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Abstract:

The IkB-Kinase (IKK)-NF-kB signalling pathway plays a multifaceted role in inflammatory
bowel disease (IBD): on the one hand, it protects from apoptosis; on the other, it activates
transcription of numerous inflammatory cytokines and chemokines. Although several murine
models of IBD rely on disruption of IKK-NF-kB signalling, these involve either knockouts of a
single family-member of NF-kB, or of upstream kinases that are known to have additional, NF-
kB-independent, functions. This has made the distinct contribution of NF-xB to homeostasis in
intestinal epithelium cells difficult to assess. To examine the role of constitutive NF-xB
activation in intestinal epithelial cells, we generated a mouse model with a tissue-specific
knockout of the direct inhibitor of NF-«xB, Nfkbia/lkBa. We demonstrate that constitutive
activation of NF-xB in intestinal epithelial cells induces several hallmarks of IBD including
increased apoptosis, mucosal inflammation in both the small intestine and the colon, crypt
hyperplasia, and depletion of Paneth cells, concomitant with aberrant Wnt signalling. To
determine which NF-kB-driven phenotypes are cell-intrinsic, and which are extrinsic and thus
require the immune compartment, we established a long-term organoid culture. Constitutive
NF-kB promoted stem-cell proliferation, mis-localisation of Paneth cells, and sensitisation of
intestinal epithelial cells to apoptosis in a cell-intrinsic manner. Increased number of stem
cells was accompanied by a net increase in Wnt activity in organoids. Because aberrant Wnt
signalling is associated with increased risk of cancer in IBD patients and because NFKBIA
has recently emerged as a risk locus for IBD, our findings have critical implications for the

clinic. In a context of constitutive NF-xB, our findings imply that general anti-inflammatory or
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immunosuppressive therapies should be supplemented with direct targeting of NF-xB within
the epithelial compartment in order to attenuate apoptosis, inflammation, and
hyperproliferation.

Keywords: Inflammatory bowel disease, animal model, NF-xB, precision medicine,

inflammation, intestinal organoids, Wnt, stem cells, crypts
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INTRODUCTION:

IBD refers to autoimmune disorders, including ulcerative colitis (UC) and Crohn’s disease
(CD), which cause relapsing inflammation of the gastrointestinal tract [1,2]. Unlike in UC,
where inflammation is mainly restricted to the colon and the rectum, in CD, the whole
gastrointestinal tract can be affected, and the majority of patients present with terminal ileitis.
Patients with IBD are at an increased risk of developing colorectal cancer later in life [3].
Hallmarks of IBD include an aberrant inflammatory response, increased apoptosis in intestinal
epithelial cells (IEC), loss of epithelial barrier function, reduction in protective secretory

Paneth cells, and dysbiosis [4-6].

Animal models have been indispensable in studying the pathology of inflammation in IBD
[7,8]. The vast majority however focus on disease pathogenesis in the colon, and do not
involve the small intestine (SI) [9]. Strikingly, a large fraction of genetically engineered murine
models of IBD constitute knock-ins or knockouts in the IKK-NF-kB signalling pathway. NF-«xB
plays a central role in IBD development and progression and the level of activation of NF-xB

correlates with the severity of intestinal inflammation [10].

The transcription factor NF-kB is composed of five distinct family members that form homo-
and heterodimers that regulate diverse processes in the cell ranging from proliferation to
inflammation, and apoptosis [11]. Stress stimuli, including bacterial toxins, inflammatory

cytokines and chemokines, and DNA damage converge on the upstream IKK complex, which
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activates NF-xB by phosphorylating the inhibitor of the transcription factor, IkBa, and thus
targeting it for proteasomal degradation [12]. Liberated NF-xB activates transcription of
numerous target-genes including inflammatory cytokines and chemokines but, importantly,
also of NFKBIA, the gene coding for IkBa [11]. Knockout of Nfkbia/lxBa in mice leads to early
neonatal lethality, thereby posing an obstacle to studying the effect of activated NF-xB in the
mature gut [13,14]. Consequently, whether IkBa knockout in the epithelial cells in vivo, and
concomitant activation of NF-kB, would lead to inflammation and immune-cell response has

remained unclear.

