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Abstract

The A20-binding inhibitor of NF-κB 2 (ABIN2) interacts with Met1-linked ubiquitin chains and is 

an integral component of the tumor progression locus 2 (Tpl2) kinase complex. We generated a 

knock-in mouse expressing the ubiquitin-binding–defective mutant ABIN2[D310N]. The 

expression of Tpl2 and its activation by TLR agonists in macrophages or by IL-1β in fibroblasts 

from these mice was unimpaired, indicating that the interaction of ABIN2 with ubiquitin 

oligomers is not required for the stability or activation of Tpl2. The ABIN2[D310N] mice 

displayed intestinal inflammation and hypersensitivity to dextran sodium sulfate–induced colitis, 

an effect that was mediated by radiation-resistant cells rather than by hematopioetic cells. The 

IL-1β–dependent induction of cyclooxygenase 2 (COX2) and the secretion of PGE2 was reduced 

in mouse embryonic fibroblasts and intestinal myofibroblasts (IMFs) from ABIN2[D310N] mice. 

These observations are similar to those reported for the Tpl2 knockout (KO) mice (Roulis et al. 

2014. Proc. Natl. Acad. Sci. USA 111: E4658–E4667), but the IL-1β–dependent production of 

COX2 and PGE2 in mouse embryonic fibroblasts or IMFs was unaffected by pharmacological 

inhibition of Tpl2 in wild-type mice. The expression of ABIN2 is decreased drastically in Tpl2 

KO mice. These and other lines of evidence suggest that the hypersensitivity of Tpl2 KO mice to 

dextran sodium sulfate–induced colitis is not caused by the loss of Tpl2 catalytic activity but by 
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the loss of ABIN2, which impairs COX2 and PGE2 production in IMFs by a Tpl2 kinase–

independent pathway.

The protein kinase tumor progression locus 2 (Tpl2, also called MAP3K8) forms a complex 

with two other proteins, termed NF-κB1 (also called p105) (1) and the A20-binding 

inhibitor of NF-κB 2 (ABIN2). The Tpl2 complex is activated by many inflammatory 

stimuli, including TNF, IL-1, and ligands that activate pattern recognition receptors (2). Tpl2 

activation is mediated by the IKKβ-catalyzed phosphorylation of both NF-κB1 (3) and the 

Tpl2 catalytic subunit itself (4). This induces the dissociation of Tpl2 from the other 

subunits and its interaction with 14-3-3 proteins (5).

The molecular functions of Tpl2 include activation of the protein kinases MEK1 and MEK2, 

which switch on the MAPKs ERK1 and ERK2 (6), and activation of MAPK kinases 3 and 6, 

which switch on p38α MAPK (7, 8). However, Tpl2 is only rate limiting for the activation 

of p38α MAPK by some stimuli (7) because p38α MAPK can also be activated by MKK4, 

depending on the agonist or cell type. Tpl2 has many important roles in the innate immune 

system. For example, it is required for the processing of pre–TNF-α to TNF-α (9) for LPS-

induced septic shock (6) and for effective immune responses to infection by Listeria 
monocytogenes and Mycobacterium tuberculosis (10).

Tpl2 is also reported to have important roles in inflammatory bowel diseases (IBD). TNF-α–

induced Crohn-like IBD was attenuated in Tpl2 knockout (KO) mice (11), and a small 

molecule Tpl2 inhibitor protected mice against dextran sodium sulfate (DSS)–induced colitis 

(8), indicating that Tpl2 catalytic activity is required for colitis in this model. Consistent 

with these findings, genome-wide association studies identified a single nucleotide 

polymorphism in MAP3K8, the gene encoding Tpl2, which pre-disposes to IBD in humans 

(12), and monocyte-derived macrophages homozygous for this single nucleotide 

polymorphism expressed higher levels of Tpl2 mRNA and protein and secreted higher levels 

of TNF-α and other cytokines when stimulated with ligands that activate different pattern 

recognition receptors (13).

In contrast to the above-mentioned studies, Tpl2 KO mice were reported to be hypersensitive 

to DSS-induced colitis (14). This effect was mediated by intestinal myofibroblasts (IMFs) 

because mice with an IMF-specific ablation of Tpl2 were similarly susceptible to DSS-

induced colitis. Tpl2 KO mice displayed the same impaired compensatory proliferation in 

crypts and extensive ulcerations without a significant change in the inflammatory response 

being observed. The induction of cyclooxygenase 2 (COX2) was reduced in IMFs from Tpl2 

KO mice, and the consequent reduction in PGE2 secretion appeared to underlie the defect 

because the administration of PGE2 rescued the Tpl2 KO mice from defects in crypt 

function and susceptibility to colitis (14).

Each subunit of the Tpl2 complex is essential for the stability of the others. Consequently, 

the KO of NF-κB1 is accompanied by greatly reduced expression of Tpl2 and ABIN2 (15, 

16), whereas Tpl2 expression is greatly reduced in ABIN2 KO cells (1, 17). The KO of the 

Tpl2 catalytic subunit also leads to a drastic reduction in ABIN2 expression (18). For these 

reasons it has been impossible to determine whether ABIN2 has any physiological roles that 
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are independent of Tpl2. In this study, we show that the IL-1β–dependent production of 

COX2 and PGE2 in fibroblasts is an ABIN2-dependent process that is independent of Tpl2 

catalytic activity and suggests that the hypersensitivity of Tpl2 KO mice to DSS-induced 

colitis is explained by the loss of ABIN2 in IMFs and not by the lack of Tpl2 catalytic 

activity.

