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Introduction
Inflammatory bowel diseases (IBDs) including Crohn’s dis-
ease (CD) and ulcerative colitis are characterized by chronic, 
progressive, and relapsing inflammatory disorders mainly in 
the large bowel. Genetic, environmental, and intestinal micro-
bial factors seem to be important contributors in the etiology 
and pathogenesis of IBD (Schirbel and Fiocchi, 2010). Many 
genetic variants have been identified as CD susceptibility fac-
tors. The nucleotide-binding oligomerization domain–con-
taining protein 2 (NOD2), which is an intracellular sensor 
of pathogen-associated molecular pattern, was the first gene 
to be associated with CD susceptibility (Hugot et al., 2001; 
Ogura et al., 2001). More recently, a coding polymorphism 
(Thr300Ala) in ATG16L1 (autophagy-related 16-like 1) has 
been identified that confers increased risk for the develop-
ment of CD (Hampe et al., 2007; Rioux et al., 2007) and 
significantly increases caspase-mediated cleavage of Atg16L1, 
resulting in lower levels of full-length Atg16L1(T300A) pro-
tein (Murthy et al., 2014). Patients carrying homozygous 

ATG16L1 risk alleles and mice with hypomorphic expres-
sion of ATG16L1 are both associated with Paneth cell and 
goblet cell abnormalities (Cadwell et al., 2008; Lassen et al., 
2014). Several studies have shown that intracellular sensor 
NOD1 and NOD2 can play a critical role in the induction 
of autophagy during bacterial infection. NOD1 and NOD2 
recruit ATG16L1 to the plasma membrane at the bacterial 
entry site (Travassos et al., 2010). These studies highlight the 
role of autophagy in IBD. In addition to autophagy, ER stress 
is also associated with the development of IBD. Deletion of 
Xbp1 (X box–binding protein 1), a key transcription fac-
tor that mediates ER stress, results in spontaneous enteritis 
and increased susceptibility to experimental colitis (Kaser et 
al., 2008). Interestingly, ER stress and autophagy are inter-
connected at many levels (Hotamisligil, 2010). In particular, 
impaired ATG16L1 function was linked to an enhanced ER 
stress response (Adolph et al., 2013).

NF-κB is a key regulator of inflammatory response that 
can be activated by canonical and alternative pathways. The 
activation of the NF-κB pathway is governed by upstream 
IκB kinase complex (IKK), which consists of IKKα and/or 
IKKβ catalytic units and a regulatory scaffold protein NF-κB 
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essential modulator (NEMO)/IKKγ (Bollrath and Greten, 
2009). During canonical NF-κB activation, inhibitory IκBα 
is primarily phosphorylated by IKKβ, which leads to its pro-
teasomal degradation, whereas IKKα controls the alternative 
activation of NF-κB by phosphorylation of NF-κB2/p100, 
which leads to processing and liberation of p52/RelB ac-
tive heterodimer (Häcker and Karin, 2006). Several mouse 
studies have revealed tissue- and context-dependent functions 
of canonical NF-κB signaling in various models of colitis. 
For example, local administration of NF-κB p65 antisense 
oligonucleotide abrogates both chemically induced coli-
tis and colitis observed in Il10 knockout mice (Neurath et 
al., 1996). Deficiency of IKKβ in myeloid cells but not in  
intestinal epithelial cells (IECs) ameliorates chronic colitis of 
Il10 knockout mice; however, IEC-specific deletion of Ikkβ 
or pharmacological inhibition of IKKβ results in exacer-
bated acute colitis induced by dextran sodium sulfate (DSS) 
administration (Greten et al., 2004; Eckmann et al., 2008). 
Additionally, NEMO/IKKγ-dependent NF-κB activation is 
indispensable for intestinal homeostasis, as specific deletion 
of NEMO/Ikkγ causes spontaneous intestinal inflammation 
and colitis (Nenci et al., 2007). Moreover, IEC-specific Ikkβ 
deletion results in exacerbated pathogen-specific IFN-γ and 
IL-17 responses and severe intestinal inflammation after in-
fection with parasite Trichuris (Zaph et al., 2007). Recently, 
it has been shown that IEC-specific IKKα, but not IKKβ, is 
critical to control intestinal inflammation and bacterial dis-
semination to peripheral organs upon Citrobacter rodentium 
infection, thus linking alternative NF-κB activation to anti-
bacterial immunity (Giacomin et al., 2015). However, little is 
known about the role of IKKα in the pathogenesis of IBD.

Here, we examined the function of IKKα in a model 
of DSS-induced colitis and identify a complex intracellular 
signaling network linking TNF-R– and NOD-dependent  
IKKα kinase activity to stabilize ATG16L1 thereby gov-
erning ER stress and subsequent activation of caspase 
12, which is ultimately involved in IL-18 processing and 
epithelial regeneration.

Results
IKKα in IECs protects from DSS-induced colitis
To examine the function of IKKα during acute colitis,  
IkkαAA/AA knock-in mice were orally challenged with DSS in 
drinking water for 5 d followed by 4 d of regular water during 
recovery (Kitajima et al., 1999). IkkαAA/AA mutants that lacked 
inducible kinase activity (Cao et al., 2001) revealed increased 
susceptibility to DSS, which was characterized by significantly 
increased weight loss, a higher histological damage score, and 
elevated number of ulcerations compared with Wt mice 
(Fig. 1. A–E; and Fig. S1 A). This was paralleled by marked 
up-regulation of genes coding for proinflammatory cyto-
kines and chemokines including IL-1β, TNFα, IL-6, CXCL1, 
CXCL2, and CCL2 as well as enhanced cyclooxygenase 2 
(COX-2) and matrix metalloproteinase 9 (MMP-9) expres-
sion in whole colonic mucosa from DSS-challenged IkkαAA/AA  

mice (Fig. 1, F and G). To determine whether IKKα func-
tions in IECs or hematopoietic cells to control DSS-induced 
tissue damage, we performed adoptive transfer experiments. 
IkkαAA/AA mutants receiving either IkkαWt/Wt or IkkαAA/AA  
bone marrow continued to develop more severe colitis, 
whereas transfer of IkkαAA/AA bone marrow cells into IkkαWt/Wt  
recipients slightly improved DSS-induced damage (Fig. 1, H 
and I), indicating that IKKα activation in IECs was mainly 
responsible for providing protection from DSS-triggered in-
flammation. This was further confirmed using animals with 
cell type–restricted Ikkα deletion. Mice lacking Ikkα spe-
cifically in IECs (IkkαΔIEC) developed significantly more se-
vere colitis, whereas loss of IKKα in myeloid cells (IkkαΔmye) 
improved disease outcome (Fig. 1, J–M; and Fig. S1 B).  To 
address whether the alternative NF-κB activation pathway 
(Senftleben et al., 2001) was responsible for the effects me-
diated by IKKα, Nfkb2-deficient mice were challenged with 
DSS. However, loss of NF-κB2/p100 did not aggravate DSS- 
triggered inflammation (Fig. 1, N and O). Collectively, these 
data indicated that independently of the alternative NF-κB 
pathway, IKKα-mediated signaling in IECs is essential to sup-
press excessive inflammatory responses and, thus, maintaining 
intestinal tissue integrity during DSS-induced acute colitis.

