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Abstract 

The ability of the innate immune system to distinguish between low level microbial presence 

and invasive pathogens is fundamental for immune homeostasis and immunity. However, 

the molecular mechanisms underlying threat discrimination by innate immune cells are not 

clearly defined. Here we describe the integration of the NF-ĸB and MAPK pathways in the 

nucleus by the IĸB protein BCL-3 and the MAP3K TPL-2. Our data reveals that TPL-2 is a 

nucleocytoplasmic shuttling protein and demonstrates that the nucleus is the primary site for 

TPL-2 ubiquitination and proteasomal degradation. BCL-3 promotes TPL-2 degradation 

through interaction in the nucleus. As a consequence, Bcl3-/- macrophages have increased 

TPL-2 stability and MAPK activity following TLR stimulation. The enhanced stability of TPL-2 

in Bcl3-/- macrophages lowers the MAPK activation threshold and the level of TLR ligand 

required to initiate an inflammatory response. This study establishes the nucleus as a key 

regulatory site for TLR-induced MAPK activity and identifies BCL-3 as a regulator of the 

cellular decision to initiate inflammation 
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Introduction 

Toll-like receptor (TLR) activation is essential for the development of an effective immune 

response to infection or injury. TLR-induced transcriptional responses are primarily 

dependent on the activation of the NF-ĸB and MAPK pathways1,2. Activation of NF-ĸB leads 

to the transcription of a large number of pro-inflammatory cytokines, chemokines, and 

adhesion molecules which activate and mobilise an immune response to the initiating insult3. 

TLR-induced activation of the MAPK pathway controls the expression of a number of 

transcription factors such as Fos, Egr1 and Elk1 as well as certain cytokines and 

immunomodulators2,4-6. MAPK activation also plays a critical role in the post-transcriptional 

control of cytokine expression through the regulation of mRNA stability, transport and 

translation2. Indeed, NF-ĸB activation in the absence of MAPK activation does not lead to 

inflammation as increases in pro-inflammatory gene transcription are not accompanied by 

increased translation7. Thus, the coordinated control of these pathways is required to ensure 

that the inflammatory response is appropriate to the initiating stimulus. 

 

Although TLR activation of the NF-ĸB and MAPK pathways both require the IKKβ kinase8, 

each pathway possesses distinct features that determine the consequences of TLR ligation. 

IKKβ triggered degradation of IĸBα induces the activation of NF-ĸB proportional to the level 

of stimulus leading to graded transcriptional responses9,10. In contrast, the MAPK pathway is 

ultrasensitive whereby its activation primarily occurs over a narrow range of ligand 

concentrations11,12. This property of the MAPK pathway effectively permits it to switch from 

“off” to “on” and enables cells to implement “yes/no” decisions on whether to initiate an 

inflammatory response based on TLR ligand concentration13,14. Importantly, at TLR ligand 

concentrations below the MAPK activation threshold, NF-ĸB activation is un-coupled from 

inflammation and instead, NF-κB activity appears to mediate macrophage priming 7,13. 

 

The serine/threonine kinase TPL-2 (MAP3K8) is essential for MAPK activation by TLR 

ligands and cytokines including TNFα and IL1β15-17. In resting cells, TPL-2 is bound by NF-
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ĸB p105 which prevents it from interacting with and phosphorylating MEK115,17. Activation of 

IKKβ phosphorylates p105 bound to TPL-2 triggering p105 ubiquitination and proteasomal 

degradation, and liberating active TPL-2 which in turn initiates the MAPK cascade by 

phosphorylating and activating MEK118,19. Active TPL-2 is highly unstable and is rapidly 

degraded by the proteasome15,17. TPL-2 degradation is the primary mechanism for limiting 

TLR-induced MAPK activation, indeed, in the absence of p105 (Nfkb1) TPL-2 protein levels 

are extremely low and Nfkb1-/- macrophage and mice are deficient in TLR-induced MAPK 

activation. 

 

Here we show that the IκB protein BCL-3, which is a negative regulator of NF-κB 

transcriptional activity20, is also an important negative regulator of TLR-induced MAPK 

activity. Bcl3-/- macrophages have elevated levels of MAPK activation following TLR 

stimulation leading to increased expression of MAPK-dependent target genes. We establish 

TPL-2 as a nucleocytoplasmic shuttling protein and identify a N-terminal nuclear export 

sequence (NES) sufficient to mediate nuclear export. Our data demonstrate that TPL-2 

undergoes ubiquitination in the nucleus and that the nuclear localisation is a critical 

determinant of TPL-2 half-life. BCL-3 binds TPL-2 to promote its proteasomal degradation in 

the nucleus and thereby regulates MAPK activity. The role of BCL-3 as a negative regulator 

of TPL-2 is independent of its role as a negative regulator of NF-ĸB. At the cellular level, 

BCL-3 mediated inhibition of TPL-2 determines the threshold level of TLR ligand required for 

a pro-inflammatory response in macrophages, and Bcl3-/- macrophages produce cytokines at 

levels of TLR ligand that do not elicit a response in wild type macrophages. As a 

consequence, Bcl3-/- mice have elevated levels of circulating pro-inflammatory cytokines but 

not homeostatic chemokines in the resting state. Together, these findings identify BCL-3 as 

a unique factor linking the regulation of the MAPK and NF-kB pathways in the nucleus and 

identify BCL-3 as a critical factor in the cellular decision to initiate an inflammatory response. 
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Results 

 

BCL-3 negatively regulates MAPK-dependent gene expression 

We previously identified the IĸB protein BCL-3 as a negative regulator of TLR-induced 

transcriptional responses through the stabilisation of NF-κB p50 homodimer repressor 

complexes20,21. On further analysis we observed that in addition to inhibiting the expression 

of NF-κB regulated pro-inflammatory genes, BCL-3 also limits the TLR-inducible 

transcription of a number of immediate/early genes that rely on MAPK activity for 

expression22. Bone marrow derived macrophages (BMDMs) from wild type (WT) and Bcl3-/- 

mice were left untreated or stimulated with LPS and mRNA analysed by probe directed 