NF-kB directly regulates expression of numerous genes implicated in IBD pathogenesis, yet
whether NF-xB plays a pro- or anti-inflammatory role in IECs has long been a matter of
debate [10]. On the one hand, activation of NF-xB leads to diverse inflammation-related
pathologies [13-16], and direct inhibition of NF-xB family member p65 abrogates established
experimental colitis [17]. On the other hand, studies using IEC-specific knockout models that
target kinases upstream of NF-«B, specifically IKKy, IKKB, and mitogen activated protein
inase kinase kinase 7 (MAP3K7/TAK1), suggest that NF-kB protects cells from apoptosis,
thereby maintaining intestinal homeostasis [18-23]. These kinases however regulate
additional signalling pathways apart from NF-«B [12]. Indeed we have recently shown that IKK
represses activation of numerous inflammatory cytokines and chemokines independently of
NF-xB through destabilisation of their mMRNA [24]. Because different NF-xB subunits can form

functional heterodimers, knockouts of individual family members of NF-xB do not directly
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address the role of the transcription factor in the pathogenesis of IBD. Therefore a murine
model able to differentiate between contributions of IKK versus those of NF-xB was still

missing.

To determine which hallmarks of IBD are attributed to direct activation of NF-xB and whether
the transcription factor plays a pro- or anti-apoptotic role in IEC, we generated mice with a
specific IkBa deletion in intestinal epithelial cells, IkBa'E¢-KO, We demonstrate that NF-«xB is
constitutively activated in the intestinal epithelium of these mice, leading to expression of
numerous inflammatory cytokines and chemokines. Surprisingly, despite activated NF-«B,
IEC of IkBa-deficient mice were not protected from apoptosis and, on the contrary, were more

sensitive to cytokine stimulation.

To dissect the cell-intrinsic from -extrinsic phenotypes, we cultured intestinal organoids. We
demonstrate that the expression of pro-apoptotic genes and the net increased Wnt activity
was a cell-intrinsic phenotype, associated with constitutive NF-xB. Apoptosis and stem-cell

identity in the crypt was mediated by extrinsic factors.

MATERIALS AND METHODS:

Ethical Issues
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All aspects of animal care and experimental protocols in this study were approved by the
regulatory standards of the Berlin Animal Review Board (LAGeSo Berlin) (Reg. G 0082/13,
G0358/13, G0092/18, G0111/19 and X9013/11).

Studies involving animals are reported in accordance with the ARRIVE guidelines [25,26].

Generation of IKBa'E¢-XO mice and preparation of murine tissues from in vivo experiments.

The generation of mice with floxed Nfkbia (IkBa gene) alleles (B6;129P2-Nfkbiatmkbp) was
described previously [27]. IkBa'EC-KO mice were generated by mating B6;129P2-Nfkbiatm1Kbp
with Tg(Vil-cre)20Syr (Villin-Cre) mice [28]. Unless specified, the small intestine of mice

between 8-15 weeks of age was used for experiments.

Scoring of inflammation in mice

Scoring was preformed according to previously established guidelines [29].

RNA extraction
Small or large intestine was snap-frozen in liquid nitrogen and homogenized. RNA was
extracted using Trizol reagent according to manufacturer’'s instructions (Thermo Fisher,

Waltham, USA).

Western Blot analysis and electrophoretic mobility shift assays (EMSA)

These were performed as described previously [24,30].
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Immunofluorescence and IHC on paraffin tissue sections

Tissue sections were prepared as described previously [31,32]. For lists of antibodies &
reagents, see supplementary material, Supplementary materials. UEA-1 (Sigma-Aldrich,
L8146) was prepared according to the manufacturer’s instructions and used at 0.2mg/mL final

concentration according to the IHC protocol described previously [33].

Antibodies/primer sequences.

These are given in supplementary material, Supplementary materials.