Loss of IKKα function triggers an IRE1α-dependent 
unfolded protein response (UPR) and caspase 12 activation
When we examined expression of various genes associated 
with cellular stress response that could explain the increased 
susceptibility of IkkαAA/AA mice to DSS, we found elevated 
levels of Ire1a and Ire1b in unchallenged IkkαAA/AA IECs 
(Fig.  2  A). Indeed, ER stress has been associated with de-
velopment of IBD (Kaser et al., 2008), and recently loss of 
IKKα function has been linked to enhanced ER stress in a 
model of acute pancreatitis (Li et al., 2013). Moreover, DSS 
administration led to substantial Grp78 up-regulation in Ikkα 
mutants (Fig.  2 B). In contrast, phosphorylation of protein 
kinase RNA-like ER kinase (PERK) and induction of CCA​
AT/enhancer-binding protein homologous protein (Chop) 
expression was markedly enhanced in IkkαWt/Wt IECs, yet ab-
sent in IkkαAA/AA IECs (Fig. 2 C). Phosphorylation of eIF2a 
was indifferent between the two genotypes (Fig. 2 C) indi-
cating a specific activation of the IRE1α-dependent UPR 
signaling cascade in IkkαAA/AA IECs upon DSS exposure. ER 
stress–induced IRE1α overexpression and subsequent tran-
sautophosphorylation activates its RNase activity to initiate 
nonconventional splicing of XBP1 mRNA (Calfon et al., 
2002). Consistently, DSS induced enhanced XBP1 splicing 
in DSS-challenged IkkαAA/AA IECs compared with IkkαWt/Wt  
IECs (Fig. 2, D and E). Furthermore, in agreement with el-
evated ER stress and IRE1α up-regulation, TRAF2 was de-
graded (Fig. 2 F), which has been suggested to be involved in 
IRE1α-dependent caspase 12 activation (Yoneda et al., 2001; 
Hu et al., 2006). Indeed, cleaved caspase 12 expression was 
also markedly enhanced in IkkαAA/AA IECs during DSS ad-
ministration (Fig. 2 G). To confirm that elevated ER stress in 
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Figure 1. E pithelial IKKα signaling is essential for tissue repair after DSS-induced injury. (A) Body weight was determined daily in IkkαWt/Wt and 
IkkαAA/AA mice treated with 3.5% DSS in drinking water for 5 d, followed by a 4-d recovery phase on normal drinking water. Data are representative of two 
experiments. n = 8. Student’s t test was used. (B and C) Representative H&E staining of colon sections from IkkαWt/Wt (B) and IkkαAA/AA (C) mice treated with 
DSS for 5 d and analyzed on day 9. Bars, 500 µm. (D and E) Quantification of histological damage (D) and number of ulcers (E) on day 9 of the colitis model. 
n = 8. Student’s t test was used. (F) Relative mRNA expression levels of inflammatory mediators in the colonic mucosa of untreated (untr.) and DSS-treated 
mice were determined by quantitative RT-PCR (qRT-PCR). Data are representative of two experiments. n > 3. (G) Protein lysates were prepared from whole 
colonic mucosa from untreated and DSS-treated IkkαWt/Wt and IkkαAA/AA mice on day 9 of the DSS model and were analyzed by immunoblot analysis using 
the indicated antibodies. (H and I) Histological damage (H) and number of ulcers (I) on day 9 of the colitis model in the indicated bone marrow chimeras 
(i.e., IkkαWt/Wt > IkkαWt/Wt indicates IkkαWt/Wt bone marrow transplanted into IkkαWt/Wt recipients). Data are from two independent experiments. n ≥ 5. ANO​
VA followed by Bonferroni posthoc test for multiple datasets was used. (J–O) Histological damage (J, L, and N) and number of ulcers (K, M, and O) in IkkαF/F 
and IkkαΔIEC (J and K), in IkkαF/F and IkkαΔmye (L and M), and NfκB2+/+ and NfκB2−/− (N and O) mice on day 9 of the DSS regimen. n > 8. Student’s t test was 
used. Data are mean ± SEM. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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Ikkα-mutant epithelia was not the consequence of a DSS- 
dependent general hyperinflammatory reaction in vivo asso-
ciated with increased proinflammatory cytokine release but, 
rather, caused by a cell autonomous mechanism, we isolated 
primary colonic organoids from IkkαAA/AA and IkkαWt/Wt  
mice. Similarly to the changes observed in vivo, Grp78 and 
IRE1α expression and Xbp1 splicing as well as cleaved 
caspase 12 expression were elevated in ex vivo–cultured or-
ganoids (Fig. 2, H and I) confirming an IEC-intrinsic regula-
tion of the ER stress response. Caspase 12 has been suggested 
to repress the inflammasome thereby blocking processing of 
IL-1β and IL-18, and accordingly, caspase 12 deficiency im-
proves acute and chronic DSS colitis (Dupaul-Chicoine et al., 
2010). IL-18 is mainly secreted by IECs in response to DSS, 
whereas immune cells are the main IL-1β source (Fig. 3 A). 
IL-18 as well as IL-18R knockout mice are highly suscep-
tible to DSS-induced colitis (Takagi et al., 2003), and IL-18 
supports epithelial cytoprotection during the early phase of 
wound healing after DSS treatment (Dupaul-Chicoine et al., 
2010; Zaki et al., 2010; Elinav et al., 2011). Therefore, we ex-
amined serum IL-18 levels in unchallenged or DSS-treated 
IkkαAA/AA and IkkαWt/Wt mice. In line with enhanced caspase 
12 activation in IECs, which should block IL-18 process-
ing, serum IL-18 was significantly lower in IkkαAA/AA mice 
during acute colitis (Fig. 3 B). Similar results were obtained 
in IkkαΔIEC mice (Fig. 3 C), suggesting that impaired IL-18 
secretion by Ikkα-mutant IECs caused tissue destruction 
and inflammation during DSS colitis. In line with this no-
tion, administration of recombinant IL-18 prevented weight 
loss and tissue damage as well as up-regulation of proin-
flammatory cytokine and chemokine gene expression in 
whole mucosa of IkkαAA/AA mice confirming a dampened 
inflammatory response (Fig. 3, D–I). To further corroborate 
that impairment of IL-18 secretion causing aggravation of 
acute colitis was indeed caspase 12 dependent, we generated  
IkkαAA/AA/casp12−/− compound mutants. Expectedly, casp12 
deletion improved significantly all parameters of acute coli-
tis in IkkαAA/AA mice (Fig. 3, J–Q). Collectively, these results 
suggested that IKKα protects IECs from enhanced ER stress 
thereby preventing caspase 12 activation and subsequently 
supports cytoprotective IL-18 production.

