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Abstract

The scaffold molecule POSH is crucial for the regulation of proliferation and effector function in 

CD8+ T cells. However, its role in CD4+ T cells is not known. Here we found that, disruption of 

the POSH scaffold complex established a transcriptional profile that strongly skewed 

differentiation towards TH2, led to decreased survival and had no affect on cell cycle entry. This is 

in stark contrast to CD8+ T cells where POSH regulates cell cycle and does not affect survival. 

Disruption of POSH in CD4+ T cells resulted in the loss of Tak1 dependent activation of JNK1/2 

and Tak1 mediated survival. However, in CD8+ T cells, POSH regulates only JNK1. Remarkably, 

each type of T cell had a unique composition of the POSH scaffold complex and distinct post-

translational modifications of POSH. These data indicate that the mechanism that regulates POSH 

function in CD4+ T cells is different from CD8+ T cells. All together, these data strongly suggest 

that POSH is essential for the integration of cell-type specific signals that regulate the 

differentiation, survival and function of T cells.

Introduction

CD4+ T cell activation leads to the acquisition of a unique set of effector functions designed 

to clear specific types of pathogens. TCR signals ‘set the stage’ and allow for the integration 

of inflammatory signals to direct CD4+ T cell differentiation into one of several T helper 

subsets (1–4). Scaffold molecules have the potential to provide an essential function in the 

regulation of this process by assembling signaling modules from individual components of a 

given pathway and by organizing nodes of crosstalk between multiple signaling pathways 

(5–8). Furthermore, scaffold proteins can modulate the nature (quality) of signal output by 

targeting kinases to particular micro- and nano- domains within a cell or by regulating the 

composition of a signaling complex (9, 10). Finally, they can modify the amplitude 

(quantity) of signal by recruiting cofactors that can either amplify or inhibit signaling output 

(8). Therefore, gaining understanding in the nature and function of scaffolds in T 

lymphocytes will provide us with the ability to target them to improve immune-based 

therapeutic interventions.
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Numerous scaffold proteins critical for normal T cell function have been identified 

downstream of the TCR, for example: LAT and SLP76 assemble components of the 

proximal TCR-signaling complex (11, 12); the Carma1/Bcl10/Malt1 complex regulates NF-

κB activation (13), KSR1 aids in the activation of ERK (14, 15) and Carma1/Bcl10 is 

specific for JNK2 activation (16). More recently, we have identified the molecule Plenty of 

SH3 domains (POSH) as a scaffold protein that facilitates JNK1 activation in CD8+ T cells 

(17).

POSH is a multi-domain scaffold protein that was initially shown to be critical for Rac1 

dependent activation of JNK and NF-κB (18). Structurally, POSH contains four SH3 

domains, a non-canonical Rac binding domain, as well as an NH2-terminal RING finger 

domain (see Figure 7). POSH regulates several cell functions depending on which molecules 

bind to the different domains of POSH. For example, components of the JNK signaling 

pathway have been found in shared complexes with POSH (MAP3Ks, MKK7, JNK1 and 

JNK2) (17, 19–21). Functionally, POSH cooperates with JIP-1 to regulate JNK-dependent 

apoptosis in mature sympathetic neurons (19, 20). On the other hand, POSH directs the Rac1 

dependent radial migration of neocortical neurons in the developing brain (22). POSH also 

has a role in the regulation of Siah and Tak1 based survival in drosophila and neurons as 

well as in leukemia and lung cancer (23–25). Furthermore, POSH is involved in mediating 

AKT dependent survival signals in breast and lung cancer (26, 27). Whether POSH also 

regulates these diverse functions in T cells is unclear. We were the first to identify a 

functional role of POSH in CD8+ T cells (17). However, the role of POSH in CD4+ T cells 

remains unknown.

JNK and Tak1 have important roles in many aspects of both innate and adaptive immune 

responses (28–31). For T cells in general, the JNK family of MAPKs regulates activation, 

differentiation, and survival in both a maturation state and cell type dependent manner. For 

example, JNK activation is important for apoptosis of developing thymocytes, while it is 

essential for effector function and survival in mature T cells (29, 32, 33). JNK1 and JNK2 

have unique functions and the outcome of their activation is very different between CD8+ 

and CD4+ T cells. In CD4+ T cells, JNK2 facilitates TH1 polarization by inducing IL-12Rβ2 

following activation, which in turn enhances the expression of interferon-gamma (IFNγ). By 

contrast, JNK1 represses TH2 polarization by inhibiting nuclear factor of activated T cells c1 

(NFATc1) and promoting the degradation of JunB (34). JNK has also been implicated in the 

generation of TH17 cells (35). The MAP3K, Tak1, is upstream of JNK and downstream of 

IL-7 and IL-15 (36, 37) and plays a significant role in T cell development, activation, 

differentiation and survival. Together, the potential connection between POSH, JNK and 

Tak1 and the complexity of their involvement in CD4+ T cell differentiation and survival, 

strongly suggests POSH has an important role in CD4+ T cell biology.