Antibody Array: Proteome profiler (R&D Systems, USA) antibody array was performed on 0.2
mL of serum according to the manufacturer's protocol. Quantification performed with
FusionCapt Advanced software.

Quantitative RT-PCR

This was performed using a minimum of two reference genes (Tbpl, Rpll3a, Hrptl, Sdha)

«ccording to the manufacturer’s protocol (Promega, Madison, USA).

Affymetrix array
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Gene expression was measured with mouse Clariom S (Thermo Fisher Scientific, USA) and
analyzed using a Transcriptome Analysis Console 4.0. For further details, see supplementary

material, Supplementary methods.

Preparation of organoids
Crypts were isolated from 4-5 mice per group as described elsewhere [34]. Organoids were
grown for 12 days post extraction. Immunofluorescence on organoids was performed as

described elsewhere [35]. For RT-gPCR, 30-40 organoids were lysed in Trizol.

Gene set enrichment analysis (GSEA)

GSEA was performed as described elsewhere [36], using Molecular Signature Database v7.
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RESULTS:

|xB oF¢K° mice develop spontaneous intestinal defects and inflammation

To investigate the impact of constitutive NF-kB signalling on the gut epithelium in vivo, we
generated 1xBo/ECKO mice lacking functional IkBa in the intestinal epithelium by crossing
| kB afloxfflox mice [27] with villin-cre [28] transgenic mice (supplementary material, Figure S1A).
Depletion of IkBa in the intestine was confirmed by western blot (Figure 1A and
supplementary material, Figure S1B). 1xB«E¢XO mice were born at normal Mendelian ratio,
and phenotypically normal. However, from 7 weeks of age IkBa'E¢-KO mice but not littermate
controls presented with rectal prolapse, and by 42 weeks of age 25 % of the /kBa!EC-KO were
affected (Figure 1B). In addition, shorter colon, indicative of inflammation, and increased
apoptosis was observed in [kBa'E¢KO mice (Figures 1C-E). To determine if these mice
developed spontaneous inflammation and morphological changes associated with colitis, we
performed histomorphological scoring as described previously [29]. Even in the absence of
additional stimuli (e.g. DSS treatment) low-grade inflammation was detected in the colon

(Figure 1F).

In the SI, premature, significantly enlarged Peyer's Patches (PP) were already visible in 4-
week old animals and became more prominent in adults (Figure 1G-H). Dramatic increase in
size was accompanied by increase in the B220 (CD45R) positive B-lymphocyte compartment
and the germinal center (Figure 1G and supplementary material, Figure S1C). From eight

weeks of age /kBalEC-KO mice spontaneously developed mild intestinal inflammation (Figure
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11). Increase in infiltration by macrophages (F4/80+) and by T lymphocytes (CD3+) was
confirmed by immunohistochemistry and quantified as described previously [29] (Figure 1J

and supplementary material, Figure S1D).

Many cytokines that are upregulated in IBD are direct targets of NF-xB [37]. To determine if
inflammation was systemic or confined to the intestine, we performed chemokine/cytokine
array on serum of IkBa'EC-KO — and control littermates (Figure 1K). We detected increased
secretion of several mouse homologues of human markers of IBD, including
metalloproteinase 3 (MMP3), Platelet Derived Growth Factor (PDGF-BB), Neutrophil
gelatinase associated lipocalin (LCN2/Ngal), Macrophage Colony Stimulating factor,
(CSF1/mCSF) and CC chemokine ligand 20 (CCL20) (Figure 1K). Because the
abovementioned targets are transcriptional targets of NF-xB (see Gilmore database at

www.bu.edu/nf-kb/gene-resources/target-genes/), we next sought to determine whether

depletion of IkBa was sufficient to activate NF-xB and where this activation would take place.