IKKα controls stabilization of ATG16L1
A single-nucleotide polymorphism encoding a missense 
variant in the autophagy gene ATG16L1 (dbSNP acces-
sion no. rs2241880; Thr300Ala) is strongly associated with 
the incidence of CD (Hampe et al., 2007). Moreover, im-
paired ATG16L1 function has been linked to enhanced 
IRE1α-dependent splicing of Xbp1 and Grp78 accumula-
tion in IECs causing increased susceptibility to DSS-induced 
colitis (Adolph et al., 2013). Considering that ATG16L2, an 
ATG16L1 isoform, interacts with IKKα in pancreatic epithe-
lial cells (Li et al., 2013) prompted us to investigate a possible 
connection between IKKα and ATG16L1 in IECs. Hypo-
morphic expression or loss of ATG16L1 in mice and men is 

associated with Paneth cell granule abnormalities (Cadwell et 
al., 2008; Adolph et al., 2013; Lassen et al., 2014) and goblet 
cell alterations in the colon (Lassen et al., 2014). Comparable 
abnormalities could be detected in IkkαAA/AA mice. Immu-
nohistochemical as well as electron microscopical analysis of 
ileum sections revealed a significant decrease in the number 
of Paneth cell granules (Fig. 4, A–G), and alcian blue stainings 
confirmed enlarged goblet cells in IkkαAA/AA mice (Fig. 4, H 
and I). The Atg16l1T300A risk variant is highly susceptible to 
proteolytic degradation by caspase 3 in response to signals 
from cell-surface death receptors (Lassen et al., 2014; Murthy 
et al., 2014). Indeed, processing of ATG16L1 was enhanced 
in IkkαAA/AA-mutant IECs upon DSS challenge accompanied 
by p62 accumulation (Fig. 4 J). Similarly, TNF stimulation led 
to enhanced ATG16L1 degradation in the presence of cy-
cloheximide in IkkαAA/AA colonic organoids compared with  
IkkαWt/Wt colonic organoids, which could be prevented 
by the pan-caspase inhibitor zVAD (Fig.  4  K). These data 
strongly suggested that IkkαAA/AA-mutant mice phenocopied 
Atg16l1 hypomorphic or Atg16l1T300A knockout animals 
regarding DSS-induced inflammatory response and Paneth 
and goblet cell morphology as well as susceptibility to TNF- 
induced caspase-dependent degradation of ATG16L1. Col-
lectively, these data are raising the possibility that ATG16L1 
might be a direct substrate for IKKα phosphorylation. In line 
with this notion, coimmunoprecipitation confirmed binding 
of FLAG-tagged IKKα to mCherry-ATG16L1 in HEK293T 
cells (Fig.  5 A), as well as endogenous IKKα to ATG16L1 
in Wt colonic organoids upon TNF stimulation (Fig. 5 B). 
Moreover, glutathione S-transferase (GST) pull-down assays 
using different GST-ATG16L1 fragments indicated that IKKα 
interacted with the N-terminal GST-ATG16L1(1–230) and 
C-terminal GST-ATG16L1(358–607) domains (Fig. 5, C and 
D). Furthermore, an in vitro kinase assay using lysates from 
FLAG-IKKαWt or FLAG-IKKαAA overexpressing HEK293T 
cells confirmed an IKKα-dependent phosphorylation of the 
GST-ATG16L1(231–352) substrate that contains the consen-
sus caspase cleavage sites flanking T300 (Murthy et al., 2014) 
as well as several additional putative phosphorylation sites 
(Fig.  5 E). Subsequent mass-spectrometric analysis revealed 
three phosphorylated serines (S278, S287, and S289; Fig. 5 F). 
Site-directed mutagenesis confirmed lack of phosphorylation 
in the GST-ATG16L1(231–352)S278A mutant but not when the 
other two serine residues were mutated to alanine (Fig. 5 G). 
Moreover, TNF stimulation of endogenous IkkαWt/Wt  
or IkkαAA/AA in colonic organoids revealed marked IKKα- 
dependent phosphorylation of GST-ATG16L1(231–352) 
(Fig.  5 H). Importantly, overexpression of mCherry-tagged 
ATG16L1S278A in HeLa cells led to enhanced caspase- 
dependent degradation in response to TNF stimulation, which 
was comparable with the extent of degradation observed in 
ATG16L1T300A-mutant cells (Fig. 5 I). This was further con-
firmed when both ATG16L1 mutants and Wt ATG16L1 
were cleaved directly by caspase 3 (Fig.  5  J). Collectively, 
these data confirmed the direct regulatory function of IKKα 
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Figure 2.  Induction of the IRE1α/Xbp1 branch of the UPR in IkkαAA/AA enterocytes. (A) Relative expression levels of genes involved in control of 
the UPR in isolated colonic epithelia from IkkαWt/Wt and IkkαAA/AA mice that were either left untreated (untr.) or fed with 3.5% DSS for 3 d determined by 
qRT-PCR. Data are presented as mean ± SEM from one of two experiments performed. n = 3. *, P < 0.05. (B) Colonic epithelia were obtained from IkkαWt/Wt 
and IkkαAA/AA mice that were either left untreated or fed with 3.5% DSS for 3 d, and protein lysates were prepared. Samples were analyzed by immunoblot 
analysis using the indicated antibodies. Data are representative of greater than two experiments. (C) IECs were obtained from IkkαWt/Wt and IkkαAA/AA mice 
left untreated or treated with DSS for 3 d, and protein lysates were prepared. Protein expression was analyzed by immunoblot analysis using the indicated 
antibodies. (D) Xbp1 mRNA splicing in colonic epithelial cells at day 0 and day 3 of DSS treatment determined by PCR. (E) Densitometric quantification of 
the ratio of spliced versus unspliced Xbp1 in colonic epithelial cells. Data are presented as mean ± SEM from one of two experiments performed. n = 3. *, P < 
0.05; **, P < 0.01; ***, P < 0.001 by ANO​VA followed by Bonferroni posthoc test for multiple datasets. (F and G) Immunoblot analysis of the indicated proteins 
in lysates prepared from colonic epithelial cells obtained from IkkαWt/Wt and IkkαAA/AA mice left untreated of treated with DSS for 3 d. (H) Protein expression 
levels in lysates from unstimulated colonic organoids from IkkαWt/Wt and IkkαAA/AA mice. Data are representative of two experiments. (I) Xbp1 mRNA splicing 
in unchallenged colon organoids from IkkαWt/Wt and IkkαAA/AA mice determined by PCR. Data are representative of two experiments. cl., cleaved; cycloph., 
cyclophilin; spl., spliced; un., unspliced. 
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Figure 3. E nhanced caspase 12 activation and decreased cytoprotective IL-18 serum levels in IkkαAA/AA mice. (A) Quantification of ex 
vivo production of IL-18 and IL-1β by flow cytometry–sorted IECs and immune cells from the colon of WT mice on day 5 of 3.5% DSS treatment. 
IECs were defined as CD45−, CD11b−, Gr1−, and EpCAM+; immune cells as CD45+, CD11b+, Gr1+, and EpCAM−; and rest as CD45−, CD11b−, Gr1−, and 
EpCAM−. n = 5. ANO​VA followed by Bonferroni posthoc test for multiple datasets was used. (B) Serum IL-18 levels in IkkαWt/Wt and IkkαAA/AA mice on 
days 0 and 9 of DSS (3.5%) regimen. Data are from two independent experiments. n > 6. ANO​VA followed by Bonferroni posthoc test for multiple 
datasets was used. (C) Serum IL-18 levels were determined by ELI​SA from IkkαF/F and IkkαΔIEC mice at days 0 and 9 of DSS (3.5%) regimen. n = 5. ANO​
VA followed by Bonferroni posthoc test for multiple datasets was used. (D) Body weight was determined in IkkαAA/AA mice during DSS (3.5%)-induced 
acute colitis. Mice were daily i.p. injected either with PBS or recombinant IL-18 (rIL-18; 0.5 µg/d). Data are from two independent experiments. n > 8. 
Student’s t test was used. (E and F) Representative H&E-stained colon sections from IkkαAA/AA mice treated with PBS (E) or rIL-18 (F) throughout the 
3.5% DSS regimen. Bars, 500 µm. (G and H) Histological damage (G) and number of ulcers (H) on day 9 of DSS regimen in IkkαAA/AA mice that had been 
injected daily either with PBS or rIL-18. Data are from two independent experiments. n > 7. Student’s t test was used. (I) Relative mRNA expression 
levels of inflammatory mediators in the colon of IkkαAA/AA mice that were left untreated or received either PBS or rIL-18 for nine consecutive days 
and analyzed on day 9 of the 3.5% DSS regimen. Data are from two independent experiments. n > 3. (J) Body weight was determined in IkkαAA/AA, 
IkkαAA/AAcasp12−/−, and casp12−/− mice during DSS (2.5%)-induced colitis. Data are from one of two experiments performed. n > 5. Student’s t test 
was used. (K–M) Representative H&E staining of colon sections from IkkαAA/AA (K), IkkαAA/AAcasp12−/− (L), and casp12−/− (M) mice treated with 2.5% 
DSS for 5 d and analyzed on day 9. Bars, 500 µm. (N and O) Histological damage (N) and number of ulcers (O) in IkkαAA/AA, IkkαAA/AAcasp12−/−, and 
casp12−/− mice on day 9 of the DSS regimen. Data are from one of two experiments performed. n > 5. Student’s t test was used. (P) Relative mRNA 
expression levels of inflammatory mediators in the colon of IkkαAA/AA, IkkαAA/AAcasp12−/−, and casp12−/− mice on day 9 of DSS (2.5%) regimen were 
determined by qRT-PCR. n > 3. (Q) Whole colonic lysates were prepared from IkkαAA/AA, IkkαAA/AAcasp12−/−, and casp12−/− mice on day 9 of the 2.5% 
DSS treatment, and protein expression was analyzed by immunoblot analysis using the indicated antibodies. Data are mean ± SEM. *, P < 0.05; **, 
P < 0.01; ***, P < 0.001. untr., untreated. 
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Figure 4.  IkkαAA/AA mice phenocopy ATG16l1-mutant mice. (A and B) Representative methylene blue staining of ileum sections from IkkαWt/Wt (A) and 
IkkαAA/AA (B) mice. Arrowheads indicate secretory granules in Paneth cells. Bars, 50 µm. (C) Quantification of Paneth cells in the ileal crypts from IkkαWt/Wt  
and IkkαAA/AA mice according to the number of methylene blue–positive granular vesicles. Data are mean ± SEM. n = 10 crypts counted. ***, P < 0.001.  
(D and E) Representative transmission electron microscopic images showing Paneth cells from IkkαWt/Wt (D) and IkkαAA/AA (E) mice indicating decreased 
number of secretory granules in IkkαAA/AA Paneth cells. Bars, 5 µm. (F) Immunohistochemical staining for lysozyme in paraffin-embedded ileal crypt sections 
from unchallenged IkkαWt/Wt and IkkαAA/AA mice reveals defective secretory granule formation in IkkαAA/AA Paneth cells. Bars, 10 µm. (G) Lysozyme expres-
sion was quantified according to Cadwell et al. (2008): normal (D0), disordered (D1), depleted (D2), and diffuse (D3). n = 411 cells from four IkkαWt/Wt and  
n = 370 cells from four IkkαAA/AA mice. Data are mean ± SEM from two independent experiments. *, P < 0.05; **, P < 0.01; ***, P < 0.001 by Student’s t test.  
(H and I) Representative images of colon sections of IkkαWt/Wt (H) and IkkαAA/AA (I) mice stained with alcian blue to visualize goblet cells. Bars, 50 µm.  
(J) Lysates of isolated IECs, from 3.5% DSS–treated IkkαWt/Wt and IkkαAA/AA mice for 3 d, were prepared, and samples were analyzed by Western blotting with 
the indicated antibodies. Data are representative of two experiments. (K) ATG16L1 proteolytic cleavage was assessed by immunoblot analysis in colonic or-
ganoids. Organoids were pretreated with DMSO or pan-caspase inhibitor (zVADfmk), followed by TNF stimulation in the presence of 10 µg/ml cycloheximide 
for 3 h. Data are representative of two experiments. cl., cleaved; exp., exposure.
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Figure 5.  IKKα phosphorylates ATG16L1. (A) Coimmunoprecipitation (Co-IP) and immunoblot (IB) analysis showing interaction of FLAG-IKKα and 
mCherry-ATG16L1. HEK293T cells were transfected as indicated, and lysates were subjected to coimmunoprecipitation assays. Immunoblots from 40-µg 
input were used to examine protein expression levels. (B) Coimmunoprecipitation of endogenous IKKα and ATG16L1 in WT colonic organoids. 600 µg of 
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in phosphorylating ATG16L1 resulting in its stabilization and 
decreased susceptibility to caspase-dependent degradation.