Materials and Methods

Materials

Pam3CSK4 was from Invivogen, and LPS (Escherichia coli O55:B5) was from Alexis 

Biochemicals. Abs that recognize ERK1/ERK2 phosphorylated at their Thr-Glu-Tyr motifs 

(197G2; 4377), Abs that recognize all forms of ERK1/ERK2 (137F5; 4695), and Abs 

recognizing GAPDH (14C10; 2118) and cyclooxygenase 1 (COX1) were from Cell 

Signaling Technology. An Ab-recognizing NF-κB1 was from Abcam (E381; ab32360), a 

COX2 Ab was from Cayman Chemical (160106), and an anti-Tpl2 Ab was from Santa Cruz 

Biotechnology (M-20; SC-720).

A rabbit polyclonal ABIN2 Ab for immunoblotting and a NF-κB1 Ab for 

immunoprecipitation have been described previously (1). An Ab that immunoprecipitates 

Tpl2 was raised in sheep against amino acid residues 398–417 of mouse Tpl2 

(CQSLDSALFERKRLLSRKELE) by the Ab production team of the Medical Research 

Council Protein Phosphorylation and Ubiquitylation Unit coordinated by Dr. J. Hastie. The 

Ab was affinity purified on agarose beads to which the Ag had been coupled covalently 

(Sheep 688A) and can be ordered from the reagents section of the Medical Research Council 

Protein Phosphorylation and Ubiquitylation Unit web site (https://

mrcppureagents.dundee.ac.uk/). Ab produced from the second bleed was used for the 

experiments reported in this paper. The PGE2 ELISA Kit (514010; Cayman Chemical) was 

used to quantitate PGE2 and was used according to the manufacturer’s instructions. 

Secondary Abs conjugated to HRP were from Pierce.

Immunoprecipitation of Tpl2 and NF-κB1 from cell extracts

For immunoprecipitation, 0.5 mg of cell extract protein was incubated for 2 h with 5 μg of 

anti-Tpl2. Protein G–Sepharose beads (25 μl) were added and incubated by end-over-end 

rotation for 30 min at 4°C. Immunoprecipitation of NF-κB1 was carried out as described 

(19). Cell extract protein (0.5 mg protein) was incubated for 4 h with 14 μg of anti–NF-κB1 

coupled covalently to 40 μl of protein G–Sepharose beads. The beads were collected by 

centrifugation, washed three times with cell lysis buffer, denatured in SDS, subjected to 

SDS-PAGE, and immunoblotted.

Quantitative RT-PCR analysis

Total RNA was extracted from cultured cells using E.Z.N.A. MicroElute Total RNA Kit 

(R6831-01; VWR International), and cDNA was generated using iScript transcriptase 

(1708890; Bio-Rad Laboratories). Quantitative PCR was performed using SsoFast EvaGreen 

Supermix (172-5200; Bio-Rad Laboratories). Primer sets for COX2 and COX1 were as 

follows: COX2 forward 5′-CCAGCACTTCACCCATCAGTT-3′, COX2 reverse 5′-
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ACCCAGGTCCTCGCTTATGA-3′; COX1 forward 5′-

AAGGCAGAGGCAGTTGGATCT-3′, COX1 reverse5′-CATGGCTGG 

CCTAGAACTCACT-3′.

Cell culture and transfection

Human embryonic kidney 293 cells overexpressing the IL-1 receptor (IL-1R cells) were a 

kind gift from Dr. X. Li (Cleveland Clinic Foundation). The cells were cultured at 37°C with 

DMEM containing 10% (v/v) FBS, 1 mM sodium pyruvate, antibiotics (100 U/ml penicillin 

and 100 μg/ml streptomycin), and glutamax at a concentration recommended by the 

manufacturer (Life Technologies). Human embryonic kidney 293 cells were transiently 

transfected with 1 μg of DNA/ml of cell culture medium using polyethylenimine (Sigma-

Aldrich) as described (20). The cells were harvested 36 h posttransfection and lysed with 

ice-cold lysis buffer. Primary bone marrow–derived macrophages (BMDM) (21) and 

primary mouse embryonic fibroblasts (MEFs) (22) were generated as described previously. 

Colonic myofibroblast isolation was performed as described previously (14) with minor 

modifications. Briefly, colons from 7- to 9-d-old pups were dissected, and the colon was 

washed with PBS containing antibiotics after opening it longitudinally. It was then cut into 

2- to 3-mm pieces and incubated for 1 h at 37°C with DMEM containing 75 U/ml 

Collagenase XI (Sigma-Aldrich) and 0.1 mg/ml Dispase (Roche). After low speed 

centrifugation, the pellet was washed four times with 2% (w/v) sorbitol in DMEM and 

cultured in 12-well plates. The cells were passaged five times and used in further 

experiments after confirming that >95% were positive for CD90.2 (BioLegend).