Activated RelA/p65 in epithelium and in the follicle associated epithelium (FAE) of
IkBa'=c*° mice

Whole-body knockout of Nfkbia/lkBa leads to neonatal lethality [13,14]. Nonetheless,
increased DNA-binding of NF-xB is only observed in some tissues and cells of IkBa KO
neonates, such as granulocytes, which suggests that, in most tissues, knockout of

Nfkbia/lkBa alone is not sufficient for constitutive NF-xB activation [14]. To determine if
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absence of IkBa in the epithelium of the SI would lead to constitutive activation of NF-xB, we
analysed its DNA-binding activity and phosphorylation. NF-kxB showed robust DNA-binding
activity in |xBa/EC-KO, but in none of the control littermates (Figure 2A, top panel). To establish
whether IKK contributed to activation of NF-«B, we analysed phosphorylation of p65, a
substrate of IKK. Only slight phosphorylation of p65 at S536 was detected. In contrast, in
irradiated mouse embryonic fibroblasts (MEFs), strong phosphorylation of S536 was evident,

and it was reduced in Ikbkb (IKKB) knockout cells, as expected (Figure 2A, lower panel).

To determine where NF-«xB was activated in IEC, we visualised translocation of the most
prevalent subunit p65 by immunofluorescence. Nuclear translocation of p65 was observed in
villous epithelium of the IkBalEC-KO animals (Figure 2B). Similarly, we detected increased
production in the follicle-associated epithelium (FAE) of mutant mice (Figure 2C). To confirm
that p65/ NF-«xB is activated we analysed expression of its bona-fide target genes, Ccl20,
Icaml, Tnf, and Tnfaip3 (A20). All four target genes were significantly upregulated (Figure
2D). In summary, we have demonstrated that epithelial knockout of Nfkbia/lkBa is sufficient to

activate NF-xB/p65 in IEC.

Constitutive NF-xB mediates pro-apoptotic and pro-proliferative signalling in IEC

Since it was previously shown that NF-xkB protects against apoptosis, we performed

microarray Affymetrix analysis on the Sl of 8-11 week old mice to determine whether
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deficiency of IkBa and activation of p65 leads to anti-apoptotic gene expression as well as
activation of biomarkers associated with IBD. We detected 116 downregulated transcripts,
with a fold change of at least 2 between the IkBa-deficient IEC and controls (Figure 3A).
Expression of some members of the cytochrome P450 superfamily is significantly reduced in
IBD, in part due to NF-xB activation [38,39]. We detected 12 transcripts belonging to the
cytochrome P450 superfamily (CYP3A, CYP2C and CYP2J subfamilies) that showed a
dramatic drop in expression in the intestines of the mutant mice (supplementary material,
Table S1). Gene Ontology analysis revealed enrichment of downregulated genes in the
categories of lipid catabolism, epoxygenases p450 pathway, and drug transport (Figure 3B),
with the overarching category of metabolism. Surprisingly, lysozyme (Lyzl) and also other
genes that are specific for Paneth cells [40], including mucosal pentraxin (Mptx2), colipase
(Clps), and defensin alpha related (Defa-rs), were downregulated in the IkBa-deficient
intestines (supplementary material, Table S1). Bulk analysis of the SI by microarray allowed
us therefore to identify transcripts that were downregulated in /kBa'EC-KO mice, and also to

pinpoint which cells were likely affected.

wWe also detected 109 transcripts that showed a significant upregulation in IEC (Figure 3A and
supplementary material, Table S1). Importantly, both key biomarkers of IBD, Lcn2 and Tnf
appeared as the highest upregulated transcripts in the small intestinal epithelium of /kBa'EC-KO
animals. Gene Ontology analysis showed enrichment for “acute-phase response” and “cellular