Here we found that POSH has a role in Tak1 dependent activation of JNK1 and JNK2 in 

CD4+ T cells. This has important consequences for CD4+ T cells. Disruption of POSH 

function had no affect on cell cycle entry, however it led to a decrease in survival, along with 

inhibition of TH1 and skewing towards a TH2 phenotype. Importantly, these data are in stark 

contrast to CD8+ T cells where disruption of POSH led to defects in cell cycle entry while 

survival remained intact. Most remarkably, these changes are associated with distinct 
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phosphorylation-based modifications of POSH and differential composition of the POSH 

scaffold complex in CD8+ versus CD4+ T cells. These data suggest a mechanism that 

explains the distinct T cell-type dependent roles of JNK activation.

Materials and Methods

Mice

C57BL/6 and C57BL/6 Rag-/- mice were maintained in our animal facilities at the 

University of Missouri. Animal procedures were in accordance with Intuitional Animal Care 

and Use Committee regulations.

Antibodies and Reagents

POSH, JIP-1, JNK1, JNK2, Rac1, Noxa, MKK7, MLK3, MEKK1, and p-NFATc1 were 

purchased from Santa Cruz Biotechnology. Tak1, Puma, pSAPK/JNK, pMKK7, p-p38, 

pIκBα, NFATc1, JunB, Bcl2 and Bim were purchased from Cell Signaling. CD25 APC, T-

bet APC, GATA3 PE, IL-4 PE, IFN-γ APC, IL-2 APC, and IL-17A APC were purchased 

from eBioscience. β-actin was purchased from Sigma. 4G10, Rac1 and Rac2 were purchased 

from Millipore. Mcl-1 was purchased from Rockland. IL-12Rβ2 PE was purchased from 

R&D. 7-AAD was purchased from BD.

Inhibitors

Tat-POSH (NH2-GRKKRRQRRRPPRPRKEDELELRKGEMFLVFER-amide) 5-FamTat-

POSH (5-carboxyfluorescein-GRKKRRQRRRPPRPRKEDELELRKGEMFLVFER-amide) 

and Tat-cont. (NH2-GRKKRRQRRRPP-amide) peptides were synthesized by New England 

Peptides to a purity of >90%, respectively. Peptides were used at 20 μM (except where 

noted). None of the peptides exhibited nonspecific toxicity at any concentration tested. 

SP600125 (used at 33 μM) and Tat-JIP1 (used at 20 μM) were purchased from Calbiochem. 

All inhibitors were added 30 min before stimulation and maintained in culture with media + 

fresh inhibitor throughout the entire stimulation.

Immunoprecipitations

IP-FCM was performed using α-POSH (YY-5) or α-JIP-1 (2J8) CML beads as previously 

described (17, 38). In brief, >1,500 bead events were collected for each experiment and data 

was analyzed using FlowJo (TreeStar). Graphs depicting relative secondary analyte levels 

were generated by normalizing the geometric MFI of the secondary analyte to the geometric 

MFI of the primary analyte (to control for potential variations in IP efficiency (loading 

control)) to Tat-cont.-treated cells. Primary and secondary analyte-binding specificity and 

significance were determined by comparing their fluorescence to negative controls that 

included both isotype controls and antibodies to proteins that are known not to be in the 

complex being analyzed. IP-Westerns were performed using α-POSH (YY-5) antibodies and 

Protein A/G beads (Santa Cruz Biotech).
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In vitro Stimulations

CD4+ T cells were isolated using a mouse CD4+ T cell enrichment kit (Stem Cell Tech) 

according to the manufacturers instructions. Cells maintained in RPMI 1640 media with 

10% FCS and stimulated with 1μg/mL α-CD3 (2C11) and 1 μg/mL α-CD28 (37.51) or 50 

ng/mL PMA and 500 ng/mL Ionomycin (Sigma). IL-2 was used at 50 u/mL. Where 

indicated, cells were labeled with 10 μM CFSE. Golgi Plug (Brefeldin A; BD) was used at 1 

μL/mL.

Statistical Analysis

Probability (p) values were calculated with paired two-tailed Student’s t-test or Anova. All 

analyses were performed with Prism 6 software (Graphpad Inc.).

Results

POSH regulates survival and differentiation of CD4+ T cells

The POSH scaffold complex regulates JNK1 dependent programs of effector function and 

proliferation in CD8+ T cells (17). JNK activity contributes to proliferation and survival of 

CD4+ T cells (32, 34, 37, 39, 40). Thus, we determined the role of POSH in directing these 

processes in CD4+ T cells. Global deletion of POSH would lead to pleiotropic effects that 

make it difficult to draw clear conclusions. To overcome this, we disrupted the function of 