Generation of ABIN2[D310N] knock-in and ABIN2 KO mice

ABIN2 is encoded by the TNIP2 gene, which comprises six main exons. To generate the 

Asp310Asn knock-in mutation, a targeting vector was constructed to make the desired 

change in exon 5 of the TNIP2 gene. In addition, LoxP sites were introduced upstream of 

exon 4 and downstream of exon 6. To allow for selection, a neomycin resistance gene 

incorporating a poly A trap using the splice donor sequence from exon 2 of TNIP2 was 

incorporated and flanked by Frt sites. The fragments for the arms of homology were cloned 

from an appropriate bacterial artificial chromosome clone using the PCR and were 

sequenced to confirm that there were no PCR-introduced mutations. The primer sequences 

used to clone these fragments are listed in Supplemental Table I, and the complete sequence 

of the targeting vector is available on request. Targeting was carried out in E14 embryonic 

stem cells as described previously (23). Following selection, colonies were screened by RT-

PCR to detect mRNA corresponding to the neomycin cassette spliced onto the final exon of 

TNIP2. Correct incorporation of the vector in positive colonies was further confirmed by 

genomic PCR. Positive embryonic stem cell clones were injected into blastocysts, and the 

resulting chimeric mice were crossed to Frt transgenic mice. This allowed the removal of the 

neomycin cassette when germline transmission of the knock-in allele occurred. The 

Asp310Asn allele was bred away from the Flp transgene, and the mice were further 

backcrossed to C57BL/6J mice for a minimum of 10 generations. To generate ABIN2 KO 

mice, the ABIN2[D310N] knock-in mice were crossed to a Cre transgenic line able to delete 

in the germline. Routine genotyping of both the ABIN2[D310N] and ABIN2 KO alleles was 
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carried out by PCR on genomic DNA from ear biopsy specimens. Primer sequences for 

genotyping are shown in Supplemental Table II.

Animals were maintained under specific pathogen-free conditions consistent with European 

Union and U.K. regulations. Mice were housed in individually ventilated cages and provided 

with free access to food and water. The work was performed under a U.K. Home Office 

project license awarded after recommendation by the University of Dundee Ethical Review 

Committee or in compliance with the Health Products Regulatory Authority of Ireland and 

approved by Trinity College Dublin’s Bio-Resources Unit ethical review board.

DSS-induced colitis

DSS-induced colitis was carried out with mice kept in the animal facility of Trinity College 

Biomedical Sciences Institute. Colitis was induced by feeding mice every second day with 

2.5% (w/v) DSS (molecular mass 35–50 kDa) from ICN Biochemical dissolved in tap water. 

Mice were given DSS in tap water for 5 d followed by tap water without DSS until the end 

of the experiment on day 9–10. The induction of colitis was determined by measuring a 

disease activity index (DAI). The DAI was calculated for individual mice on each day based 

on weight loss, occult blood, and stool consistency. A score was given for each parameter, 

with the sum of the scores used as the DAI (Supplemental Table III). Blood in feces was 

detected using a HEMDETECT occult blood detection kit (Dipro Diagnostic Products). At 

autopsy, colon lengths and cecum weight were recorded, and the colon was processed for 

histology and cytokine quantification.

Bone marrow chimeras

Bone marrow transfers were carried out to create chimeric mice to determine whether the 

presence of the ABIN2[D310N] mutant in the radio-resistant cells and/or radio-sensitive 

hematopioetic cells caused the colitis phenotype. Bone marrow was collected from the 

femur and tibia of congenic wild-type (WT) mice (expressing the CD45.1 leukocyte Ag) or 

ABIN2[D310N] mice (expressing the CD45.2 leukocyte Ag) by flushing with PBS. RBCs 

were lysed in RBC lysis buffer (Sigma-Aldrich). After several washing steps, cells were 

resuspended in PBS at 1 × 108 cells/ml, and 0.1 ml of this cell suspension was injected retro-

orbitally into lethally irradiated (10 Gy) donor mice. Four chimera groups were generated: 

WT > WT (WT cells expressing CD45.1 into WT mice expressing CD45.2), WT > 

ABIN2[D310N] (WT cells expressing CD45.1 into ABIN2[D310N] mice expressing 

CD45.2), ABIN2[D310N] > WT (ABIN2[D310N] cells expressing CD45.2 into WT mice 

expressing CD45.1), and ABIN2[D310N] > ABIN2[D310N] (ABIN2[D310N] cells 

expressing CD45.2 into ABIN2[D310N] mice expressing CD45.2). The use of CD45.1-

expressing congenic mice facilitated verification of proper reconstitution in the chimeric 

mice. Eight weeks after bone marrow transfer, mice were subjected to the DSS-induced 

colitis experiment described above.