RNA-seq to measure the core TLR-induced transcriptional response. As expected20, Bcl3-/- 

macrophages are hyper-responsive to LPS stimulation as measured by the elevated 

expression of NF-κB target genes including Tnf, Il6 and Il1b (Figure 1A). Remarkably, Bcl3-/- 

macrophages also showed significantly increased levels of mRNA for Fos, Egr1, N4ra1 and 

Dusp5 following LPS stimulation when compared to WT controls (Figure 1A). These data 

were confirmed by QPCR analysis in independent experiments (Figure 1B). Stimulation of 

macrophages with other TLR ligands (CpG, PAM3CSK4 and Poly[I:C]) and TNFα also led to 

increased expression of MAPK target genes in Bcl3-/- cells over WT cells (Supplemental 

Figure S1). Since the TLR-inducible expression of Fos, Egr1, N4ra1 and Dusp5 is strongly 

dependent on MAPK activity22 we further investigated the role of MAPK activity in the 

enhanced expression of these genes in Bcl3-/- cells. WT and Bcl3-/- macrophages were 

stimulated with LPS in the presence of increasing concentrations of the MEK1 inhibitor 

U0126 and the expression of Egr1 measured by QPCR. This analysis revealed that the LPS-

inducible expression of Egr1 was MAPK dependent in both WT and Bcl3-/- cells and that WT 

and Bcl3-/- macrophages are equally sensitive to MEK1 inhibition (Figure 1C). Similar results 

were found for LPS-induced expression of Dusp1, Fos, Egr2 while the expression of Tnf was 

found to be insensitive to MEK1 inhibition in both WT and Bcl3-/- cells (Figure 1D). Together 

these data identify a new role for BCL-3 in limiting the MAPK-dependent expression of 
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immediate/early genes following TLR stimulation and suggest an NF-κB-independent role for 

BCL-3 in regulating TLR responses. 

 

BCL-3 inhibits TPL-2 activation of the MAPK pathway 

The enhanced expression of MAPK-dependent genes in TLR- and TNFR- stimulated Bcl3-/- 

macrophages suggested a defect in the MAPK pathway in the absence of BCL-3. To 

investigate this we next analysed the activation of the MAPK pathway in LPS stimulated WT 

and Bcl3-/- macrophages using phospho-specific antibodies against MEK1, ERK1/2 and 

p90RSK. This revealed a significant increase in the strength and duration of the LPS-

induced MAPK cascade in Bcl3-/- cells compared to WT cells characterised by increased 

phosphorylation of MEK1, ERK1/2 and RSK (Figure 2A, B and C). The increased LPS-

induced activation of ERK1/2 in Bcl3-/- cells was sensitive to treatment with MEK1 inhibitor 

demonstrating that the enhanced activation of the MAPK pathway in Bcl3-/- cells results from 

enhanced MEK1 activity (Figure 2D). TPL-2 (MAP3K8) is the apical kinase of the MAPK 

pathway activated by TLRs and TNFR and directly phosphorylates and activates MEK1. To 

investigate the effect of BCL-3 on TPL-2-induced MAPK activity independently of TLR 

activation we measured the impact of BCL-3 expression on TPL-2 induced AP-1 reporter 

activity using RAW 264.7 macrophages. Co-expression of BCL-3 blocked TPL-2-induced 

AP-1 reporter activity while overexpression of the NF-ĸB p50 subunit did not (Figure 2E). 

Together these data identify BCL-3 as an inhibitor of TLR-induced MAPK activation by TPL-

2 kinase. The inhibition of TPL-2 activity by BCL-3 but not NF-ĸB p50 identifies this as a NF-

ĸB-independent role of BCL-3, since the negative regulation of transcriptional activity by Bcl-

3 is dependent on p5020,21. 

 

BCL-3 interacts with TPL-2 

The TLR-induced activation of the MAPK and NF-ĸB pathways is linked via NF-ĸB p105 

which acts as an inhibitor of both pathways23. p105 inhibits MAPK activation by binding to 

TPL-2 through its C-terminal ankyrin repeat domain17. The p105 C-terminal ankyrin repeat 
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domain bears significant structural and sequence homology with the central ankyrin repeat 

domain of BCL-3 suggesting the potential interaction of BCL-3 with TPL-2. Co-

immunoprecipitation experiments using HEK293T cells transiently transfected with plasmids 

encoding BCL-3 and TPL-2 revealed a readily detectable interaction between BCL-3 and 

TPL-2 (Figure 3A). Further co-immunoprecipitation experiments demonstrated the 

interaction of endogenous BCL-3 and TPL-2 in THP-1 monocytes (Figure 3B). NF-ĸB p105 

and p50 are not required for the interaction of BCL-3 and TPL-2 since BCL-3 and TPL-2 also 

co-immunoprecipitated when expressed in Nfkb1-/- murine embryonic fibroblast (MEF) cells 

further supporting the NF-ĸB-independent role of BCL-3 in the regulation of MAPK (Figure 

3C). Additional experiments using a kinase inactive mutant of TPL-2 revealed that TPL-2 

kinase activity is needed for interaction with BCL-3, a requirement similar to that reported for 

the interaction of TPL-2 with p10524 (Figure 3D). These data raise the possibility that the 

interaction of BCL-3 with TPL-2 inhibits TPL-2 kinase activity to limit the activation of the 

MAPK pathway and the subsequent transcriptional response to TLR activation. However, an 

in vitro kinase assay employing purified recombinant BCL-3 and TPL-2 proteins and using 

recombinant MEK1 as substrate revealed that BCL-3 does not directly inhibit TPL-2 

phosphorylation of MEK1 (Figure 3E). Thus BCL-3 is not an inhibitor of TPL-2 kinase 

activity. 