response to tumour necrosis factor”, with overarching term inflammation (Figure 3B).
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Surprisingly, none of the typical anti-apoptotic targets of NF-kB, comprising the Bcl2 family
members, appeared upregulated. In contrast, genes responsible for positive regulation of cell
death and apoptosis, including interferon-induced protein with tetratricopeptide repeats 2
(Ifit2), NADPH oxidase (Noxa), and NADPH oxidase 1 (Nox1) were enriched (Figure 3C and
supplementary material, Table S1). These data suggest that activation of NF-kB resulting
from deletion of Nfkbia/lkBa triggers a pro-apoptotic program in IEC, and leads to
upregulation of IBD associated genes including Lcn2, Tnf, Duox2, and Nos2. GSEA revealed
that in addition to NF-xB, additional signalling pathways were activated (Figure 3D and
supplementary material, Table S2). These included transcription factors, including Myc and
E2F that regulate proliferation, and JAK-STAT3 and IFNy signalling, which are associated with
inflammatory response. Of note, pro-proliferative gene expression is distinct from the anti-
apoptotic. The former implies increased cell duplication, whilst the latter indicates survival. We
did not detect anti-apoptotic gene expression in /kBalEC-KO animals. Finally, analysis for
associated diseases revealed the terms “Ulcerative Colitis”, “Inflammatory Bowel Disease”,

and “Crohn Disease”, among others (supplementary material, Figure S2A and S2B).

Hyperplasia and Paneth cell loss in crypts

Paneth cells reside at the base of small-intestinal crypts, where they synthesise and secrete
abundant quantities of anti-microbial peptides and additionally help sustain integrity of the
intestinal epithelium [41,42]. Dysfunction of Paneth cells or loss through necroptosis or

apoptosis contributes to the pathogenesis of IBD [43,44]. Since genes specific for Paneth
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cells were strongly downregulated in the Sl of [kBa'®E¢-XO mice, we asked whether the cellular
composition of crypts was altered. Microscopic examination revealed hyperplasia in crypts
and in the FAE (Figure 4A-C and supplementary material, Figure S3A). Paneth cells were
depleted at crypt bases of the mutant animals (Figure 4D-E and supplementary material,
Figures S3B-D). Some Paneth cells were mislocalized (Figure 4D, grey arrows), and crypt
bases were instead occupied by Ki67+ cells. However, no change in the number of Goblet
cells, another secretory cell type, was observed in the Sl (supplementary material, Figure
S3E). Depletion of Paneth cells was further validated through loss of UEA-1+ (Ulex
europeaeus agglutinin 1) that stains secretory granules (Figure 4F and supplementary
material, Figure S3B lower panels) and by staining for Sox9, which is also present in
enteroendocrine cells, but at crypt bases is only in Paneth cells (supplementary material,
Figure S3C). Paneth cells support stem-cell function by supplying essential factors [41].
Additionally, T helper cells were recently shown to mediate stem-cell differentiation [45-47]. A
significantly lower number of Krt15+ stem cells per crypt were detected in [kBa'E¢-KC mice
(Figure 4G-H). Krtl5 is a marker for long-lived multipotent stem cells, whose expression is
increased in Lgr5+ cells [48]. We confirmed reduced expression of Lgr5 by RT-gPCR (Figure
=l). A recent single-cell survey of intestinal epithelium identified Lgr5+ and Endothelin 1
(Ednl) as stem-cell specific markers for the least differentiated stem cells (intestinal stem
cells (ISC)-1), and Olfactomedin 4 (Olfm4) as a pan-stem cell marker [45]. We detected a
significant drop in expression of Ednl, but no significant change in OIfm4 expression

(supplementary material, Table S1, Table S2, Figure S3F and Figure S3G). On the contrary,
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Olfm4+/Ki67+ stem cells extended into crypt bases (Figures 4J and K). Both Lgr5 and Ednl
are targets of Wnt signalling [49,50]. Decrease in mMRNA expression of certain Wnt targets
detected by bulk analyses can however be indicative of loss of cell types expressing these

and not of an overall effect of constitutive NF-kB activation.