Histopathological analysis

The colons of mice kept in the animal facilities of the School of Life Sciences at Dundee and 

the Trinity Biomedical Sciences Institute in Dublin were used for these experiments. The 

colon of each mouse was removed, and 1 cm of the distal colon was fixed in 10% neutral 
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buffered formalin and embedded in paraffin. Tissue sections were stained with H&E. The 

histology of both the colon and tissue sections was assessed and scored by a veterinary 

pathologist (J.P.-K.), blinded to the genotype of the mice in the different cohorts. The scores 

were generated as a combination of inflammatory cell infiltration (score 0–3) and tissue 

damage (score 0–3). The presence of occasional inflammatory cells in the lamina propria 

was scored as 0, increased numbers of inflammatory cells in the lamina propria was assigned 

score 1, confluence of inflammatory cells extending into the submucosa was scored as 2, and 

transmural extension of the infiltrate was scored as 3. For tissue damage, no mucosal 

damage was scored as 0, lympho-epithelial lesions were scored as 1, surface mucosal 

erosion or focal ulceration was scored as 2, and extensive mucosal damage and extension 

into deeper structures of the bowel wall were scored as 3. The combined histological score 

ranged from 0 (no changes) to 6 (extensive infiltration and tissue damage).

Reproducibility and statistical analysis

The experiments reported in this paper were repeated at least three times with similar results 

unless stated otherwise. Statistical analyses were performed with GraphPad Prism Software, 

and quantitative data in graphs and bar charts are presented as the arithmetic mean ± SEM. 

Statistical analyses were performed using either a Student t test or a Mann–Whitney U test 

with differences in DAI in chimera DSS studies determined by ANOVA and Tukey multiple 

comparison tests of area under curve data from individual mice.

Results

Generation of ABIN2[D310N] knock-in mice

We previously generated knock-in mice, in which ABIN1 was replaced by the ubiquitin-

binding–defective ABIN1[D485N] mutant (24). In this study, we generated the equivalent 

ABIN2[D310N] mutant of the related mouse ABIN2 protein (25) (Fig. 1A, 1B) after 

checking that the equivalent human mutant (ABIN2[D309N]) was unable to capture 

ubiquitin chains or the ubiquitylated forms of IL receptor–associated kinase 1 (IRAK1) from 

the cell extracts (Fig. 1C). The ubiquitin chains attached to IRAK1 include Met1-linked 

ubiquitin linkages (26), which are captured preferentially by ABIN2 (27, 28).

The ABIN2[D310N] mice were born at near-normal Mendelian frequencies (19% of 329 

mice analyzed) and were of a similar size and weight to WT mice. The endogenous 

ABIN2[D310N] protein was expressed at lower levels than WT ABIN2 in primary BMDM 

(Fig. 2A), and quantitation of the results from three different preparations of WT BMDM 

and ABIN2[D310N] BMDM indicated that expression was reduced by 66%. The expression 

of ABIN2[D310N] was also lower than WT ABIN2 in IMFs (Fig. 2B) but was expressed at 

similar levels to WT ABIN2 in MEFs (Fig. 2C). The reduced expression of ABIN2[D310N] 

in BMDM is likely to be caused by an increased rate of degradation because incubation with 

the proteasome inhibitor MG132 normalized the level of expression of ABIN2[D310N] to 

that observed in WT BMDM (Fig. 2D).

Despite the reduced expression of the ABIN2[D310N] mutant in BMDM and IMFs, the two 

variants of the Tpl2 catalytic subunit, Tpl2L and Tpl2S (15), and NF-κB1 were expressed at 
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similar levels to those observed in cells expressing WT ABIN2 (Fig. 2A, 2B). In contrast, 

Tpl2 expression in BMDM from ABIN2 KO mice, which were generated by crossing 

ABIN2[D310N] mice to Bal1 Cre (see Materials and Methods), was reduced drastically 

(Fig. 2A), as reported in earlier studies with ABIN2 KO cells (17, 18).

Importantly, and despite the reduced expression of the ABIN2[D310N] mutant in BMDM, 

similar amounts of the mutant ABIN2[D310N] and WT ABIN2 were immunoprecipitated 

with anti-Tpl2 (Fig. 2E) or anti-p105/NF-κB1 (Fig. 2F), indicating that the ABIN2[D310N] 

associated with the Tpl2 complex is more stable than the ABIN2[D310N] not bound to Tpl2. 

These observations may also explain why Tpl2 is expressed at similar levels in 

ABIN2[D310N] and WT cells.

Consistent with the similar expression of Tpl2 in cells from ABIN2[D310N] and WT mice, 

the acute activation of ERK1 and ERK2 induced by the TLR4 agonist LPS (Fig. 3A) or the 

TLR1/2 agonist Pam3CSK4 (Fig. 3B) was similar in BMDM from the mutant and WT mice. 

The acute activation of ERK1/2 induced by IL-1β was also similar in MEFs from 

ABIN2[D310N] and WT mice (Fig. 3C). The early activation of ERK1/2 in BMDM (Fig. 

3D) or MEFs (Fig. 3E) was catalyzed by Tpl2 because it was prevented by Compound 34 

(C34), a potent and relatively specific Tpl2 inhibitor (29). Thus, ubiquitin binding to ABIN2 

is not required for the activation of Tpl2.