 

Since TPL-2 is a cytoplasmic protein and BCL-3 is localised in the nucleus we next 

determined the subcellular localisation of TPL-2 and BCL-3 interaction. Unexpectedly, 

immunofluorescence microscopy revealed that the interaction of TPL-2 and BCL-3 occurs in 

the nucleus and that the expression of BCL-3 promotes the subcellular re-distribution of 

TPL-2 from the cytoplasm to the nucleus (Figure 3F and 3G). BCL-3 induced re-localisation 

of TPL-2 to the nucleus was further confirmed by immunoblotting of nuclear and cytoplasmic 

extracts (Figure 3H). These data identify BCL-3 and TPL-2 as novel interaction partners and 

demonstrate that this interaction takes place in the nucleus. 
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TPL-2 is a nucleocytoplasmic shuttling protein 

The interaction of BCL-3 with TPL-2 was unexpected as BCL-3 is a nuclear protein while 

TPL-2 is considered a cytoplasmic protein. Subcellular fractionation demonstrated a small 

but readily detectable pool of TPL-2 protein in the nuclear fraction of macrophages (Figure 

4A). Both cytoplasmic and nuclear levels of TPL-2 protein were rapidly decreased following 

stimulation of macrophages with LPS, consistent with the rapid proteasomal degradation of 

active TPL-2. Of note, the LPS-induced degradation of TPL-2 protein occurred with faster 

kinetics in the nuclear fraction compared to the cytoplasmic fraction suggesting that nuclear 

TPL-2 is more unstable than cytoplasmic TPL-2.  

 

Treatment of cells expressing TPL-2 with leptomycin B, an inhibitor of CrmA/Exportin-1 

mediated nuclear export, led to significant accumulation of TPL-2 in the nucleus 

demonstrating that TPL-2 is a nucleocytoplasmic shuttling protein (Figure 4B and 4C). 

Importantly, similar results were obtained following treatment of cells with the proteasome 

inhibitor MG132 (Figure 4B and 4C), demonstrating that TPL-2 is highly unstable in the 

nucleus, findings consistent with LPS-induced degradation of nuclear TPL-2 in macrophages 

(Figure 4A). Interestingly, co-expression of p105 prevented TPL-2 nuclear localisation 

induced by both leptomycin B and proteasome inhibition (Figure 4B and 4C). These data 

indicate that the maintenance of TPL-2 protein levels by p105 may result from the inhibition 

of TPL-2 nuclear localisation. This was supported by similar experiments using WT and 

Nfkb1-/- MEFs which demonstrated that in cells lacking p105 TPL-2 constitutively localises to 

the nucleus without the requirement for inhibition of the proteasome or Crm1 mediated 

nuclear export (Figure 4D and 4E). These findings also strongly correlate with the instability 

of TPL-2 protein in Nfkb1-/- cells. 

 

Analysis of the TPL-2 amino acid sequence identified a conserved N-terminal putative 

nuclear localisation sequence (NES) predicted to mediate leptomycin B sensitive 

CrmA/Exportin-1 mediated nuclear export 25,26 (Figure 4F). Insertion of the TPL-2 NES 
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sequence into a NES-deficient Rev-GFP fusion protein27 was sufficient to export the Rev-

GFP protein from the nucleus to the cytoplasm, demonstrating that this region of TPL-2 is a 

bone fide NES (Figure 4G). Deletion of the NES in TPL-2 led to the accumulation of TPL-2 in 

the nucleus (Figure 4H and 4I) at levels similar to that induced by leptomycin B treatment 

(Figure 4B) but does not inhibit interaction with p105 or BCL-3 (Supplemental Figure S2). 

These data establish TPL-2 as a nuclear-cytoplasmic shuttling protein containing an N-

terminal NES. 

 

TPL-2 undergoes ubiquitination and proteasomal degradation in the nucleus 

The accumulation of TPL-2 in the nucleus induced by proteasome inhibition suggests that 

the nucleus is the subcellular site of TPL-2 degradation. In support of this, treatment of TPL-

2 expressing cells with leptomycin B led to a dramatic reduction in TPL-2 protein levels 

which were restored by proteasome inhibition (Figure 5A). Furthermore, deletion of the NES 

of TPL-2 (TPL-2ΔNES) leads to reduced TPL-2 levels compared to full legth TPL-2 which were 

also restored by proteasome inhibition, demonstrating that nuclear localisation of TPL-2 

leads to its proteasomal degradation (Figure 5B). Similar to proteasome inhibition, 

expression of p105 stabilised both full length TPL-2 and TPL-2ΔNES protein levels (Figure 

5C). p105 expression blocked the nuclear accumulation of TPL-2ΔNES protein demonstrating 

that the cytoplasmic sequestration of TPL-2 by p105 is a key mechanism regulating its 

stability (Figure 5D and E). An in-cell ubiquitination assay revealed TPL-2 to be  highly 

polyubiquitinated and demonstrated that p105 is a potent inhibitor of TPL-2 

polyubiquitination, consistent with its role as a stabiliser of TPL-2 (Figure 5F). Importantly, 

the vast majority of polyubiquitinated TPL-2 is detected in the nuclear fraction of cellular 

extracts (Figure 5G). Together these data identify the nucleus as the site of TPL-2 

polyubiquitination and proteasomal degradation and that a key mechanism for stabilising 

TPL-2 protein is the cytoplasmic sequestration of TPL-2 by p105. These data also indicate 

that BCL-3 may regulate the MAPK pathway through nuclear sequestration and enhanced 

proteasomal degradation of TPL-2. 
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BCL-3 controls TPL-2 nuclear localisation and proteasomal degradation. 

Our data demonstrates that TPL-2 is a nuclear cytoplasmic shuttling protein which is 

selectively degraded by the proteasome in the nucleus. Our data also demonstrate that 

nuclear localisation of TPL-2 is controlled by p105 and BCL-3, suggesting that BCL-3 

promotes the degradation of TPL-2 to limit MAPK pathway activity. In support of this, 

expression of BCL-3 induces TPL-2 degradation which is reversed by proteasome inhibition 

(Figure 6A). Moreover, the half-life of TPL-2 in LPS stimulated Bcl3-/- macrophages is 

approximately 2 fold greater than that of WT macrophages demonstrating that BCL-3 

promotes TPL-2 degradation to regulate MAPK activity (Figure 6B). Importantly, TPL-2 still 

undergoes LPS induced degradation in Bcl3-/- cells, albeit with significantly slower kinetics, 

demonstrating that BCL-3 is not essential for TPL-2 degradation.  