Recently, activation of NOD2, an intracellular pattern- 
recognition receptor that recognizes muramyldipeptide 
(MDP), an integral component of bacterial cell walls, has 
been implicated in autophagosome formation depending 
in part on ATG16L1 (Homer et al., 2010; Travassos et al., 
2010). Moreover, NOD2 gene polymorphisms markedly 
increase susceptibility to CD (Hugot et al., 2001; Wehkamp 
et al., 2004), and NOD2 can activate the IKK complex  
(Abbott et al., 2004; Schroder and Tschopp, 2010). There-
fore, we tested whether activation of NOD2 may affect 
ATG16L1 stability in an IKKα-dependent manner and stim-
ulated colonic organoids with either NOD2 agonist L18-
MDP or NOD1 activating C12-iE-DAP. Both treatments 
led to markedly enhanced ATG16L1 degradation in IKKα- 
mutant colonic organoids (Fig. 5 K). Furthermore, activation 
of NOD2 led to an IKKα-dependent phosphorylation of 
GST-ATG16L1(231–352) (Fig. 5 L).

Discussion
Recent genome-wide association studies identified a sin-
gle-nucleotide polymorphism in the autophagy gene 
ATG16L1 that is strongly associated with the incidence of 
CD (Hampe et al., 2007; Rioux et al., 2007). ATG16L1T300A 
is more sensitive to caspase 3–mediated cleavage and deg-
radation and, consequently, results in impaired autophagy in 
response to cellular stress (Lassen et al., 2014; Murthy et al., 
2014). The Thr300 is located in a region with several addi-
tional putative phosphorylation sites. However, upstream 
kinases have not been identified so far. Here, we show that 

IKKα phosphorylates ATG16L1 at the Ser278 residue but not 
at Thr300, suggesting that several phosphorylation sites in this 
region are involved in the stabilization of ATG16L1.