Constitutive NF-xB results in aberrant Wnt activity in IEC

To determine which phenotypes resulting from constitutive NF-xB are intrinsic versus extrinsic
to IEC, we cultured small intestinal organoids. A significant proportion of organoids derived
from IkBa'EC-KO mice were either cystic or spheroid with enlarged crypts (Figure 5A-C and
supplementary material, Figure S4A). This morphology is typically expected in a setting where
wnt signalling is activated [51], although a recent study showed that prolonged TNFa
exposure can also lead to an appearance of spheroid or cystic organoids [52]. Yet, in vivo, we
detected aberrant Wnt signalling: whereas some Wnt targets including Myc, Nos2, Frizzled
homologue 7 (Fzd7), and Cd44 were mildly upregulated, others, including Lgr5 and Ednl
dropped in expression (Figure 41 and supplementary material, Table S3 and Figure S3F). As
discussed above, this could be due to loss of cells driving Wnt or to extrinsic factors
modulating expression of Wnt targets. There was no increase in nuclear -catenin (Ctnnb1) in
these organoids (Figure 5A), unlike what is seen in APC-depleted cells [53]. Nevertheless, we
did detect a significant increase in expression of Wnt target genes, including Axin2, Myc,
Lgr5, and Sox9 (Figure 5D-F and supplementary material, Figure S4B). Expression of

intestinal alkaline phosphatase, Alpi, a marker of enterocytes, was significantly decreased
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(Figure 5G). This indicates that constitutive NF-xB signalling in organoids leads to an increase
in Lgr5 and Myc expressing cells at the expense of Alpi-expressing enterocytes.

To determine if Paneth cell loss of /kBa'E¢-KO mice was due to extrinsic or intrinsic factors we
stained intestinal organoids against Lyz1. In contrast to the in vivo setting, where clear loss of
Paneth cells was observed in the IkBa-deficient epithelium (Figure 4D-F), the ex vivo cultures
harboured lysozyme-positive cells, albeit mostly in the lumen (Figure 5H). We then co-stained
organoids for cleaved caspase-3 and -galactosidase. The latter is highly expressed in both
secretory cell types (Goblet and Paneth) in the mouse intestine (supplementary material,
Figure S3D). B-gal-positive cells localised exclusively to the lumen of IkBa-deficient
organoids, whereas in control animals many p-gal-positive cells could be seen in the budding
crypts (supplementary material, Figure S4C). Epithelial turnover leads to shedding of cells into
the lumen of organoids and, as expected, most cells that stained positive for the early
apoptosis marker, cleaved-caspase 3, were detected there (supplementary material, Figure
S4C). Nevertheless, we did not detect an overall increase in double-positive (B-gal+ and
cleaved caspase-3+ cells) in IkBa-deficient organoids. In summary, we have demonstrated
that constitutive NF-xB results in increased proliferation of stem cells, concomitant with net
increase in Wnt signalling, and mislocalisation of Paneth cells. These phenotypes are intrinsic

to IEC.

Hypersensitivity and apoptosis in IkBa-deficient IEC after cytokine exposure
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As shown above, expression of several pro-apoptotic but not anti-apoptotic genes was
significantly elevated in the S| of the IkBa'E¢-XO mice (Figure 3B-D and supplementary
material, Table S1). Nonetheless, since we did not detect an increase in cells undergoing
apoptosis in crypts of /kBa'EC-KO mice (data not shown) or in untreated organoids from these
animals (supplementary material, Figure S4C), we asked whether IkBa-deficient epithelial
cells are more sensitive to stress. To this end, intestinal organoids from the /kBa'EC-KO mice
and littermate-controls were used to specifically examine the role of the pro-apoptotic
contribution of NF-xB in the epithelium. As expected, localization of cleaved caspase-3+ cells
was restricted to the lumen in untreated organoids (Figure 6A, left panels). Treatment of
intestinal organoids with sub-lethal doses of TNFa and INFy resulted in a strong apoptotic
response in the IkBa-deficient organoids, but not in the controls (Figure 6A). In line with these
data, we detected an upregulation of pro-apoptotic markers including Tnf, Bax, and Noxa
(Figure 6B) in the IkBa-deficient organoids (supplementary material, Figure S4D). These
markers showed further increase in expression following TNFa treatment. In summary, these
data show that constitutive NF-xB in IEC upregulates expression of pro-apoptotic and
inflammatory genes through a cell-intrinsic mechanism, leading to an increased sensitivity to

extrinsically-mediated apoptosis.