POSH with a cell permeable competitive peptide inhibitor comprised of an HIV Tat domain 

fused to a truncated form of the SH3 domain 3 (SH3.3) of POSH (referred to throughout the 

text as Tat-POSH) (Sup Figure 1A). We have previously shown that treatment of CD8+ T 

cells with this inhibitor blocks association of members of the JNK pathway to the SH3.3 

domain of POSH, impairing POSH function (17). Therefore, CFSE labeled CD4+ T cells 

were treated with Tat-POSH or Tat-cont. followed by stimulation with α-CD3 and α-CD28 

in the presence of exogenous IL-2. Tat-POSH treated cells proliferated slightly less than Tat-

cont. treated cells (Figure 1A). IL-2 is a potent mitogen that drives the proliferation and 

differentiation of CD4+ T cells through the high affinity IL-2 receptor, CD25. Disruption of 

POSH function led to only a minor reduction in the expression of CD25 at 24 hours post-

stimulation that was recovered by 48 hours (Figure 1A). Similar results were obtained when 

CD4+ T cells were stimulated in a mixed culture system (data not shown). Interestingly, 

disruption of the POSH complex had no effect on the expression of IL-2 or IL-17 (Sup 

Figure 1B). To determine if the failure of Tat-POSH treated cells to accumulate was caused 

by reduced cell cycle entry or increased cell death, the percent of Ki-67+ and 7-AAD+ cells 

was determined. Despite the slight trend for fewer cycling cells at 48 hours, there was no 

significant difference in the percent of cells that entered cell cycle (Ki-67+), suggesting, 

along with normal IL-2 and CD25 expression, that POSH is dispensable for proliferation of 

CD4+ T cells (Figure 1B). By contrast, there was a significant increase in the percent of 7-

AAD+ cells with Tat-POSH treatment (Figure 1B). Interestingly, this defect only appears 

when CD4+ T cells undergo strong stimulation. That is, unstimulated CFSE labeled CD4+ T 

cells treated with Tat-POSH were transferred into lymphopenic hosts (where they primarily 

encounter lower affinity self antigen) and to allow for significant expansion they were 

harvested on Day 11. We found that Tat-POSH and control treated cells demonstrated 

similar proliferation (Sup Figure 1C) and were recovered at a similar frequency (Figure 1C). 
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On the contrary, Tat-POSH treated cells that were stimulated with α-CD3/α-CD28, 

adoptively transferred into B6-Rag−/− hosts and collected on Day 8 (the peak/effector phase 

of the response) were recovered at a much lower frequency (Figure 1C). However, those that 

were recovered had proliferated equivalently to control treated cells (Sup Figure 1D). 

Together, these data provide strong evidence that POSH is dispensable for proliferation but 

makes a significant contribution to the survival of strongly activated CD4+ T cells. This is in 

stark contrast to CD8+ T cells where POSH is important for entry into cell cycle and 

dispensable for survival (17).

Since POSH is important for JNK activation and JNK are implicated in CD4+ T cell 

differentiation, we disrupted POSH function in CD4+ T cells and determined their T helper 

polarization. Naïve CD4+ T cells were isolated and stimulated in un-biasing conditions (41) 

for three days in the presence of Tat-cont. or Tat-POSH. The surviving cells were then re-

stimulated with PMA and Ionomycin for 5 hours and cytokine production was determined 

by intracellular cytokine staining (ICCS). Tat-POSH treated CD4+ T cells generated 

markedly fewer IFN-γ+ cells and significantly more cells became IL-4+ (Figure 1D). Tat-

POSH treated cells stimulated in the presence of blocking α-IL-4 antibodies and exogenous 

INF-γ do become TH1 (data not shown). These data are similar to findings in JNK deficient 

T cells and suggests that the POSH scaffold complex regulates the JNK dependent TH1/TH2 

polarization decision in CD4+ T cells.

POSH regulates both JNK1 and JNK2 activation in CD4+ T cells

Numerous signaling pathways cooperate to regulate CD4+ T cell differentiation and 

commitment to a TH1 or TH2 lineage. To determine the POSH-based ‘targets’ involved in 

this decision, polyclonal CD4+ T cells were purified and stimulated with α-CD3/α-CD28 

plus IL-2 for 4 days and re-stimulated with PMA/ionomycin, all in the continuous presence 

of Tat-POSH or Tat-cont. Disruption of POSH led to a profound loss in the induction of both 

phospho-JNK1 and phospho-JNK2 (Figure 2A) as well as a loss in the activation of the 

upstream JNK specific MAP2K, MKK7 (Figure 2B). Importantly, disruption of POSH was 

highly specific for the JNK pathway in CD4+ T cells, as signaling of other MAPK p38 and 

ERK; AKT, as well as IκBα and phospho-NFκB induction remained unchanged (Figure 2C, 

data not shown) (17). Therefore, these data show that POSH regulates both JNK1 and JNK2 

activation in CD4+ T cells.