 

Low levels of TPL-2 are detectable in the nucleus of WT macrophages which are rapidly lost 

following LPS stimulation suggesting that TPL-2 degradation in the nucleus may also require 

signal induced phosphorylation of TPL-2 (Figure 4A). Significantly reduced levels of TPL-2 

are found in the nucleus of Bcl3-/- macrophages, which instead demonstrate a greater 

cytoplasmic localisation of TPL-2 in both unstimulated and LPS stimulated conditions (Figure 

6C). These data demonstrate that BCL-3 interaction with TPL-2 serves to shift the 

equilibrium of neucleocytoplasmic shuttling TPL-2 towards the nucleus, thereby increasing 

the proteasomal degradation of TPL-2 and limiting MAPK activation. In the absence of BCL-

3 the altered equilibrium of TPL-2 nuclear cytoplasmic distribution leads to a slower rate of 

degradation and extended TPL-2 half life. In contrast p105 prevents BCL-3 induced TPL-2 

degradation by preventing TPL-2 localisation to the nucleus (Figure 6D). 

 

BCL-3 sets the activation threshold for LPS-induced responses 

The MAPK pathway is ultrasensitive which allows TLRs to effectively switch MAPK activity 

from “off” to “on” over a narrow range of ligand concentrations to initiate an inflammatory 
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response to stimulation13. To determine the role of BCL-3 in regulating the MAPK activation 

threshold in response to TLR activation we first measured MAPK activity in WT and Bcl3-/- 

macrophages stimulated with a range of LPS concentrations. This demonstrated that Bcl3-/- 

macrophages activate the MAPK pathway at significantly lower concentrations of LPS than 

WT macrophages (Figure 7A, 7B and S3) suggesting that Bcl3-/- macrophages have a lower 

activation threshold than WT cells. The activation of the NF-ĸB pathway, as measured by 

IĸBα degradation, was equivalent between WT and Bcl3-/- cells (supplemental Figure S4) as 

was the number of cells responding to stimulation (Supplemental Figure S5). To assess the 

impact of this altered MAPK activation threshold in Bcl3-/- macrophages we next analysed 

the LPS-induced production of cytokines and chemokines. This revealed production of pro-

inflammatory cytokines including TNFα, IL-12 and IL-1β in Bcl3-/- macrophages treated with 

low concentrations of LPS that did not elicit a response in WT cells (Figure 7C and D). 

Remarkably this effect was selectively associated with pro-inflammatory cytokines while the 

production of chemokines was equivalent between WT and Bcl3-/- macrophages treated with 

the same concentrations of LPS (Figure 7C and D). Equivalent levels of cytokine mRNA 

were induced at low concentrations of LPS in both WT and Bcl3-/- macrophages indicating 

that the increased production of cytokines by Bcl3-/- macrophages results from post 

transcriptional regulation of cytokines (Supplemental Figure S6). In support of this we 

observed increased Tnf RNA stability in Bcl3-/- macrophages compared to WT cells 

(Supplemental data Figure S7) a finding consistent with the previously reported role for TPL-

2 in the post-transcriptional control of cytokine expression4-6. A similar profile of cytokine and 

chemokine levels was observed in the serum of WT and Bcl3-/- mice. Bcl3-/- mice showed 

significantly elevated levels of serum TNFα, IL1β, IL-13 and IL-6 compared to WT mice, 

while the circulating levels of CXCL1, CCL2, CCL4 G-CSF, and GM-CSF were equivalent 

between Bcl3-/- and WT mice (Figure 7E and F). Administration of LPS in vivo however led to 

significantly elevated serum levels of both cytokines and chemokines in Bcl3-/- mice 

compared to WT mice, consistent with the role of BCL-3 as a negative regulator of 

inflammatory responses to high levels of LPS (Supplemental Figure S8).  
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Discussion 

This study identifies a new role for the IĸB protein BCL-3 in limiting inflammatory responses 

to TLR activation independently of its previously described role in regulating NF-ĸB 

transcriptional activity20. We establish BCL-3 as a unique factor that integrates the control of 

the NF-ĸB and MAPK pathways in the nucleus. Our data demonstrates that at low levels of 

stimulus, BCL-3 primarily functions to inhibit inflammation by negatively regulating MAPK 

activity while at high levels of stimulus, BCl-3 inhibits NF-ĸB transcriptional activity to limit 

pro-inflammatory gene expression20. Our data shows that BCL-3 not only regulates the level 

of MAPK activation in response to stimulation, but importantly determines the MAPK 

activation threshold and the level of TLR ligand required to generate an inflammatory 

response. The control of MAPK activity by BCL-3 is mediated through TPL-2 kinase, which 

we reveal is a nucleocytoplasmic shuttling protein that undergoes ubiquitination and 

proteasomal degradation in the nucleus. BCL-3 interacts with TPL-2 in the nucleus to 

enhance it proteasomal turnover and limit activation of the MAPK pathway. 

 

Our data establish TPL-2 as a nucleocytoplasmic shuttling protein and identify a conserved 

C terminal nuclear export sequence in TPL-2 that mediates the nuclear export of TPL-2 

through the leptomycin B sensitive Crm1/exportin-1 system. Nuclear TPL-2 is highly 

unstable and undergoes ubiquitination and proteasomal degradation. Indeed, the nucleus is 

the primarily site of TPL-2 ubiquitination and degradation. Interaction of TPL-2 with p105 has 

previously been demonstrated to stabilise TPL-2 by inhibiting TPL-2 proteasomal 

degradation15,17. Our data demonstrates that p105 stabilises TPL-2 by preventing its 

translocation to the nucleus rather than directly inhibiting TPL-2 ubiquitination and 

proteasomal degradation. Thus, in unstimulated cells, TPL-2 is stable and cytoplasmic while 

in activated cells, TPL-2 shuttles between the cytoplasm and the nucleus where it is 

unstable. The equilibrium of nuclear and cytoplasmic distribution of TPL-2 is determined by 

the interaction of BCL-3 with TPL-2 which increases the nuclear residence of TPL-2 to 

increase its turnover and reduce its half-life. BCL-3 is not required for TPL-2 degradation, as 
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TPL-2 is degraded in Bcl3-/- macrophages, but rather increases the rate of TPL-2 turnover. 