Similar to the ATG16L1T300A polymorphism, NOD-2 
gene polymorphisms, which result in loss of protein function, 
are associated with increased risk of developing CD (Hugot 
et al., 2001; Wehkamp et al., 2004). NOD1 and NOD2 re-
cruit ATG16L1 to the plasma membrane at the site of bac-
terial entry independently of IKK activation (Travassos et 
al., 2010), but it is not clear whether this function is directly 
regulated through the interaction of both proteins at the en-
dogenous level, as overexpressed NOD1 and NOD2 were 
shown to interact with ATG16L1. Furthermore, ATG16L1 
negatively regulates NOD1- and NOD2-driven cytokine 
responses in an autophagy-independent manner (Sorbara et 
al., 2013). Interestingly, NOD stimulation can also activate 
the IKK complex (Abbott et al., 2004; Schroder and Tschopp, 
2010). Our data now show that NOD signaling is involved in 
ATG16L1 phosphorylation and stabilization through IKKα, 
thus challenging the concept that interaction of NOD2 and 
ATG16L1 occurs in an IKK-independent manner (Travas-
sos et al., 2010). Thus, IKKα appears to comprise a central 
regulatory kinase that mediates the stabilization of ATG16L1 
in response to various extracellular stimuli, indicating that 
IKKα is a critical link between NOD signaling and ATG16L1 
during acute inflammation.

The IKKα-dependent ATG16L1 stabilization confers 
an important regulatory mechanism in the control of au-
tophagic protein degradation. In fact, various studies have 
highlighted the regulation of autophagy by IKKβ/NF-κB or 
vice versa. TNF-dependent activation of NF-κB suppresses 

protein lysates from colon organoids were immunoprecipitated with ATG16L1 or control IgG. The immunoprecipitates and 40 µg of input lysates were 
analyzed by immunoblot analysis using the indicated antibodies. Data are representative of two experiments. (C) HEK293T cells were transfected with FLAG-
IKKα, and whole-cell extracts were subjected to a pull down assay using various forms of GST-ATG16L1 and GST-Sepharose beads. The bead-bound proteins 
were analyzed by immunoblot analysis using anti-FLAG antibody. Data are representative of two experiments. (D) Schematic representation of the full-
length ATG16L1 and different construct domains used for the expression of GST-fusion proteins. (E) HEK293T cells were transfected with FLAG-IKKαWt or 
FLAG-IKKαAA. After 48 h, the cells were collected and lysed, and whole-cell extracts were subjected to immunoprecipitation using protein A/G plus agarose 
beads and anti-FLAG antibody. Then, immunoprecipitates were subjected to in vitro kinase assay with GST-ATG16L1(231–352). The FLAG immunoblot shows 
equal amounts of immunopurified FLAG-IKKαWt or FLAG-IKKαAA. Phosphorylation of GST-ATG16L1(231–352) was confirmed by mass spectrometry. Data 
are representative of three experiments. (F) Mass spectrometric fragment ion scan of the peptide corresponding to phosphorylated serine 278 in ATG16L1. 
Data are representative of two experiments. (G) In vitro kinase assay of FLAG-IKKαWt overexpressing HEK293T cells and different point-mutated GST-
ATG16L1(231–352) substrates. Phosphorylated GST-ATG16L1(231–352) was visualized by autoradiography. Ponceau S staining shows the equal amounts 
of GST-ATG16L1 substrates. Data are representative of two experiments. EV, empty vector. (H) Endogenous IKK complex was immunoprecipitated using 
anti-IKKγ from untreated or 20 ng/ml TNF–treated (15 min) colonic organoids isolated from IkkαWt/Wt and IkkαAA/AA mice and then subjected to in vitro kinase 
assay using GST-ATG16L1(231–352) as a substrate. Phosphorylated GST-ATG16L1(231–352) was visualized by autoradiography. Ponceau S staining and im-
munoblotting against IKKα and IKKβ show the equal amount of GST-ATG16L1 and immunoprecipitation efficiency, respectively. Data are representative of 
two experiments. (I) ATG16L1 proteolytic cleavage was assessed by immunoblot analysis in HeLa cells expressing mCherry-ATG16L1 Wt and mutants. HeLa 
cells were pretreated for 1 h with DMSO or 10 µM pan-caspase inhibitor (zVADfmk), followed by TNF stimulation (20 ng/ml) in the presence of 10 µg/ml 
cycloheximide (CHX) for 3 h. (J) Caspase 3–mediated in vitro ATG16L1 cleavage was assessed by immunoblot analysis. mCherry-ATG16L1 Wt and mutants 
were immunoprecipitated from HEK293T cells. Then, immunoprecipitates were subjected to in vitro cleavage assay using recombinant active caspase 3. Data 
are representative of two experiments. (I and J) CL, cleaved; FL, full length. (K) ATG16L1 proteolytic cleavage was assessed by immunoblot analysis in colonic 
organoids. Organoids were pretreated with DMSO or pan-caspase inhibitor (zVADfmk), followed by stimulation with NOD ligands, 20 µg/ml L-18MDP, and 
20 µg/ml C12-iE-DAP, in the presence of 10 µg/ml cycloheximide for 3.5 h. Data are representative of two experiments. cl., cleaved. (L) Endogenous IKK 
complex was immunoprecipitated from untreated or L18-MDP–treated (20 µg/ml for 15 min) colonic organoids and then subjected to in vitro kinase assay 
as described in H. Data are representative of two experiments. (G, H, and L) Single asterisks indicate nonspecific signal determined by mass spectrometry.
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autophagy in several cancer cells (Djavaheri-Mergny et al., 
2006). Similarly, IKKβ/NF-κB signaling negatively regulates 
starvation-induced autophagy in cells from acute myeloid 
leukemia and myelodysplastic syndrome patients (Fabre et 
al., 2007). Moreover, autophagy can also negatively regulate 
the NF-κB pathway by mediating the degradation of α, β, 
and γ subunits of the IKK complex and of its upstream ac-
tivator of NF-κB–inducing kinase (Qing et al., 2007). Inter-
estingly, activation of NF-κB can enhance autophagy during 
heat shock recovery to increase cell survival (Nivon et al., 
2009). In addition, IKK activation is sufficient to promote 
autophagy independently of NF-κB signaling (Criollo et 
al., 2010; Comb et al., 2011). Thus, regulation of autophagy 
by IKK/NF-κB signaling is regulated in a strict context- 
dependent manner. Recently, it was shown that loss of IKKα 
function but not IKKβ in pancreatic acinar cells results in 
impaired autophagy because of substantial increase of p62 
and subsequent accumulation of ER stress, which finally 
leads to spontaneous pancreatitis (Li et al., 2013). Deletion 
of p62 rescued the IKKα-dependent phenotypes, indicating 
the crucial link between IKKα and p62 during autophagic 
induction and ER stress in the pancreas (Li et al., 2013). Sim-
ilarly, during DSS-induced acute colitis, mutant IKKα IECs 
express markedly elevated levels of p62. However, in stark 
contrast to the phenotype observed during pancreatitis, loss 
of p62 is dispensable for induction of ER stress in IKKα mu-
tants during colitis (unpublished data) suggesting that other 
selective autophagy receptors such as optineurin or NDP52 
may be involved in this link.