POSH promotes TH1 differentiation

Next we identified the POSH-based contribution to the transcriptional regulation of CD4+ T 

cell differentiation. T-bet is considered to be a JNK-dependent regulator of TH1 polarization 

in CD4+ T cells (42). In addition, POSH and JNK1 are required for T-bet expression in 

CD8+ T cells (17, 43). To determine if the POSH scaffold complex was required for T-bet 

expression, CD4+ T cells were treated with Tat-POSH or Tat-cont. and stimulated with α-

CD3/α-CD28. Then the level of T-bet was determined by flow cytometry. Cells treated with 

Tat-POSH failed to induce T-bet over the level of naïve control at 24 and 48 hours post 

stimulation (Figure 3A). On the other hand, expression of the TH2 transcription factor 

GATA3 (22) was only slightly reduced at 24 hours and while expressed at low levels at 48 

hours, it was still significantly higher than non-stimulated cells (Figure 3B). These results 
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suggest that the enhanced TH2 skewing upon loss of POSH function is a consequence of 

GATA3 expression in the absence of T-bet (44) (Figure 1D). We confirmed that POSH 

mediated loss of JNK activity enhances TH2 skewing, as the reduction of T-bet and GATA3 

expression induced by the JNK kinase inhibitor SP600125 matched levels seen in cells 

treated with Tat-POSH (Sup Figure 2). JNK2 dependent expression of IL-12Rβ2 is critical 

for IL-12 mediated TH1 polarization (40). In agreement with this, upon disruption of POSH 

IL-12Rβ2 expression was significantly reduced 48 hours post stimulation (Figure 3C), 

suggesting a block in the ability of IL-12 to drive TH1.

NFATc1 and JunB are two additional transcription factors that promote TH2 polarization and 

are inhibited by JNK1 activation (34). We found that CD4+ T cells had a significant increase 

in NFATc1 dephosphorylation (activation) in Tat-POSH treated cells (Figure 3D). 

Furthermore, degradation of JunB was also diminished upon disruption of POSH function 

(Figure 3D). Additionally, a marked and significant reduction in the activation of the 

transcription factor c-JUN was observed (Figure. 3E). Together, these data recapitulate the 

defects in T helper differentiation found in JNK deficient T cells (45). In summary, the data 

shows that POSH mediated JNK activation is required for proper TH1/TH2 lineage decisions 

by regulating T-bet, GATA3, IL-12Rβ2, NFATc1, JunB and c-Jun.

POSH regulates intrinsic and extrinsic apoptotic pathways in activated CD4+ T cells

We next investigated how POSH promotes CD4+ T cell survival (Figure 1B). The intrinsic 

apoptotic pathway is tightly regulated through the balance of expression and activity of pro-

apoptotic (Bim/Puma/Noxa) and anti-apoptotic molecules (Mcl-1/Bcl2/Bcl-xL) (46). To 

determine the role of POSH in this process, purified CD4+ T cells were stimulated in the 

presence of Tat-cont. or Tat-POSH and levels of pro- and anti-apoptotic molecules were 

determined by flow cytometry. Tat-POSH treated cells expressed significantly less Mcl-1 

than those treated with Tat-cont. at both 24 and 48 hours post-stimulation (Figure 4A). 

However, Bcl2 expression was unaffected by Tat-POSH treatment (Figure 4A). The level of 

the pro-apoptotic molecule Bim was slightly reduced only after 48 hours, while there was no 

effect on Puma or Noxa expression (Figure 4A). To confirm that POSH mediated JNK 

activity was required for induction of Mcl-1, the experiments were repeated using the JNK 

kinase inhibitor SP600125 (47). Confirming previous results, CD4+ T cells treated with 

SP600 and stimulated for 24 or 48 hours had reduced expression of Mcl-1 and increased cell 

death as measured by 7-AAD staining (Sup Figure 2). These results suggest that POSH is 

required for survival in activated CD4+ T cells through JNK dependent regulation of Mcl-1. 

Importantly, these results are in line with a recent report that connected Tak1 mediated JNK 

activation with Mcl-1 dependent survival of activated CD4+ T cells (37, 48).

In activated CD4+ T cells, the extrinsic death receptor pathway consisting of Fas (CD178) 

and FasL (CD95) can also induce apoptosis (49). The expression of FasL is controlled by 

TCR-generated signals, through the transcription factors NFAT, NF-κB, Egr-1, Egr-2, and 

Egr-3, Sp-1, AP-1, ATF-2, c-Myc or FKHRL1 (50–52). Since disruption of POSH led to the 

defects in both the activation of c-Jun and the de-activation of NFAT, we also assessed the 

expression of FasL on Tat-POSH or control treated activated CD4+ T cells. Interestingly, 

unlike reports from JNK deficient T cells (53), this resulted in increased levels of both Fas 
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and FasL expression on days 1 and 2 (Figure 4B). This suggests that a POSH independent 

pool of JNK is responsible for the regulation of FasL or alternatively, NFAT and NF-κB may 

be sufficient to maintain FasL expression in these cells. Overall, these results suggest that 

POSH contributes to the survival of activated CD4+ T cells by regulating both the intrinsic 

pathway (via Mcl-1) and the extrinsic (Fas and FasL) apoptotic pathways.