The ABIN2[D310N] mice are hypersensitive to DSS-induced colitis

The ABIN1[D485N] mice develop an enlarged spleen and enlarged lymph nodes by 3 mo of 

age, produce Abs to their own DNA and nuclear Ags after 4–5 mo, and develop severe 

inflammation of the kidneys, liver, and lungs by 6 mo. The ABIN2[D310N] mice did not 

display any of these phenotypes. However, pathological examination of the ABIN2[D310N] 

mice at the University of Dundee revealed increased infiltration of the lamina propria of the 

small intestine with large numbers of myeloid cells after 6 mo of age (Fig. 4A) but not after 

2–3 mo. In contrast, 2-mo-old mice transported from the University of Dundee to Trinity 

College Dublin displayed intestinal inflammation when they were 3–4 mo old. In contrast, 

the ABIN2[D310N] mice kept in London did not display intestinal inflammation at 6 mo of 

age. This variability may reflect the different bacterial populations in the gut of the animals 

at each location. Nevertheless, the infiltration of intestinal cells with myeloid cells is 

characteristic of human patients with IBD and suggested that the mice might be more 

susceptible to colitis. We, therefore, studied the effect of oral administration of DSS, which 

is toxic to the colonic epithelium (30) and triggers inflammation by disrupting the 

compartmentalization of commensal bacteria in the gut (31).

We assessed the effect of DSS administration in ABIN2[D310N] mice compared with age- 

and sex-matched WT littermate control animals. These studies were performed at Trinity 

College Dublin when the mice were 3–4 mo old. From day 7 of DSS treatment, there was a 

significantly (p < 0.05) greater loss in body weight of the ABIN2[D310N] mice relative to 

WT control mice (Fig. 4B). The cumulative DAI scores demonstrated colitis was more 

severe in the ABIN2[D310N] mice from days 8 and 9 (p < 0.0005–0.0001) compared with 

WT animals, (Fig. 4C), with marked rectal bleeding in ABIN2[D310N] mice compared with 

WT mice (Fig. 4D).
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The evaluation of colon length is the parameter that shows the lowest mouse-to-mouse 

variability in the model of DSS-induced colitis (32). To further assess the severity of colitis, 

colon length was, therefore, measured in DSS-fed WT and ABIN2[D310N] mice. Colons of 

the ABIN2[D310N] mice were significantly (p < 0.01) shorter, on average 20% shorter, than 

those of the WT mice treated with DSS, consistent with the more severe inflammation of the 

colon in the knock-in mice (Fig. 4E).

The clinical assessments described in the preceding paragraphs were validated by 

histological examination of representative colon sections (Fig. 4F). In agreement with 

previous studies (31), we observed marked histopathological changes in H&E-stained colons 

of DSS-treated WT mice, characterized by crypt loss and infiltrating leukocytes. However, 

there was only minimal evidence of necrosis and ulceration in the colons of WT mice. In 

contrast, colonic sections of DSS-fed ABIN2[D310N] mice displayed severe transmural 

inflammation with focal areas of extensive ulceration and necrotic lesions. Inflammatory 

infiltrates filled the lamina propria and submucosa in areas where the mucosa was intact and 

often effaced the normal architecture of the tissue. Submucosal edema was often marked in 

areas of ulceration (Fig. 4F). The colons of DSS-treated ABIN2[D310N] mice had 

significantly elevated levels of myeloperoxidase activity consistent with marked myeloid cell 

infiltration (Fig. 4G). These data indicate that ABIN2[D310N] mice are more susceptible to 

DSS-induced colitis with delayed recovery from intestinal injury.

Involvement of radiation-resistant cells in colitis in ABIN2[D310N] mice

To determine the cell populations involved in DSS-induced colitis in ABIN2[D310N] mice, 

we generated four groups of bone marrow chimeras. Following lethal irradiation of the WT 

and ABIN2[D310N] mice (to destroy the hematopoietic cells), bone marrow from either WT 

or ABIN2[D310N] knock-in mice was transplanted into the irradiated mice. The 

hematopoietic cells were allowed to regenerate from the injected bone marrow cells for 6 

wk, and bone marrow reconstitution was verified after 6 wk by staining for CD45.1 and 

CD45.2 in blood cells. The mice were then treated with DSS. We found that the DAI in the 

ABIN2[D310N] mice was similar whether they had received WT bone marrow or bone 

marrow from the ABIN2[D310N] mice. Similarly, the DAI in the WT mice was similar 

whether they had received WT bone marrow or bone marrow from the ABIN2[D310N] 

mice. However, the DAI was consistently less severe in the recipient WT mice than the 

recipient ABIN2[D310N] mice (p < 0.05), irrespective of whether they had received bone 

marrow from the WT or ABIN2[D310N] mice (Fig. 5A). Consistent with the above data, the 

colon length was ~20% shorter in the ABIN2[D310N] recipient chimeric mice than in the 

WT recipient mice (Fig. 5B). Taken together, these results indicate that radiation-resistant 

cells in the gut have an important role in driving colitis in ABIN2[D310N] mice.