We show that IKKα protects mice from enhanced 
UPR during DSS-induced colitis by specifically controlling 
the IRE1α-dependent UPR signaling cascade. The ex-
pression of Grp78, IRE1α, and Xbp1 splicing was elevated 
in the colonic organoids from IKKα mutants, suggesting 
IEC-intrinsic regulation of the ER stress response by IKKα. 
Recently, a link between ER stress and the IKK complex 
has been suggested. However, it was demonstrated that en-
hanced ER stress impairs classical NF-κB activation, which 
is the diametric opposite phenotype of what we describe 
here, namely an enhanced UPR in the absence of IKKα 
kinase function. Elevated ER stress, IRE1 up-regulation, 
and TRAF2 degradation are involved in IRE1α-dependent  
caspase 12 activation (Yoneda et al., 2001; Hu et al., 2006). 
Caspase 12 is a negative regulator of caspase 1 activation 
and thereby blocks the processing of IL-1β and IL-18 
(Dupaul-Chicoine et al., 2010) and enhances vulnerability 
to bacterial infection and septic shock (Saleh et al., 2006). 
Several studies have confirmed a cytoprotective role of 
IL-18 during epithelial regeneration after DSS-induced in-
jury (Dupaul-Chicoine et al., 2010; Zaki et al., 2010; Elinav 
et al., 2011), and indeed, recombinant IL-18 administration 
or deletion of caspase 12 in IKKα mutants significantly im-
proved all the parameters observed upon DSS-induced coli-
tis. Recently, it was suggested that IKKα signaling in IECs 
is required for innate lymphoid 3 cell (ILC3) recruitment 

and up-regulation of IL-22 in the intestinal mucosa during 
C. rodentium infection. This was suggested to be dependent 
on elevated Tslp expression in IKKα-deficient IECs. Con-
sidering that IEC-derived IL-18 is also required for IL-22 
expression in ILCs upon Toxoplasmosis gondii infection 
(Muñoz et al., 2015), our data suggest that the decreased 
IL-18 secretion in IKKα-deficient IECs we observe here 
may contribute to lower IL-22 expression in the mucosa of 
IKKα-mutant mice as well.

In summary, we propose IKKα to be the central kinase 
controlling ATG16L1 function by mediating the response 
to a whole range of various extracellular stimuli during in-
flammation (Fig. 6). Activation of this signaling axis stabilizes 
ATG16L1 and prevents ER stress, culminating in a novel 
antiinflammatory cytoprotective mechanism that may be en-
gaged to counteract the proinflammatory actions triggered 
by canonical IKK/NF-κB activation. Our data suggest that 
various phosphorylation sites in ATG16L1 are involved in 
this process considering that both the T300 and the S278 
residues control sensitivity of ATG16L1 to caspase 3– 
mediated cleavage. NOD1 and NOD2 have been shown to 
directly interact with ATG16L1 by recruiting it to the site 
of bacterial entry (Travassos et al., 2010). We now provide 
evidence that, additionally, NOD proteins are involved in 
ATG16L1 stabilization via IKKα, thus challenging the con-
cept that interaction of NOD2 and ATG16L1 occurs in an 
IKK-independent manner (Travassos et al., 2010) and pos-
sibly placing IKKα as the missing link between NOD and 
ATG16L1 in IBD pathogenesis.

Figure 6.  Model summarizing the proposed signaling events in IKKα- 
mutant mice. (A) Both NOD and TNF-R engagements activate IKKα.  
Activated IKKα phosphorylates ATG16L1 specifically at Ser278 and protects 
it from caspase 3–dependent cleavage leading to its stabilization. (B) In 
the absence of IKKα activity (IkkαAA/AA), caspase-dependent cleavage of 
ATG16L1 is enhanced because of lack of phosphorylation of ATG16L1 at 
Ser278 by IKKα impairing autophagic protein degradation. As a conse-
quence, ER stress–induced IRE1α overexpression is associated with ele-
vated levels of active caspase 12, which results in the inhibition of caspase 
1 activity and lower levels of IL-18. Decreased levels of IL-18 cause re-
tarded epithelial regeneration and enhanced inflammation.
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Materials and methods
Mice
IkkαAA/AA knock-in has been previously described (Cao et 
al., 2001). To delete exons 6–9 of Ikkα in IECs and myeloid 
cells, we crossed floxed Ikkα mice (Takeda et al., 1999) to 
villin-Cre (Madison et al., 2002) and LysM-Cre (Clausen et 
al., 1999) transgenic mice, respectively. All mice, including 
littermate controls, were crossed on FvB background for at 
least four generations. Nfkb2−/− (provided by R.M. Schmid, 
Technical University Munich, Munich, Germany; Paxian et 
al., 2002) and caspase-12−/− (Saleh et al., 2006) mice have 
been previously described. IkkαAA/AAcaspase-12−/− double 
mutants were kept on a mixed background and were gen-
erated by crossing mice heterozygous for the corresponding 
genes. All mice experiments and procedures were reviewed 
and approved by the Regierung von Oberbayern.

Colitis induction and histological scoring
Experimental acute colitis was induced by administrating 
3.5% DSS (55 kD; MP Biomedicals) in the drinking water 
for five consecutive days, followed by four additional days of 
regular drinking water. Mice were euthanized on day 9, and 
colons were excised, open longitudinally, fixed as Swiss-rolls 
in 4% paraformaldehyde overnight at 4°C, and embedded in 
paraffin. Sections were stained with hematoxylin and eosin 
(H&E) according to standard protocols, and severity of colitis 
was assessed in a blinded way. The colonic epithelial damage 
score was assigned as follows: 0, normal; 1, hyperproliferation; 
2, mild to moderate loss of crypts, 10–50%; 3, severe loss of 
crypts, 50–90%; 4, complete loss of crypts, intact epithelium; 
5, ulcerated epithelium. The infiltration with inflammatory 
cells score was assigned separately for: mucosa (0 = normal, 1 
= mild, 2 = modest, and 3 = severe), submucosa, and muscle/
serosa (0 = normal, 1 = mild to modest, and 2 = severe). The 
scores for epithelial damage and inflammatory cell infiltration 
were added, resulting in a total score ranging from 0–12.

Cells and reagents
HEK239T and HeLa cells were transfected with either  
Viromer red (Lipocalyx) or Lipofectamine 2000 (Thermo 
Fisher Scientific) for plasmid overexpression. The follow-
ing reagents were used at final concentrations of: 20 µg/ml 
L18-MDP (InvivoGen), 20 µg/ml C12-iE-DAP (Invivo-
Gen), 10 µg/ml cycloheximide (Sigma-Aldrich), 10 mM 3- 
methyladenine (Sigma-Aldrich), 10  µM MG132 (Merck), 
20 µM Z-VAD-FMK (EMD Millipore), and 30 µM ML120B 
(Millennium Pharmaceuticals).