The composition of the POSH scaffold complex in CD4+ T cells is distinct from CD8+ T 
cells

Disruption of the POSH scaffold complex in CD4+ T cells led to impaired JNK1 and JNK 2 

activation (Figure 2). This was strikingly different from CD8+ T cells where POSH regulated 

JNK1 and not JNK2. Therefore, we hypothesized that the composition of the POSH 

complex was different in these two cell types. POSH functions as a scaffold molecule to 

facilitate optimal JNK1 activation in CD8+ T cells by recruiting and assembling MLK3, 

MKK7, and JIP-1 into a functional scaffold complex (17). As the same JNK signaling 

components are expressed in CD4+ T cells (29), we determined whether they were present in 

the CD4+ T cell conformation of the POSH complex. To assess this, CD4+ T cells were 

stimulated with α-CD3 and α-CD28 and subjected to immunoprecipitation by flow 

cytometry, termed IP-FCM (17, 38, 54) using α-POSH carboxylate-modified latex (CML) 

beads. As expected, the POSH complex contained the small G protein (GTPase) Rac2 but 

very little Rac1, in line with the expression pattern of Rac isoforms in CD4+ T cells (Figure 

5A) (55). Additionally, MKK7 and JIP-1 were also found in the POSH complex (Figure 5B, 

Sup Figure 3). Interestingly, both JNK1 and JNK2 were also detected in shared complexes 

with POSH (Figure 5B). This was consistent with results from Figure 2 where disruption of 

POSH resulted in the inhibition of both JNK1 and JNK2 phosphorylation. Most 

interestingly, Tak1 was the predominant MAP3K found in association with POSH in CD4+ 

T cells. We also observed significant levels of MEKK1 but very little MLK3 (Figure 5C). 

Intriguingly, upon stimulation with α-CD3/α-CD28, there was a significant increase in the 

amount of Tak1 found in complex POSH while the expression of MEKK1 and MLK3 

remained constant (Figure 5D). This was very different from CD8+ T cells where MLK3 

was the predominant MAP3K while Tak1 was not present in the POSH scaffold complex 

(17). Collectively, these data provide the first indication that the POSH scaffold complex has 

a unique composition in CD4+ T cells.

These results led to the question as to how the individual components of the CD4+ T cell 

POSH complex were arranged. To determine the contribution of POSH SH3.3 in the 

assembly of the CD4+ T cell POSH scaffold complex, cells were treated with Tat-POSH or 

Tat-cont. for 30 minutes and then stimulated with α-CD3/α-CD28 and IP-FCM was 

performed using α-POSH CML beads. Strikingly, we observed a significant reduction in the 

amount of Tak1 that was bound to POSH in the presence of Tat-POSH compared to Tat-cont. 

(Figure 6A). This effect was specific to Tak1 as there were no differences in the amount of 

MLK3 or MEKK1 bound to POSH in the presence of Tat-POSH or Tat-cont. We also 

observed a significant reduction in the amount of MKK7 recruited to POSH in the presence 

of Tat-POSH compared to Tat-cont. (Figure 6B). POSH cannot directly bind MKK7 (19) and 

therefore this result is most likely due to the ability of MKK7 to bind Tak1 (see Figure 7) 

(56, 57). Next, we examined the role of the POSH SH3.3 domain on the interactions of 
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POSH with JNK1 and JNK2. Surprisingly, there was no difference in the binding of JIP-1, 

JNK1 or JNK2 to POSH in the presence of Tat-POSH compared to Tat-cont. (Figure 6C). 

Since, JIP1 is important for JNK recruitment in CD8+ T cells (17, 19) we performed 

reciprocal IP of JIP-1 in the presence of Tat-POSH or Tat-cont. with similar results (data not 

shown). This suggests that, unlike CD8+ T cells, the POSH SH3.3 domain is dispensable for 

POSH/JIP-1 binding in CD4+ T cells (Figure 6D). Therefore, to determine whether the 

JNK1 and JNK2 binding to POSH were still dependent on JIP-1, we utilized the 

commercially available Tat-JIP1 inhibitor, which efficiently uncouples the interaction of 

JIP-1 to JNK1 and JNK2 (58, 59). Intriguingly, while the inhibitor disrupted the association 

of JIP-1 with JNK1 and JNK2, there was no difference in the binding of POSH to JNK1 and 

JNK2 in the presence of Tat-JIP1 (Sup Figure 4). This suggests that, at least in the presence 

of Tat-JIP1, POSH/JNK binding can occur independent of JIP-1 in CD4+ T cells. Taken 

together, these data provide strong evidence that the POSH scaffold complex has a unique 

composition in CD4+ and CD8+ T cells. Furthermore, this suggests a possible mechanism by 

which JNK activation has such distinct outcomes between these two cell types.