Reduced IL-1–dependent expression of COX2 and secretion of PGE2 in MEFs and IMFs of 
ABIN2[D310N] mice

The hypersensitivity of ABIN2[D310N] mice to DSS-induced colitis by a mechanism 

involving the radiation-resistant cells was similar to observations made with Tpl2 KO mice 

(14). Because the expression of ABIN2 is greatly reduced in Tpl2 KO mice (18), we 
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wondered whether the phenotype of the Tpl2 KO mice might be caused by the loss of 

ABIN2 expression rather than the loss of Tpl2 catalytic activity.

The hypersensitivity of Tpl2 KO mice to DSS-induced colitis is caused by reduced secretion 

of PGE2, resulting from reduced IL-1β–dependent expression of COX2 in IMFs (14). We, 

therefore, compared the production of these molecules in fibroblasts from ABIN2[D310N] 

and WT mice. The IL-1β–dependent induction of COX2 mRNA was reduced in 

ABIN2[D310N] MEFs compared with WT MEFs (Fig. 6A), but COX1 mRNA levels were 

unchanged (Fig. 6B). Consistent with these findings, the IL-1β–dependent induction of 

COX2 protein was reduced in MEFs and IMFs from ABIN2[D310N] mice (Fig. 6C, 6D) 

and, consequently, the secretion of PGE2 was also decreased markedly (Fig. 6E, 6F). 

Because the level of expression of the ABIN2[D310N] is similar to WT ABIN2 in MEFs 

(Fig. 2C), these results indicate that ubiquitin binding to ABIN2 is required for robust 

IL-1β–dependent production of COX2 and PGE2 secretion in MEFs.

Although the Tpl2 inhibitor C34 suppressed the rapid initial activation of ERK1/2 observed 

after stimulating MEFs with IL-1β for 15 min, it did not suppress the activation of ERK1 

and ERK2 observed after stimulation for 3–6 h (Fig. 6G), indicating that Tpl2 activity was 

not rate limiting for ERK1/2 activation at these later times. Consistent with these results, the 

IL-1β–stimulated production of COX2 and secretion of PGE2, which occurred between 3 

and 6 h after stimulation with IL-1β, was also unaffected by C34 in either MEFs or IMFs 

(Fig. 6H, 6I). Thus, the decreased induction of COX2 and PGE2 secretion in 

ABIN2[D310N] mice is independent of Tpl2 catalytic activity.

The LPS-stimulated production of COX2 is Tpl2-dependent in BMDM

In contrast to MEFs, it has been reported that the LPS-stimulated production of COX2 in 

BMDM is mediated by Tpl2 catalytic activity (33). Consistent with these reports, we 

confirmed that C34 suppressed both LPS-induced COX2 mRNA (Supplemental Fig. 1A) 

and protein (Supplemental Fig. 1B). However, similar to IL-1β stimulation in MEFs (Fig. 

6G), C34 suppressed the initial activation of ERK1/2 observed after 15 min but not the lower 

level of ERK1/2 activation observed between 3 and 6 h after stimulation with LPS 

(Supplemental Fig. 1B). A MAP3K family member distinct from Tpl2 is, therefore, rate 

limiting for ERK1/2 activation after prolonged stimulation of BMDM with LPS or 

fibroblasts with IL-1β.

Discussion

In this study, we show that mice expressing an ABIN2 mutant that cannot interact with 

ubiquitin chains are more susceptible to intestinal inflammation and hypersensitive to DSS-

induced colitis (Fig. 4). These mice express normal levels of Tpl2, and the activation of Tpl2 

by IL-1β and ligands that activate TLRs is unimpaired in either fibroblasts or BMDM (Fig. 

3). These results indicate that ubiquitin binding to ABIN2 is not required for either the 

activation or stability of Tpl2.

Interestingly, the hypersensitivity of ABIN2[D310N] mice to DSS-induced colitis (Fig. 4) 

was strikingly similar to previous studies in Tpl2 KO mice (14). In both cases, 
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hypersensitivity was caused by the radiation-resistant cells and not by hematopoietic cells 

(Fig. 5) and could be explained by reduced induction of COX2 and secretion of PGE2 in 

IMFs (14) (Fig. 6). The expression of ABIN2 is greatly reduced in Tpl2 KO mice, and two 

lines of evidence suggest that it is the decrease in ABIN2 expression and not the loss of Tpl2 

catalytic activity that underlies the reduced production of COX2 and PGE2 in Tpl2 KO 

MEFs and, hence, hypersensitivity to colitis. First, the IL-1β–dependent production of 

COX2 or PGE2 in fibroblasts is unaffected by pharmacological inhibition of Tpl2 (Fig. 6). 

Second, DSS-induced colitis is actually suppressed by a small-molecule inhibitor of Tpl2 

(8). Thus, ABIN2 controls COX2 and PGE2 production and protects against DSS-induced 

colitis by a Tpl2-independent mechanism. In contrast, the inhibition of Tpl2 catalytic 

activity appears to protect mice against IBD by suppressing the inflammatory actions of 

TNF (8). Elucidating the mechanism by which ubiquitin binding to ABIN2 stimulates the 

IL-1β–dependent production of COX2 in fibroblasts will be an interesting topic for future 

research. The activation of Tpl2 is known to induce its dissociation from ABIN2, and our 

working hypothesis is that, when released from the Tpl2 catalytic subunit, ubiquitin chain–

associated ABIN2 interacts with another protein to stimulate COX2 production. This might 

be another protein kinase because the interaction of ABIN2 with other protein kinases, such 

as LKB1 (34), IKKα (35), and TIE2 (36) has been reported.

