527F + TAOK3. Differences in phosphorylated peptides 

abundance between SHP-1 + SRC Y527F and SHP-1 + SRC Y527F + TAOK3. (C) Densitometric analysis 
of SHP-1 protein abundance in Jurkat cells treated with doxycycline to induce TAOK3 overexpression (OE) 

normalized to total protein and relative to SHP-1 in vehicle-treated cells (from Fig. 6E). (D) 

Immunoblotting for SHP-2 in isolated murine CD4+ T cells from either Taok3+/+ or Taok3-/- animals. Total 

protein is used as loading control. Bar plot shows SHP-2 abundance relative to the loading control. Black 
dots represent biological replicates (mice). (E) sequence alignment between human SHP-1 and SHP-2 

around SHP-1-Thr394. (F) Densitometric analysis of SHP-1 and SHP-2 abundance normalized to GAPDH 

(from Fig. 6H) in TAOK3+/+ and TAOK3-/- Jurkat cells. (D) Data pooled from Taok3+/+ n=3 and Taok3-/- 
n=5 mice. (C and F) Data pooled from three independent experiments. Black dots represent biological 

replicates (mice or independent experiments). Error bars represent mean ± from. Statistical analysis: (D and 

E) Unpaired T-test, (F) Multiple unpaired T-tests. *p≤0.05, **p≤0.01, ***p≤0.001, ****p≤0.000. 
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