Interestingly, TPL-2 is detected in the nucleus of unstimulated macrophages, suggesting that 

TPL-2 degradation may also be accelerated by TLR activation, potentially by signal -induced 

phosphorylation. 

 

The proteasomal degradation of TPL-2 controls not only the duration of MAPK activity 

following TLR activation, but also the MAPK activation threshold – the level of stimulation 

required to activate MAPK to a sufficient degree to allow the production of pro-inflammatory 

cytokines13. In contrast to the NF-ĸB pathway, in which the activity of NF-ĸB is proportional 

to the level of TLR stimulation9,10, the majority of MAPK activation occurs over a narrow 

range of TLR ligand concentrations13. This characteristic of the MAPK pathway is termed 

ultrasensitivity, and enables cells to implement “yes” or “no” decisions on whether to initiate 

an inflammatory response on the basis of TLR ligand concentrations11. This study 

establishes the MAPK activation threshold as a regulatable property, one that may be 

influenced by factors affecting TPL-2 nuclear localisation and proteasomal degradation. 

Thus, Bcl3-/- macrophages exhibit a much lower activation threshold than wild types cells, 

leading to significant MAPK activation and cytokine production a very low concentrations of 

TLR ligand that do not elicit a response in wild type cells. The elevated levels of cytokines 

but not chemokines the in serum of Bcl3-/- mice highlights the importance of MAPK signalling 

in regulating cytokine synthesis 4-7. This relies on MAPK dependent increases in mRNA 

stability and translation rather than transcription. These findings also suggest that signals 

that alter the expression of BCL-3, such as cytokines, may also alter the MAPK activation 

threshold and influence the cellular decision to mount an inflammatory response to TLR 

stimulation28. 

 

In summary, this study identifies the nuclear cytoplasmic shuttling TPL-2 as a novel 

mechanisms regulating TLR-induced MAPK activity and the MAPK activation threshold. Our 

data establishes BCL-3 as a unique factor that integrates the regulation of NF-ĸB 
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transcriptional activity and MAPK activation in the nucleus. The possibility of modifying the 

MAPK activation threshold, through altering TPL-2 localisation, stability or interaction with 

BCL-3, offers the potential to modify the cellular decision to initiate inflammation for 

therapeutic benefit.  
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Materials and Methods 

Cell Culture 

HEK293T, RAW 264.7 cells and 3T3 mouse embryonic fibroblasts were cultured in DMEM 

containing 10% fetal bovine serum or bovine calf serum respectively with the addition of, 

2mM glutamine, and 100 units/ml penicillin/streptomycin. Bone marrow derived 

macrophages (BMDM) were prepared in vitro as described previously20. Briefly, bone 

marrow was isolated from age and sex matched C57BL6/J mice at 8-12 weeks old, cultured 

in bacterial petri dish with DMEM containing 10% fetal bovine serum, 2mM glutamine, and 

100 units/ml penicillin/streptomycin supplemented with 30% L929 conditioned media for 7 

days, with media replacement after four days. BMDMs were re-plated on day 7 into tissue 

culture treated dishes without L929 conditioned media supplement, rested overnight and 

experiments were performed on day 8. 

 

Plasmids, Transfection and reagents 

Mammalian expression vectors for BCL-3 and p105 were as previously described29. TPL-2-

MYC and TPL-2D270A-MYC in pcDNA3 were generous gifts from Stephen Ley 18. 

pcDNA3.1-TPL-2-N-DYK expression vectors were generated by Genscript using TPL-2 

cDNA accession number NM_053847. pRevGFP  and pRev(1.4)-GFP were generous gifts 

from B. Henderson and are described elsewhere27. The DNA fragment coding for the TPL-2  

candidate nuclear export sequence KEEIDLLINHLNVSEVLDIMENLYA was cloned into the 

pRev (1.4)-GFP vector via BamHI and AgeI  sites. The specific oligonucleotides used were 

as follows : 5’GATCCAAAAGAAGAGATTGA-

TTTATTAATTAACCATTTAAACGTGTCGGAAGTCCTGGACATCATGGAGAACCTTTATGC

AA3’ and 5’CCGGTTGCATAAAGGTTCTCCAGATGTCCA-

GGACTTCCGACACGTTTAAATGGTTAATTAATAAATCAATCTCTTCTTTTG 3’ (Integrated 

DNA Technologies). Transfections were performed using the in vitro transfection reagents: 

Turbofect Fermentas (293T), Attractene, Qiagen (3T3) and Fugene HD, Promega 
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(RAW264.7) according to manufacturer’s protocols. LPS from Escherichia coli 055:B5, LMB 

from Streptomyces sp, MG132 and U0126 mono-ethanolate were purchased from Sigma. 

 

Western blot and immunoprecipation 

Whole cell lysates were extracted from cells suspended in RIPA buffer containing 50mM 

Tris-HCL pH7.4, 1% NP-40, 0.25% deoxycholate, 150mM NaCl, 1mM EDTA, supplemented 

with 1mM PMSF, 1mM NaF, 1mM Na3VO4, 2μg/ml aprotinin, 1μg/ml pepstatin and 1μg/ml 

leupeptin. Nuclear and cytoplasmic extracts were obtained using a Nuclear Extract kit 

according to manufacturer’s instructions (Active Motif). Lysates were resolved using Tris-

Glycine SDS-PAGE, transferred to nitrocellulose membranes and immunoblotted with 

specific antibodies. For co-immunoprecipation experiments equal amounts of whole cell 

extracts were precleared for 30 minutes at 4°C with protein G agarose, fast flow beads 

(Millipore) and immunoprecipitated with primary antibody overnight at 4°C. Agarose pellets 

were washed three times in RIPA buffer and eluted by incubation at 95°C in 2X sample 

buffer. For endogenous immunoprecipitation experiments TPL-2 was eluted using the TPL-2 

blocking peptide by incubation at room temperature for 10 minutes with occasional agitation 

(Santa Cruz). Equal volumes of resuspended immunoprecipitates were analysed by western 

blot. For ubiquitination assays, cells were incubated with 10mM N-ethylmaleamide (N- EM) 

for 30 seconds and washed in PBS/10mM N-EM. Cells were lysed in 1% SDS, boiled for 5 

min and sonicated. Cleared lysates were diluted (1/10) in RIPA buffer supplemented with 

20mM NEM. Immunoprecipitation was performed as above and analysed by western blot. 