Cloning and site-directed mutagenesis
Generation of Flag-tagged wild-type Ikkα and Flag-tagged 
IkkαAA plasmids has been previously described (Kwak et al., 
2000). mCherry-fused human ATG16L1 cDNA was cloned 
into the pcDNA3.1/hygro(−) vector (Thermo Fisher Scien-
tific) at Xho1 and EcoRV sites. Truncated human ATG16L1 
cDNA fragments (amino acids 1–230, 231–352, and 358–607) 

were cloned into the GST vector pGEX4T1 (GE Health-
care) at EcoR1 and Xho1 sites. Recombinant GST-tagged 
ATG16L1 fragments were purified from BL21 Escherichia 
coli competent cells using Glutathione Sepharose 4B (GE 
Healthcare). Full-length GST-tagged human ATG16L1 
was purchased from Abnova. Plasmid containing GST-
ATG16L1(231–352) and mCherry-ATG16L1 was used for 
site-directed mutagenesis using a QuikChange Lightning 
Site-Directed Mutagenesis kit (Agilent Technologies) fol-
lowing the manufacturer’s instruction. All mutations were 
confirmed by direct sequencing and observing individual 
sequence electropherograms. The primers used for the mu-
tagenesis are as follows: ATG16L1 sense primer (S278A), 
5′-GCT​GGA​GGC​CTT​CTG​GATGCTA​TCA​CTA​ATA​
TCT​TTG​GG-3′; ATG16L1 antisense primer (S278A),  
5′-CCA​AAG​ATA​TTA​GTG​ATAGCATC​CAG​AAG​GCC​
TCC​AGC-3′; ATG16L1 sense primer (S287A), 5′-AAT​
ATC​TTT​GGG​AGA​CGCGCTG​TCT​CTT​CCT​TCC​CAG​
TC-3′; ATG16L1 antisense primer (S287A), 5′-GAC​TGG​
GAA​GGA​AGA​GAC​AGCGCG​TCT​CCC​AAA​GAT​ATT-3′; 
ATG16L1 sense primer (S289A), 5′-GAC​TGG​GAA​GGA​
AGCGAC​AGA​GCG​TCT​CC-3′; ATG16L1 antisense primer 
(S289A), 5′-GGA​GAC​GCT​CTG​TCGCTT​CCT​TCC​CAG​
TC-3′; ATG16L1 sense primer (S278E), 5′-CCT​GCT​GGA​
GGC​CTT​CTG​GATGAAATC​ACT​AAT​ATC​TTT​GGG 
​AGA-3′; ATG16L1 antisense primer (S287E), 5′-TCT​
CCC​AAA​GAT​ATT​AGT​GATTTCATC​CAG​AAG​GCC​
TCC​AGC​AGG-3′; ATG16L1 sense primer (T300A), 5′- 
CAG​GAC​AAT​GTG​GATGCTC​ATC​CTG​GTT​CTG​GTA​
AAG​AAG​TG-3′; and ATG16L1 antisense primer (T300A),  
5′-CAC​TTC​TTT​ACC​AGA​ACC​AGG​ATG​AGCATC​CAC​
ATT​GTC​CTG-3′. Bold letters indicate the mutated bases.

Protein analysis, antibodies, and immunohistochemistry
IEC isolation and immunoblot and immunoprecipitation 
analysis were performed as previously described (Cao et 
al., 2001; Greten et al., 2004). The following antibodies 
were used for immunoblotting: anti–caspase 12 (2202), 
anti-CHOP (2895), anti-GRP78 (3177), anti-IRE1α 
(3294), anti-LC3 (2775), anti-peIF2α (3398), anti-pIκBα 
(2859), anti-TRAF2 (4724), and anti–pNF-κB p65 
(3033) from Cell Signaling Technology; anti–MMP-9 
(sc-6840), anti–NF-κB p65 (sc-372), anti-GAD​PH (sc-
32233), and anti–α-tubulin (sc-32293; DM1A) from 
Santa Cruz Biotechnology, Inc.; anti-COX2 (160106) 
from Cayman; anti–β-actin (A4700) and anti-FLAG 
(F1804) from Sigma-Aldrich; anti-IKKα (IMG136A) 
from Imgenex; anti-p62 (GP62-C) from Progene; an-
ti-p62 (H00008878-MO3) from Abnova; anti-ATG16L1 
(M150-3; for immunoblotting) from MBL international; 
anti-ATG16L1 (ab47946; for immunoprecipitation) from 
Abcam; anti-pPERK (P3346-01) from US Biologicals; and 
anti-lysozyme for immunohistological staining from Dako. 
3.5-µm paraffin sections were stained using standard im-
munohistochemical procedures.
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In vitro kinase assay
Flag-tagged wild-type Ikkα and Flag-tagged IkkαAA plas-
mids were overexpressed in HEK293T cells, and IKKα was 
immunoprecipitated from cells lysates using an anti-Flag  
antibody. Immunoprecipitated IKKα and 1 µg of recombinant 
ATG16L1(231–352) Wt, S278A, S287A, and S289A fused to 
GST were used for in vitro kinase assays in a mixture containing 
ATP mix solution (10 mM ATP, 100 mM Tris, pH 7.5, 50 mM 
MgCl2, and 10 mM dithiothreitol [DTT]) and kinase assay buf-
fer (0.25 M Hepes, pH 7.5, 0.1 M MgCl2, 0.25 M β-glycer-
ophosphate, and 1.5 M NaCl). A total of 5 μCi (32P γ-ATP; 
Hartmann analytic) was used for 30 μl kinase reaction. Kinase 
reactions were incubated for 30 min at 30°C. The reaction was 
stopped by adding sample loading buffer, and samples were then 
boiled, separated by SDS-PAGE, transferred to polyvinylidene 
fluoride membranes, and visualized by autoradiography.

In vitro cleavage assay
pcDNA3.1 construct of wild-type, T300A, and S278A vari-
ants of human ATG16L1 with N-terminal mCherry tag 
were transfected in HeLa cells using Lipofectamine 2000 
following the manufacturer’s instruction. 600 µg of total 
cell lysate and 15 µl of RFP-Trap beads (ChromoTek) were 
used to immunoprecipitate mCherry-tagged ATG16L1. 
Then, immunoprecipitates were divided into two equal 
parts; one part was used to monitor immunoprecipitation 
efficiency, and the other part was washed twice with 1× 
caspase activity buffer (MBL international). Finally, immu-
noprecipitated mCherry-ATG16L1 was subjected to in 
vitro cleavage assay using 2 U of recombinant active caspase 
3 (MBL international) in a total volume of 12  µl in 1× 
caspase activity buffer + 10  mM DTT. Samples were in-
cubated at 37°C for 1 h to induce ATG16L1 cleavage, and 
then, the reaction was stopped by adding 2× sample loading 
buffer and boiled for 5 min.

Organoid culture
Colon organoids were established from Wt and IkkαAA/AA  
mice from a mixed background as previously described 
(Sato et al., 2009) and cultured as described for human 
colon cultures (Sato et al., 2011). In brief, colonic organ-
oids were cultured in ENR medium (Advanced DMEM/
F12 [Invitrogen], Hepes [Invitrogen], penicillin/strepto-
mycin [Invitrogen], Glutamax [Invitrogen], 1× B27 [In-
vitrogen], 1× N2 [Invitrogen], 80  µM N-acetylcysteine 
[Sigma-Aldrich], 20% Noggin [in-house produced], 10% 
R-spondin [in-house produced], 200 ng/ml mouse epi-
dermal growth factor, supplemented with 3.4 µg/ml Rock 
inhibitor [Sigma-Aldrich], 5 µM CHIR [Axon], 500 nM 
A83-01 [Tocris Bioscience], and 10  mM nicotinamide  
[Sigma-Aldrich]). The organoids were grown in Matrigel 
(BD) in 48-well plates and passaged at a 1:3 ratio once a 
week. The medium was changed every 2 d, and stimulations 
were performed in unsupplemented ENR medium, in the 
absence of N-acetylcysteine.