Interestingly, reduced expression of Tpl2 has been reported in IMFs isolated from the 

inflamed ileum of IBD patients (14). Clearly, it will now be important to examine whether 

variation in TNIP2, the gene encoding ABIN2, underlies or predisposes to IBD in human 

populations.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

This work was supported by the U.K. Medical Research Council (Grant MRC_MR/K000985/1), Boehringer-
Ingelheim, GlaxoSmithKline, and Merck Serono. T.N. was funded by the Uehara Memorial Foundation for 
International Students (Grant 201440246). S.C.L. is supported by core funding from The Francis Crick Institute.

Abbreviations used in this article

ABIN2 A20-binding inhibitor of NF-κB 2
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IRAK1 IL receptor–associated kinase 1

KO knockout

MEF mouse embryonic fibroblast

Tpl2 tumor progression locus 2
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Figure 1. 
Generation of ubiquitin-binding–defective ABIN2[D310N] knock-in mice. (A) A targeting 

vector was made to introduce the desired Asp310Asn mutation in exon 5 of the mouse 

ABIN2 gene. In addition, LoxP sequences were introduced upstream of exon 4 and 

downstream of exon 6. The neomycin-selectable marker was flanked with Frt sites to allow 

its removal via the expression of Flp recombinase. This vector was used to generate targeted 

embryonic stem cells by conventional methods, which were then used to generate chimeric 

mice. Germline-transmitting chimeric mice were crossed to Flp transgenic mice to remove 
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the neomycin cassette. Subsequently, the allele was converted to a KO allele by crossing to 

mice expressing a Cre transgene. (B) The primers generate a 350-bp PCR product for the 

wild-type (WT) allele and 400-bp product for the ABIN2[D310N] knock-in allele (or 500-

bp product for a knock-in allele before excision of the neomycin cassette). (C) IL-1R cells 

transfected with constructs encoding either WT human GST-NEMO, human GST-

NEMO[D311N], human WT GST-ABIN2, or human GST-ABIN2[D309N] were stimulated 

with IL-1β for the times indicated. After 24 h, the cells were starved for 16 h, stimulated 

with 5 ng/ml IL-1β for times indicated, and then cells were lysed with buffer (50 mM Tris–

HCl [pH 7.5], 1 mM EGTA, 1 mM EDTA, 1% [wt/vol] Triton X-100, 1 mM Na3VO4, 50 

mM NaF, 5 mM sodium pyrophosphate, 10 mM sodium glycerophosphate, 0.27 M sucrose, 

50 mM iodoacetamide, 1 mM benzamidine, 0.2 mM PMSF), and cell extracts were 

prepared. To precipitate proteins bound to GST-ABIN2, an aliquot of cell extract (0.5 mg 

protein) was added to 20 μ l of glutathione-Sepharose beads and after 1 h of incubation at 

4°C the beads were collected by centrifugation and washed three times with 1 ml lysis buffer 

and once with 1 ml 10 mM Tris–HCl (pH 8). The bound proteins were released by 

denaturation in 1% SDS, separated on SDS-PAGE, and transferred to PVDF membranes; 

immunoblotting was carried out with anti–IL receptor–associated kinase 1 (IRAK1) (top 

panels) and anti-ubiquitin. NEMO, NF-κB essential modulator. The anti-IRAK1 and anti-

ubiquitin Abs were obtained from Santa Cruz Biotechnology.
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Figure 2. 
Expression of ABIN2 and Tpl2 in cells from ABIN2[D310N] and KO mice. (A) BMDM 

extracts (20 μg protein) from WT mice, ABIN2 [D310N] knock-in, and ABIN2 KO mice 

were subjected to SDS-PAGE and immunoblotted with Abs recognizing ABIN2, Tpl2, and 

NF-κB1. Abs to GAPDH were used as a loading control. (B) As in (A), except that IMFs 

from WT and ABIN2[D310N] mice were used. (C) Same as (A), except that MEFs from 

three different WT embryos (1–3) and three different ABIN2[D310N] embryos (4–6) were 

used. (D) Same as (A), except that BMDM from WT and ABIN2[D310N] mice were 

incubated for 4 h with or without 5 μM MG132 prior to cell lysis. (E) Tpl2 was 

immunoprecipitated (IP) from BMDM extracts of WT or ABIN2[D310N] mice using anti-

Tpl2 or control IgG. The IPs were performed in duplicate. The IPs were washed, dissolved 

in SDS, subjected to SDS-PAGE, and immunoblotted with Abs recognizing Tpl2, ABIN2, 

and NF-κB1. (F) As in (E), except that NF-κB1 was immunoprecipitated instead of Tpl2. 