Unique pattern of post-translational modifications to POSH in CD4+ versus CD8+ T cells

Collectively, these results showed that the POSH complex in CD4+ T cells contains Rac2, 

Tak1 (binding via the SH3.3 of POSH), MKK7, JIP-1 and JNK1/2 (Figure 7A). On the other 

hand, the primary POSH complex in CD8+ T cells contains Rac1, MLK3, JIP1, MKK7 and 

JNK1 (17). Tat-POSH based competitive inhibition of binding to POSH SH3.3 domain 

disrupted the binding of Tak1 to the POSH complex in CD4+ T cells, whereas in CD8+ T 

cells this resulted in the loss of JIP-1 and suggests the arrangement shown in (Figure 7A) 

(17). These findings beg the question as to how composition of the POSH scaffold complex 

is different in these two types of T cells. To explain this, we performed two tests. First, a 

change in the stoichiometric ratio of the binding partners could easily influence the 

composition of the complex. In support of this, the level of Rac1 was extremely low in CD4+ 

T cells most likely leading to the predominant presence of Rac2 in the POSH complex 

(Figure 5A, 7A). Remarkably, there was no difference in the levels of expression of POSH, 

MKK7, Tak1 and JIP-1 in naïve and stimulated CD4+ and CD8+ T cells (Figure 7B, data not 

shown). This rules out the stoichiometric ratio as the determining factor for the composition 

of the POSH complex.

Thus, we hypothesized that post-translational modifications to POSH account for differences 

in the POSH scaffold complex between CD4+ and CD8+ T cells. Along these lines, AKT-

based phosphorylation, within the POSH Rac binding domain blocks Rac binding (26, 27). 

Intriguingly, there are five tyrosine residues within POSH/JIP-1 binding sites (19) that can 

be subjected to phosphorylation as predicted by in silico sequence analyses (phoshoELM, 

Scansite3 and PhosphositePLus) and shown by mass spectrometry (60). To identify the 

extent of phospho-tyrosine (p-Tyr) based modifications to POSH, CD4+ and CD8+ T cell 

blasts were lysed and precipitated with an α-POSH antibody and the tyrosine 

phosphorylation status of POSH was determined by immunoblotting with α-pTyr antibody, 

4G10. Strikingly, we observed significant p-Tyr-based modification of POSH in CD8+ but 

not in CD4+ T cells (Figure 7C). Thus, these data suggest that post-translational changes at 

the level of POSH as a potential mechanism to differentially regulate the composition of the 
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POSH complex and activation of JNK to produce an outcome that is unique depending on 

the T cell type.

Discussion

The POSH scaffold complex directs unique JNK signals in a number of cells types. In this 

work we have found that POSH is required for Tak1 mediated JNK1 and JNK2 activation 

downstream of the TCR in CD4+ T cells. Most importantly, POSH mediated JNK1 and 

JNK2 activation is necessary for cell survival and plays a critical role in directing TH1 

differentiation. While portions of these data resemble observations reported for Tak1 and 

JNK deficient T cells (32, 34, 37, 40), others do not. This suggests that POSH only regulates 

the subset of JNK and Tak1 functions responsible for effector function and survival in CD4+ 

T cells. Finally, the composition and function of the POSH complex is remarkably different 

in CD4+ and CD8+ T cells and correlates with differential post-translational modification of 

POSH.

The composition of the CD4+ T cell POSH scaffold complex differs significantly from 

CD8+ T cells. Rac binding to the complex follows the expression of the most prevalent 

isoform within each cell, which are Rac1 in CD8+ and Rac2 in CD4+ T cells (55). However, 

functional redundancy between these two Rac isoforms precludes this as a factor in 

regulating the unique function of POSH (61, 62). In CD8+ T cells the composition of the 

POSH complex requires the association of two scaffold modules. The POSH half of the 

scaffold complex binds upstream components of the JNK signal cascade, Rac1 and MLK3, 

while the JIP-1 portion binds the downstream components MKK7 and JNK1. The two are 

bound together through POSH SH3.3 domain (17, 19). However, in CD4+ T cells, disruption 

of POSH SH3.3 domain led to the loss of Tak1 and MKK7. Since, MKK7 cannot bind 

directly to POSH (19) and Tak1 binds to MKK7 (56, 63), this indicates that Tak1 associates 

with the SH3.3 domain and is responsible for recruiting MKK7 to the POSH complex. 

Interestingly, in CD4+ T cells JIP-1 appears to associate with POSH outside of the SH3.3 

domain. In support of this, Kukekov et al, showed in both a cell free system and neuronal 

cell lines that POSH could also directly bind JIP-1 through SH3 domain 4 and a region that 

lies between the RING domain and SH3 domain 1 (19).

Our data suggests the mechanism behind the unique composition of the POSH complex 

could be based on phosphorylation of specific tyrosine residues at or near the beginning of 

POSH SH3.1 and POSH SH3.3. In support of this, these types of modifications are known to 

regulate the binding specificity of SH3 domains (64, 65). Furthermore, phosphorylation-

based modification of these specific residues of POSH has been identified in neurons and T 

cell leukemias (60). It is important to note that there were no differences in the expression 

level or modifications to Tak1 or JIP-1 when comparing CD4+ and CD8+ T cells, precluding 

these arguments as alternative explanations for the differential composition of the POSH 

complex. Thus, the data suggests that lower levels of phospho-tyrosine modifications to 

POSH in CD4+ T cells favors Tak1 binding while higher levels of phosphorylation favors 

JIP-1 binding to SH3.3. In support of this, JIP-1 contains a phospho-tyrosine binding 

domain (PTB) that is predicted to bind to these types of phospho-tyrosine residues (19). It is 

unclear what mediates these changes in the modification of POSH and additional studies are 
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needed to establish the causal relationship between phosphorylation and complex 

composition to address this important question. Regardless, the unique composition of the 

POSH complex suggests a mechanism for the differential regulation of JNK function in 

CD4+ and CD8+ T cells.