Isolation of IECs and lamina propria cells
After dissection, colons were excised and flashed with RPMI 
medium supplemented with penicillin and streptomycin (In-
vitrogen) and gentamycin (Invitrogen). Then, colons were 
cut in small pieces and incubated with gentle shaking for 30 
min at 37°C in RPMI medium containing antibiotics, 5 mM 
EDTA (Roth), 3% FCS (Invitrogen), and 0.145 mg/ml DTT  
(Sigma-Aldrich). For IEC isolation, the supernatant was fil-
tered with 100-µM strainers and centrifuged, and the pellet 
was resuspended in 30% (vol/vol) Percoll (GE Healthcare). 
The top layer was isolated, and 100,000 cells were plated on 
collagen type I (GE Healthcare)–precoated 96-well plates and 
cultured overnight. For isolation of lamina propria cells, the 
residual colon pieces were incubated in RPMI medium con-
taining antibiotics, 0.1 mg/ml Liberase (Roche), and 0.05% 
DNase (Roche) for 30 min at 37°C with gentle shaking. Then, 
the supernatant was filtered with 70-µM strainers, and pelleted 
cells were washed two times in RPMI medium containing 
10% FCS. Myeloid cells were sorted with a flow cytometer 
(FACS Aria; BD) using anti–Ly-6G (eBioscience), anti-CD45 
(eBioscience), and anti-CD11b (eBioscience), seeded on 96-
well plates, and cultured overnight. The remainder of the 
lamina propria cells (mostly lymphocytes) indicated as others 
were cultured as well along with the myeloid and IECs.

RNA analysis, Xbp1 splicing, and 
densitometry quantification
Total RNA from intestinal mucosa, isolated epithelial cells, 
or colon organoids was extracted using an RNeasy Mini kit 
(QIA​GEN). SuperScript II Reverse transcription (Invitro-
gen) was used for cDNA synthesis and real-time PCR anal-
ysis using FastStart Universal SYBR Master mix (Roche) 
in 20-µl total volume on a StepOne Plus Real-Time PCR 
system (Applied Biosystems). Relative gene expression levels 
were quantified by using cyclophilin as a housekeeping gene  
(2[Ct cyclophilin − Ct target gene]). The PCR product of Xbp1 un-
spliced (205 bp) and spliced (179 bp) were resolved on 2% 
agarose gel. Densitometric quantification of Xbp1 splicing 
and immunoblots was performed with Adobe Photoshop.

ELI​SA and IL-18 treatment
Secreted IL-18 levels in blood sera were determined by the 
commercially available IL-18 ELI​SA kit according to the 
manufacturer’s instructions (MBL international). For IL-18 
rescue experiments, recombinant IL-18 (MBL international) 
dissolved in cold PBS (Invitrogen) was injected intraperito-
neally at a concentration of 0.5 µg/mouse every day during 
the acute DSS treatment.

Bone marrow chimeras
Bone marrows were isolated from femur and tibia of IkkαWt/Wt  
and IkkαAA/AA congenic donors. Recipient mice were irra-
diated with a lethal dose of 9 Gy to get rid of the immune 
cells and were injected with 4 × 106 cells in 100  µl PBS 
in the tail vein. The transplanted mice were given broad- 
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spectrum antibiotic (Ciprobay; Bayer) at a concentration of 
1 mg/ml for 2 wk in drinking water. After 8 wk in total, the 
mice were treated with DSS and sacrificed on day 9. Colons 
were collected and stained for H&E.

Transmission electron microscopy
Transmission electron microscopy was used to visualize ultra-
structural changes in mouse ileal tissue. Therefore, ileal tissues 
were initially fixed overnight using 2.5% glutaraldehyde buff-
ered in cacodylate. The embedding procedure comprised fixa-
tion in 1% osmium tetroxide, dehydration in a graded ethanol 
series with an incubation step with uranyl acetate (between 
the 50 and 90% ethanol step), and finally rinsing in propylene 
oxide. The specimens were then embedded in epoxy resins 
that polymerized for 16 h at 60°C. After embedding, semithin 
sections (0.5 µm) were cut using an ultra-microtome (Ultra-
cut UCT; Leica Biosystems) with a diamond knife. Sections 
were stained with Toluidine blue, placed on glass slides, and 
examined by light microscopy to select appropriate areas for 
ultrathin preparation. Ultrathin sections (50–70 nm) were cut 
again using an ultra-microtome. Sections were mounted on 
copper grids and contrasted with uranyl acetate for 2–3 h at 
42°C followed by lead citrate for 20 min at room tempera-
ture. Imaging was performed using a transmission electron 
microscope (Tecnai G2 Spirit Biotwin; Thermo Fisher Scien-
tific) at an operating voltage of 120 kV.

Mass spectrometry
Peptide fractions were analyzed on a quadrupole Orbitrap 
mass spectrometer (Q Exactive Plus; Thermo Fisher Scien-
tific) equipped with an ultrahigh performance liquid chroma-
tography system (EASY-nLC 1000; Thermo Fisher Scientific) 
as described previously (Cox et al., 2011). Peptide samples 
were loaded onto C18 reversed phase columns (15 cm length, 
75 µm inner diameter, and 1.9 µm bead size) and eluted with 
a linear gradient from 8 to 40% acetonitrile containing 0.1% 
formic acid in 2 h. The mass spectrometer was operated in  
data-dependent mode, automatically switching between MS 
and MS2 acquisition. Survey full scan MS spectra (m/z 300–
1700) were acquired in the Orbitrap. The 10 most intense 
ions were sequentially isolated and fragmented by higher- 
energy C-trap dissociation (Olsen et al., 2007). An ion selec-
tion threshold of 5,000 was used. Peptides with unassigned 
charge states, as well as with charge states <2 were excluded 
from fragmentation. Fragment spectra were acquired in the 
Orbitrap mass analyzer. Raw data files were analyzed using 
MaxQuant (version 1.5.2.8; Cox and Mann, 2008). Parent 
ion and MS2 spectra were searched against a database con-
taining 88,473 human protein sequences obtained from the 
UniProtKB released in December 2013 using the Andromeda 
search engine (Cox et al., 2011). Spectra were searched with 
a mass tolerance of 6 ppm in MS mode, 20 ppm in higher- 
energy C-trap dissociation MS2 mode, strict trypsin specific-
ity, and allowing up to three miscleavages. Cysteine carbami-
domethylation was searched as a fixed modification, whereas 

protein N-terminal acetylation, methionine oxidation, and 
phosphorylation of serines, threonines, and tyrosines were 
variable modifications. Site localization probabilities were de-
termined by MaxQuant using the posttranslational modifica-
tion scoring algorithm as described previously (Olsen et al., 
2006; Cox and Mann, 2008). The dataset was filtered based on 
posterior error probability to arrive at a false discovery rate of 
<1% estimated using a target-decoy approach.

Statistical analysis
Data are expressed as mean ± SE. Two-tailed Student’s t test 
and ANO​VA followed by Bonferroni posthoc test were per-
formed for statistical analysis of two and multiple datasets, re-
spectively, using Prism5 (GraphPad Software). P-values ≤0.05 
were considered significant.

Online supplemental material
Fig. S1 shows that epithelial IKKα protects 
from DSS-induced colitis.
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