(A–F) Similar results were obtained in at least two independent experiments.
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Figure 3. 
The Tpl2-dependent activation of ERK1 and ERK2 in BMDM and MEFs from 

ABIN2[D310N] mice is similar to WT mice. (A) BMDM from WT and ABIN2[D310N] 

mice were stimulated with 10 ng/ml LPS for the times indicated, and cell extract (20 μg 

protein) was subjected to SDS-PAGE and immunoblotting with Abs recognizing ERK1/

ERK2 phosphorylated at their Thr-Glu-Tyr motifs (p-ERK1, p-ERK2) and all forms of 

ERK1 and ERK2. (B) As in (A), except that the cells were stimulated with Pam3CSK4 (1.0 

μg/ml). (C) As in (A) and (B), except that MEFs were stimulated with 5 ng/ml mouse IL-1β. 
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(D) BMDM from WT mice were incubated for 1 h without (−) or with (+) 3 μM of the Tpl2 

inhibitor C34, then stimulated with 10 ng/ml LPS for the times indicated. Cells were lysed, 

subjected to SDS-PAGE, and immunoblotted with the Abs in (A). (E) As in (D), except that 

MEFs were stimulated with IL-1β. (A–E) Similar results were obtained in at least three 

independent experiments.
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Figure 4. 
ABIN2[D310N] mice display an intestinal phenotype and are hypersensitive to DSS-induced 

colitis. (A) Representative photomicrograph showing an H&E-stained section of the small 

intestine from WT (n = 4) and ABIN2[D310N] (n = 5) mice. (B–E) WT (n = 12) and 

ABIN2[D310N] (n = 12) mice were fed 2.5% DSS solution in drinking water for 5 d 

followed by regular drinking water for 4 d. Mice were sacrificed on ninth day after DSS was 

first administered to measure colon length and to perform histopathology. (B) Percentage 

change in body weight compared with body weight at the start of the experiment. (C) DAI. 
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(D) Representative image of four mice per group showing rectal bleeding (blue) in fecal 

pellets on day 6. (E) Colon lengths (millimeters) of untreated and DSS-treated groups. (F) 

Representative photomicrograph showing histopathological changes in the colon tissue as 

examined by H&E staining. Original magnification ×20 (A), ×2 (D), and ×10 (F). (G) 

Myeloperoxidase enzymatic activity of colonic tissue from ABIN2[D310N] and WT mice 

before and after treatment with DSS. Data are the mean and SEM from 4 to 12 mice per 

group and are representative of two separate experiments. Student t test was used to test for 

statistical differences between DSS-treated groups. *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 5. 
Bone marrow chimera showing the cell type responsible for driving the colitis phenotype in 

the ABIN2[D310N] mice. Bone marrow chimeras were constructed by injecting donor bone 

marrow cells through the tail vein of lethally irradiated recipient mice. After 6 wk, chimeric 

mice (n = 5–10 mice per group) were treated for 5 d with 2.5% (w/v) DSS, followed by 

regular drinking water for 4 d. Mice were sacrificed on the ninth day after DSS was first 

administered to measure colon length. (A) Graph showing the DAI. Statistical analysis was 

performed by ANOVA and Tukey multiple comparison test of group area under curve data 
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from 5 to 10 individual mice per group. (B) Graph showing the length of colon 

(millimeters). (A and B) Data are the mean and SEM from 5 to 10 mice per group and are 

representative of two separate experiments. Student t test was used to test for statistical 

differences between DSS-treated groups. *p < 0.05, **p < 0.01.
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Figure 6. 
The IL-1β–stimulated reduction of COX2 and PGE2 in fibroblasts from ABIN2[D310N] 

mice is independent of Tpl2 activity. (A and B) MEFs from WT (open circles) or 

ABIN2[D310N] (closed squares) mice were stimulated with IL-1β for the times indicated, 

and the expression of COX2 mRNA (A) or COX1 mRNA (B) was quantitated by 

quantitative RT-PCR. (A and B) Data are the mean and SEM with MEFs from five to six 

embryos per group and are representative of two separate experiments. Mann–Whitney U 
test was used to test for statistical differences. *p < 0.05. (C) MEFs or (D) IMFs from WT or 
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ABIN2[D310N] mice were stimulated with IL-1β for the times indicated. Cells were lysed, 

subjected to SDS-PAGE, and then immunoblotted with Abs recognizing COX2, COX1, and 

GAPDH. (C and D) Similar results were obtained in at least two independent experiments. 

(E and F) The secretion of PGE2 from MEFs (E) and IMFs (F) was quantitated by ELISA 6 

h after stimulation with IL-1β. (G) MEFs from WT mice were incubated for 1 h without or 

with 3 μM of the Tpl2 inhibitor C34, then stimulated with 5 ng/ml of IL-1β for the times 

indicated. Cells were lysed, subjected to SDS-PAGE, and immunoblotted with the Abs in 

Fig. 3 and with GAPDH as a loading control. Similar results were obtained in two 

independent experiments. (H and I) Same as (G), secretion of PGE2 from MEFs (E) and 

IMFs (F) was quantitated by ELISA 6 h after stimulation with IL-1β. (E, F, H, and I) Data 

are the mean and SEM with cells from five to six embryos or pups per group and are 

representative of two separate experiments. Mann-Whitney U test was used to test for 

statistical differences. *p < 0.05, **p < 0.01.
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