POSH-dependent JNK activation is only responsible for a subset of CD4+ T cell functions. 

Disruption of POSH function led to a defect in TH1/TH2 differentiation similar to what has 

been described for JNK deficient T cells (32, 40, 45, 66–68). On the other hand, however, 

multiple models of JNK deficiency lead to increased survival, while disruption of POSH 

function in our system led to a marked increase in T cell apoptosis. These conflicting results 

suggest there is POSH-independent regulation of JNK or POSH also controls a JNK-

independent mechanism of survival. As such, POSH-independent Carma/Bcl10-dependent 

activation of JNK2 (16) may contribute to some of the differences we observed between 

disruption of POSH function and JNK deficiencies (for example, normal versus increased 

IL-2 expression respectively). However, the increased cell death that we found upon 

disruption of POSH function more closely mimics Tak1 deficiency (37, 48). Consistent with 

this, CD4+ T cell activation led to increased levels of Tak1 in the POSH complex. 

Furthermore, inhibition of POSH function led to defects in Mcl-1 expression similar to 

results from Tak1 inhibition (48). While we have not entirely ruled out the possibility that 

Tat-POSH could function through the sequestration of JIP-1 or Tak1, independent of their 

association with POSH, we would argue that this is unlikely when considering the following 

points. First, we still find JIP-1 in the POSH complex in CD4+ T cells in the presence of Tat-

POSH. Second, NK-κB signaling downstream of Tak1 is not affected by the inhibitor in 

both CD4+ and CD8+ T cells (17). In addition, the inhibitor did not block Tak1 regulation of 

IL-7 dependent T cell survival in conditions of lymphopenia (37). Thus, these data argue 

against a global inhibition of Tak1 and Jip-1 function. Furthermore, they suggest that these 

modes of Tak1 function are POSH independent.

Increased FasL expression upon disruption of POSH function suggests that POSH has a role 

in the extrinsic pathway of apoptosis and AICD. This contradicts findings where FasL 

expression, apoptosis and AICD were decreased in the absence of JNK (53). However, this 

may be compensated for by NFAT, p38 and NF-κB dependent induction of FasL in our 

system (50–52). Intriguingly, POSH and the E3 ubiquitin ligase Siah have been shown to 

work together to inhibit death receptor signaling through degradation of signaling 

intermediates and surface expression of receptors as shown in leukemia, prostate and lung 

cancer (25, 69). Siah also provides negative feedback of p53 downstream of MDM2 

suggesting a point of crosstalk between TCR and POSH and the p53 pathway in CD4+ T 

cells (70). Interestingly, the E3 ubiquitin ligase activity of Siah has been linked to the 

activity of MAP3K components of the JNK pathway. Furthermore, a region in close 

proximity to POSH SH3.3 domain is responsible for binding to Siah (23). Thus, it is 

possible that in CD4+ T cells POSH mediates crosstalk between Tak1/Siah to regulate the 

extrinsic apoptosis pathway. Whether this is a direct consequence of the disruption of the 

POSH complex, change in the activity or location of Siah or a secondary effect of loss of 

JNK activity remains to be determined.
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This work provides the first description of the function of POSH in CD4+ T cells and shows 

its importance in the differential regulation of JNK function in CD4+ and CD8+ T cells. The 

consequence of the disruption of POSH function makes it an attractive candidate for 

therapeutic intervention in the setting of autoimmune diseases such as type I diabetes and 

multiple sclerosis where CD4+ T cells play an important role. Furthermore, as POSH does 

not appear to play a role in naïve CD4+ T cell homeostasis this eliminates concerns 

associated with non-specific CD4+ T cell depletion for these types of treatments. Given the 

mode of the contribution of POSH to survival, POSH may also serve as an effective target to 

improve the treatment of various types of tumors.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. POSH regulates CD4+ T helper differentiation and survival
(A) Naïve CD4+ T cells were labeled with CFSE, treated with Tat-POSH or Tat-cont. and 

stimulated with α-CD3 and α-CD28 in the presence of IL-2 and Tat-POSH or cont. for 4 

days. Cell division was analyzed by dilution of the CFSE dye (left) and the level of CD25 

(right) was determined by flow cytometry. (B) Naïve CD4+ T cells were treated with Tat-

POSH or Tat-cont. and stimulated for 24, 48 and 72 hours with exogenous IL-2 and the 

percent of Ki-67+ cells (top) and 7-AAD+ (bottom) cells was determined. All experiments 

are representative of n>4 independent experiments. (C) Naïve CD4+ T cells were labeled 

with CFSE and treated with Tat-POSH or Tat-cont. for 30 minutes. 1×106 cells were either 

un-stimulated or stimulated with α-CD3 and α-CD28 then adoptively transferred into Rag−/− 

mice. Cell numbers and division status were assessed in the spleen and lymph nodes at day 

11 and day 8. n=3 independent experiments with cohorts of 5 mice per condition per 

experiment. (D) Naïve CD4+ T cells were treated as in (A) and re-stimulated for 5 hours 

with PMA/Iono in the presence of BFA n=4. The percent of IL-4+ and IFN-γ+ cells were 

then determined by ICCS. All graphs show +/− SD * indicates p < 0.05; ** p < 0.01.