 

Antibodies 

Anti MYC (sc-40,) anti- TPL-2 M20 (sc-720) and anti- TPL-2 H7 (sc-373677) were purchased 

from Santacruz. Anti- FLAG rabbit (SAB 4301135), anti- FLAG M2 mouse (F1804), anti- 

HDAC1 (AV38530), anti α- Tubulin (t6074) and anti-B-actin (SAB 1305567) were purchased 

from Sigma. Antibodies against p-ERK (#9103), ERK (#9102), p-MEK (#9154), MEK 

(#4694), pRSK (#23556) and RSK2 (#9340) were purchased from Cell signalling technology 
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and anti Xpress from Invitrogen. Secondary antibodies for Western blotting were purchased 

from GE healthcare. AF-488 anti-rabbit (A11008), AF-594 anti- mouse (A11005) AF-594 

anti-rabbit (A11012) immunofluorescence secondary antibodies were purchased from Life 

Technologies. 

  

Luciferase Assay 

RAW 264.7 cells were transiently transfected with pAP-1 an AP-1 promoter reporter plasmid 

(Clontech) and the Renilla luciferase expression vector pRL-TK (Promega) for 24 hours. 

Luciferase activity was measured using the Promega’s dual-Luciferase reporter assay 

system. For all samples, firefly luciferase activity was divided by that of the Renilla luciferase 

activity to normalize for the transfection efficiency as previously described. 

 

Gene expression 

Total RNA was isolated using RNeasy kits (Qiagen) and reverse transcribed using 

NanoScript 2 reverse transcription kit (Primer Design). Real-time PCR was performed with 

SYBR Green SuperMix with ROX (PerfeCTa) using QuantiTect Primer Assays (Qiagen). 

Data were normalised to TBP and gene expression changes calculated using the 2-∆∆CT 

method. Targeted RNA-seq analysis was performed using the QIAseq Targeted Mouse 

Inflammation and Immunity Transcriptome RNA Panel according to manufacturer’s 

protocols.  

 

Cytokine analysis 

1x106 BMDM were plated per well of a flat bottom 96-well microplate in 200ul of complete 

media. Cells were left unstimulated or stimulated with 0.1-10ng/ml of LPS for 4 hours. For 

each experiment supernatants from 3 technical replicates were combined and stored at -80C 

until analysis. Cytokine concentrations were determined using Bio-plex Pro mouse cytokine 

Grp1 Panel 23-plex according to manufactures instructions using the Bio-Plex 200 system.  
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Immunofluorescence microscopy 

WT or Nfkb1-/- 3T3s were plated on glass coverslips and transfected for 24 hours. For 

treatments, cells were incubated with vehicle controls or with 20nM LMB (Sigma) and 20uM 

MG132 (Sigma) alone or in combination for 2 hours. Cells were fixed and permeablized with 

ice-cold methanol for 15 minutes, blocked in PBS-0.05% TWEEN (PBS-T) containing 5% 

BSA. Primary and secondary antibodies were diluted in 1%BSA/PBS-T and  staining was 

performed overnight at 4 C and for 1 hour at room temperature  respectively. Nuclear DNA 

was counterstained using DAPI mounting medium (Vectashield, Vector Laboratories).  

Immunofluorescent images were acquired using a Zeiss Cell Observer SD confocal 

fluorescent microscope (Zeiss). BMDM were plated in black 96-well thin bottom (µClear®) 

microplate. Following LPS stimulations, media was removed and cells immediately fixed with 

4% paraformaldehyde, permeabilized with ice-cold methanol and blocked with 5% goat 

serum in PBS. Primary and secondary antibodies were diluted in PBS-T containing 1% BSA 

and staining was performed overnight at 4 C and for 1 hour at room temperature  

respectively, nuclear DNA was counterstained using Hoescht. Images were acquired using 

confocal fluorescence microscopy (GE Healthcare). 

  

Kinase assay 

For MEK kinase assays, TPL-2 was immunoprecipated from equal amounts of whole cell 

extracts overnight as described  above. Agarose beads were washed 10 times in 1ml of  

RIPA buffer and washed twice in 1ml MEK kinase assay buffer. Beads were then incubated 

in 20μl of MEK kinase assay buffer containing 1μg recombinant inactive MEK1 20μl 

(Millipore) and 2mM adenosine triphosphate (ATP) at 30°C with occasional agitation for 15 

minutes. Beads were pelleted at 11,000 g, the supernatant was removed, added to 20μl 2X 

SDS sample buffer and analysed by western blot for phosphorylated MEK. 

Immunoprecipitates were also eluted from the beads and analysed by western blot. 
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Figure 1. Increased MAPK dependent gene expression in Bcl3-/- macrophages. (A) 

Heat map of RNA-seq analysis of wild type (WT) and Bcl3-/- macrophages stimulated with 

LPS (10ng/ml) for the indicated times. (B) QPCR analysis of selected genes in WT and Bcl3-

/- macrophages stimulated with LPS (10ng/ml) for the indicated times. (C) QPCR analysis of 

LPS-induced Egr1 expression (10ng/ml for 60 mins) in WT and Bcl3-/- macrophages in the 

presence of increasing amounts of the MEK1 inhibitor U1026 (MEKi). Relative levels of Egr1 

mRNA are expression as a % of max for each genotype. (D) QPCR analysis of selected 

genes in WT and Bcl3-/- macrophages stimulated with LPS (10ng/ml 60mins) in the presence 

or absence of MEKi (0.5µM). Data representative of 3 independent experiments. 
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Figure 2. BCL-3 inhibits MAPK activity. WT and Bcl3-/- macrophages were stimulated with 

LPS (10ng/ml) for the indicated times and phosphorylation of MEK1 (A), ERK1/2 (B), and 

RSK (C) analysed by immunoblot. (D) WT and Bcl3-/- macrophages were cells were pre-

treated for 30 mins with MEK1 inhibitor U0126 prior to stimulation with LPS (10ng/ml for 5 

mins) in the absence or presence of increasing amounts of the MEK1 inhibitor U0126 (0 - 

0.5 µM) and phosphorylation of ERK1/2 analysed by immunoblot. (E) RAW macrophage 

cells were transfected with an AP-1 luciferase reporter plasmid along with expression 

vectors for TPL-2, BCL-3 or NF-ĸB p50 as indicated and reporter activity measured. Data 

representative of 3 independent experiments -/+ SEM. *** p>0.001, ** p>0.01 by one way 

ANOVA. 
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Figure 3. BCL-3 interacts with TPL-2. (A) HEK293T cells were transfected with plasmids 

encoding BCL-3 and TPL-2 prior to immunoprecipitation of BCL-3 and immunoblot using 

anti-TPL-2 antibody. (B) TPL-2 was immunoprecipitated form THP-1 lysates and 

immunoblotted using anti-BCL-3 antibody. Inclusion of immunising TPL-2 peptide 

demonstrated specificity of immunoprecipitation. (C) Nfkb1-/- MEFs were transfected with 

plasmids encoding BCL-3 and TPL-2. Cells were pre-treated with 20uM MG132 for 2 hours 

prior to analysis. Immunoprecipitated BCL-3 was immunoblotted with anti-TPL-2 antibody. 

(D) HEK293T cells were transfected with plasmids encoding BCL-3, TPL-2 and a kinase 

dead mutant of TPL-2 (D270A) prior to immunoprecipitation of BCL-3 and immunoblot using 

anti-TPL-2 antibody.(E) TPL-2 invitro kinase assay in the presence and absence of 

recombinant BCL-3 using MEK1 as substrate. Phosphorylation of MEK1 was detected by 

anti-p-MEK1 immunoblot. (F) Confocal immunofluorescence microscopy of 3T3 cells 

transfected with plasmids encoding TPL-2 and BCL-3. DAPI nuclear stain shown in blue. (G) 

Quantification of TPL-2 subcellular localisation. The subcellular distribution of TPL-2 was 

scored as nuclear and cytoplasmic (NC) or predominantly cytoplasmic (C) and presented as 

the percentage of total cells counted. Data shown are the mean +/- SEM of 3 independent 

experiments (n=50 per experiment). (H) Nuclear and cytoplasmic fractions of HEK293T cells 

transfected with plasmids encoding TPL-2 and BCL-3 were analysed by immunoblot using 

indicated antibodies. 
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Figure 4. TPL-2 is a nuclear cytoplasmic shuttling protein. (A) WT macrophages were 

stimulated with LPS (10ng/ml) for the indicated times before equal amounts nuclear and 

cytoplasmic protein fractions were analysed by immunoblot using indicated antibodies. (B) 

Confocal immunofluorescence microscopy of 3T3 cells transfected with plasmids encoding 

TPL-2 and p105 and treated with leptomycin B (20nM for 2hours) and MG132 (20µM for 

2hours). DAPI nuclear stain shown in blue. (C) % of cells from (B) displaying cytoplasmic or 

nuclear and cytoplasmic distribution of TPL-2. (D) Confocal immunofluorescence microscopy 

of Nfkb1-/- MEFs  cells transfected with plasmid encoding TPL-2. DAPI nuclear stain shown 

in blue. (E) % of cells from (D) displaying cytoplasmic or nuclear and cytoplasmic distribution 

of TPL-2. (F) Identification of a conserved nuclear export sequence (NES) in the N terminal 

of TPL-2. (G) The TPL-2 NES sequence is sufficient to mediate the nuclear export of a 

REV1-GFP fusion protein. DAPI nuclear stain shown in blue. (H) Immunofluorescence 

microscopy of 3T3 cells transfected with plasmid encoding TPL-2 or a TPL-2 mutant lacking 

the NES (ΔNES). DAPI nuclear stain shown in blue. (I) % of cells from (H) displaying 

cytoplasmic or nuclear and cytoplasmic distribution of TPL-2. The subcellular distribution of 

TPL-2 in (B), (D) and (H) was scored as nuclear and cytoplasmic {NC} or predominantly 

cytoplasmic {C} and presented as the percentage of total cells counted. Data shown are the 

mean +/- SEM of 3 independent experiments (n=50 per experiment). 
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Figure 5. TPL-2 is degraded in the nucleus. (A) HEK293T cells transfected with plasmid 

encoding TPL-2 and treated with LMB (20nM for 6 hours) and MG132 (20µM for 2hours) and 

analysed by immunoblot using indicated antibodies. (B) HEK293T cells transfected with 

plasmid encoding TPL-2 and TPLΔNES and treated with MG132 (10µM, 2 hours) before 

analysis by immunoblot using indicated antibodies. (C) HEK293T cells transfected with 

plasmid encoding TPL-2 , TPLΔNES and p105, and treated with MG132 (10µM, 2 hours) 

before analysis by immunoblot using indicated antibodies. (D) % of cells from (E) displaying 

cytoplasmic or nuclear and cytoplasmic distribution of TPL-2. Quantification of TPL-2 

subcellular localisation. The subcellular distribution of TPL-2 was scored as nuclear and 

cytoplasmic (NC) or predominantly cytoplasmic (C) and presented as the percentage of total 

cells counted. Data shown are the mean +/- SEM of 3 independent experiments (n=50 per 

experiment). (E) Immunofluorescence microscopy of 3T3 cells transfected with plasmids 

encoding TPL-2ΔNES and p105. DAPI nuclear stain shown in blue. (F) HEK293T cells were 

transfected with plasmids encoding Myc-TPL-2, FLAG- p105 and HA-tagged ubiquitin. 