Cunningham et al. Page 16

J Immunol. Author manuscript; available in PMC 2017 May 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. The POSH regulates the activation of both JNK1 and JNK2 in activated CD4+ T cells
(A–B) Naïve CD4+ T cells were treated with Tat-POSH or Tat-cont. and then stimulated 

with PMA/Iono for the times indicated and then levels of pJNK1/2, p-p38 (A) and pMKK7 

(B) were determined by immunoblotting (C) Cells were treated as in (A) and the levels of p-

NF-κB and p-ERK were analyzed by immunoblotting. All experiments are representative of 

n>3 independent experiments. * indicates p < 0.05.
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Figure 3. Disruption of POSH leads to a transcriptional profile that favors TH2
(AC) Naïve CD4+ T cells treated with Tat-POSH or Tat-cont. and stimulated with α-CD3 

and α-CD28 in the presence of IL-2 for 24 or 48 hours and the levels of T-bet (A), GATA3 

(B) and IL-12Rβ2 (C) were determined by flow cytometry. (D) Naïve CD4+ T cells were 

treated with Tat-POSH or Tat-cont. and stimulated with PMA/Iono and the level of p-

NFATc1, NFATc1, JunB and β-actin were determined by immunoblotting. (E) Cells were 

stimulated as in (D) and pc-JUN and c-JUN were measured by immunoblot. All experiments 

are representative of n>3 independent experiments. * indicates p < 0.05. ** indicates p < 

0.01.
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Figure 4. POSH modulates intrinsic and extrinsic apoptotic pathways in CD4+ T cells
(A) Naïve CD4+ T cells were treated with Tat-POSH or Tat-cont. and stimulated with α-

CD3 and α-CD28 in the presence of IL-2 for 24 or 48 hours and the levels of anti-apoptotic 

Mcl-1, Bcl2, and pro-apoptotic Bim, Puma, and Noxa were determined by immunoblot. 

Data represented as fold change where Tat-cont. is set to 1. (B) Cells were stimulated as in 

(A) and the levels of Fas (CD95) and FasL (CD178) were determined at 24 and 48 hours 

post-stimulation. All experiments are representative of >3 independent experiments. * 

indicates p < 0.05. ** indicates p < 0.01
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Figure 5. Composition of the POSH scaffold complex in unique in CD4+ T cells
(A–D) Naïve CD4+ T cells were stimulated with cross-linked α-CD3 and α-CD28 for 2 or 5 

min. Lysates were subjected to IP-FCM using α-POSH CML beads and probed with Rac1 

and Rac2 (A), JIP-1, JNK1 and JNK2 (B), or Tak1, MEKK1, and MLK3 (C). Probing with 

α-POSH was used to confirm pull-down and serve as a ‘loading control’ and an isotype is 

used as a negative control. (D) The fold induction of MAP3K-POSH interactions over non-

stimulated (ns) was calculated. All experiments are representative of >3 independent 

experiments. * indicates p < 0.05.
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Figure 6. Tak1 interacts with POSH SH3.3 domain in CD4+ T cells
(A–D) Naïve CD4+ T cells were treated with Tat-POSH or Tat-cont. and stimulated with α-

CD3 and α-CD28 for the time indicated before being subjected to IP-FCM using α-POSH 

CML beads. The levels of Tak1, MLK3, MEKK1 (A), MKK7 (B), JNK1 and JNK2 (C), or 

JIP-1 (D) bound to POSH were then determined. Data is represented as fold change where 

Tat-cont. is set to 1 for each time-point. All experiments are representative of >3 

independent experiments. * indicates p < 0.05.
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Figure 7. Post-translational modification of POSH is associated with differential scaffold 
composition between CD4+ and CD8+ T cells
(A) Model representing the composition and arrangement of POSH complexes in CD4+ and 

CD8+ T cells. (B) Naïve polyclonal CD4+ and polyclonal CD8+ T cells were stimulated with 

α-CD3 and α-CD28 in the presence of IL-2 for 4 days and the levels of POSH, Tak1 and 

JIP-1 were assessed by flow cytometry. (C) Model depicts the organization of the functional 

domains in POSH and shows the location of modifiable tyrosines. (D) T cells were treated as 

in (B) and lysates were subjected to IP with POSH and the levels of p-tyrosine (p-Y) was 

determined by immunoblot. Graph shows the relative units (rU) of p-Y-POSH calculated as 

the ratio to POSH for each cell. All experiments are representative of n>3 independent 

experiments. ** indicates p < 0.01.
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