Lysates were immunoprecipitated with antibody against TPL-2 and immunoblotted with 

antibody against HA. (G) HEK293T cells were transfected with plasmids encoding Myc-TPL-

2 and HA-tagged ubiquitin. Nuclear {N} and cytoplasmic {C} fractions were 

immunoprecipitated with anti TPL-2 antibody and immunoblotted with antibody against HA. . 

Data representative of 3 independent experiments. 
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Figure 6. BCL-3 promotes the degradation of TPL-2. (A) HEK293T cells transfected with 

plasmids encoding Myc-BCL-3 and FLAG-TPL-2 and treated with MG132 (10µM for 2 

hours). Relative protein levels were determined by immunoblotting using indicated 

antibodies. (B) WT and Bcl3-/- macrophages were stimulated with LPS (10ng/ml) for the 

indicated times prior to analysis by immunoblotting using the indicated antibodies. (C) WT 

and Bcl3-/- macrophages were stimulated with LPS (10ng/ml for 10mins) before nuclear and 

cytoplasmic fractions were analysed by immunoblot using anti-TPL-2 antibody. (D) HEK293T 

cells were transfected with plasmids encoding TPL-2, XP-p105 and Myc-BCL-3. Relative 

protein levels were determined by immunoblotting. 
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Figure 7. BCL-3 regulates TLR response threshold. (A) WT and Bcl3-/- macrophages 

were stimulated with the indicated concentration of LPS and phosphor-ERK1/2 levels 

measured by immunoblotting. (B) Immunoblotting data from (A) was quantitatively analysed 

and normalised to total ERK1/2 protein levels. (C) WT and Bcl3-/- macrophages were 

stimulated with the indicated concentrations of LPS and levels of secreted cytokines and 

chemokines analysed by Luminex assay. Data is the mean -/+ SEM of 3 independent 

experiments. (D) Relative levels of secreted factors as measured in (C) expressed as a % of 

maximum for WT and Bcl3-/- macrophages. (E) Serum from WT and Bcl3-/- mice was 

analysed for the indicated factors by Luminex assay. Data shows the mean -/+ SEM (n=3). 

(F) Relative levels of soluble factors as measured in (E) for WT and Bcl3-/- mice. 
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Supplementary Data 

 

 

Figure S1 Increased expression of MAPK regulated genes in Bcl3-/- macrophages treated 

with TLR ligands and TNFα. (A) WT and Bcl3-/- macrophages were stimulated with TNFα 

(0.2ng/ml for 60 mins) and Egr1 and Il1b mRNA measured by QPCR. (B) WT and Bcl3-/- 

macrophages were stimulated with Poly[I:C] (50µg/ml for 60 mins) and Fos and Nr4a1 

mRNA measured by QPCR. (C) WT and Bcl3-/- macrophages were stimulated with CpG 

(10nM/ml for 60 mins) and Fos and Nr4a1 mRNA measured by QPCR.  

 

 

  

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted July 20, 2018. ; https://doi.org/10.1101/373209doi: bioRxiv preprint 

https://doi.org/10.1101/373209


29 
 

 

 

 

 

Figure S2. The nuclear export sequence of TPL-2 is not required for interaction with p105 or 

BCL-3. (A) HEK293T cells were transfected with plasmids encoding FLAG-TPL-2, FLAG-

TPL-2ΔNES and MYC-BCL-3. TPL-2 and TPL-2ΔNES were immunoprecipitated and 

interaction with BCL-3 assessed by immunoblot using the antibodies indicated. (B) 

HEK293T cells were transfected with plasmids encoding FLAG-TPL-2, FLAG-TPL-2ΔNES 

and XP-p105. TPL-2 and TPL-2ΔNES were immunoprecipitated and interaction with p105 

assessed by immunoblot using the antibodies indicated. 
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Figure S3. BCL-3 controls the MAPK activation threshold. (A) WT and Bcl3-/- macrophages 

were stimulated with the indicated concentrations of LPS for the time points shown and 

ERK1/2 phosphorylation measured by immunoblot. (B) WT and Bcl3-/- macrophages treated 

with the indicated concentrations of LPS for the time points shown and ERK1/2 

phosphorylation measured by immunoblot. 
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Figure S4. BCL-3 does not alter activation of NF-ĸB. WT and Bcl3-/- macrophages were 

stimulated with the indicated concentrations of LPS and IĸBα levels measured by 

immunoblot. 
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Figure S5. Equivalent numbers of cells WT and Bcl3-/- macrophages activate the MAPK 

pathway in response to LPS. WT and Bcl3-/- macrophages were stimulated with LPS 

(10ng/ml for 30 mins) prior to immunofluorescence staining with anti-phospho-ERK1/2 

antibody and imaging by confocal microscopy. Data is representative of three independent 

experiments. 
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Figure S6. Dose dependent induction of Tnf expression in WT and Bcl3-/- macrophages. WT 

and Bcl3-/-  macrophages were stimulated with the indicated concentrations of LPS for 1 hour 

prior to analysis by QPCR. Data is representative of 3 independent experiments.  
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Figure S7. Increased Tnf mRNA stability in LPS stimulated Bcl3-/- macrophages. WT and 

Bcl3-/- macrophages were stimulated with LPS (10ng/ml) for 30 mins prior to the addition of 

actinomycin D. Tnf mRNA was measured by QPCR at the indicated timepoint following LPS 

stimulation. Data is representative of three independent experiments. 
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Figure S8. Increased serum cytokine levels in LPS treated Bcl3-/- mice. (A) Serum from 

untreated WT (n=3) and Bcl3-/- (n=3) mice, and WT (n=5) and Bcl3-/- (n=4) mice treated with 

LPS (2.5 µg/mouse i.p) for 1 hour was analysed for the indicated factors. (B) Heatmap 

showing relative levels of serum factors in LPS treated WT and Bcl3-/-. ****p<0.0001, 

***p<0.001, **p<0.003, *p<0.01. 
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