DISCUSSION
Whether NF-xB plays a protective, anti-apoptotic role in IEC, or drives inflammation and

contributes to cell death remains controversial [10,13-15,18,19,21-23,43,54-56]. Furthermore,
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previous studies described knockouts of upstream kinases that could affect other signalling
pathways, or of individual subunits, which may lead to compensatory upregulation of other
NF-xB family members [57]. To address these questions, we established mice with IEC-
specific knockout of the direct inhibitor of NF-xB, Nfkbia/lkBa. The mouse model displayed
several hallmarks of IBD: inflammatory response, mucosal infiltration by CD3+ T cells and
F4/80+ macrophages, serological markers associated with IBD, and expression of pro-

inflammatory pro-apoptotic cytokines by IEC.

This mouse model does not encompass all aspects of IBD — ulceration, transmural infiltration,
and acute inflammation were not detected. IkBa'EC-KO mice displayed phenotypic variability in
the degree of inflammatory response and associated expression of inflammatory cytokines,
and also in age of onset of rectal prolapse. We believe this is due to the dual role that IkBa
plays in regulation of NF-«xB: it both thwarts and terminates the response [14]. Here we have
shown that NF-xB is activated even in the absence of additional stimulus. However,
differential exposure to extrinsic stimuli in the environment would unleash a feed-forward loop
of NF-xB. This implies that the phenotype of IkBa'E¢-KO mice would worsen progressively with

age, and that /kBa'E¢-XO mice would be especially sensitive to extrinsic stimuli.

Even in the absence of an additional stimulus, NF-kB was constitutively activated in the IkBa-

deficient epithelium, and drove transcription of pro-apoptotic-, but not of anti-apoptotic genes.

IECs underwent apoptosis in response to sub-lethal doses of cytokines.
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Previous studies examining the contribution of NF-xB to epithelial homeostasis discovered
that tissue-specific knockout of upstream activator IKKy leads to the expression of
inflammatory cytokines and also triggers apoptosis [19,58]. The anti-apoptotic role observed
in this model may be due to an NF-kB-independent role of IKK. IKKy inhibits RIP Kinase 1
(RIPK1) and can therefore protect IEC from apoptosis [58] in parallel or independently of NF-
kB. Overexpression of constitutively active Ikbkb/IKKpB [23,56] in part phenocopies IkBa'ECKO,
The phenotype could be in part due to constitutive loss of IkBa expression observed in cells
expressing constitutively active Ikbkb/IKKp [56]. It is possible that the protective role of NF-xB
stems from activation via IKKf, which is not the case in the epithelium of /kKBa'E¢-KO mice.
These authors also see hypersensitivity to TNFa in their model, and suggest that persistent
activation of NF-«B would upregulate pro-apoptotic functions and shift the balance towards
cell death [56]. Our results provide experimental evidence for this hypothesis and reveal that,

in the absence of activated IKK, NF-xB alone plays a pro-apoptotic role in IEC.

In line with this, a study showing IEC-specific deletion of an indirect inhibitor of NF-kB,
Tnfaip3/A20, [15] corroborates the pro-apoptotic role of NF-xB in IEC. These IECs were
hypersensitive to TNFa-induced apoptosis [15]. Unlike IkBa, which directly sequesters NF-«xB
in the cytoplasm, A20 functions at several junctions of the pathway, most notably by targeting
upstream TRAF2 as well as IKK and RIP [59]. Deficiency of A20 in both the IEC and the

myeloid cells leads to a similar phenotype observed in the present study [54].
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In our mouse model, constitutive NF-kB leads to an increase in transcription of its bona-fide
targets, including of Tnfaip3/A20. Nevertheless, NF-«B is decoupled from upstream signalling.
Indeed, we would argue that persistent IKK-NF-xB signalling that leads to constitutive
depletion of IkBa would ultimately result in a subset of nuclear NF-xB that is independent of

A20 or IKK and thus lead to a partial overlap in phenotype with the IkBa'EC-KO mice.

In parallel to pro-apoptotic signalling we demonstrated that NF-«xB positively regulates
proliferative response, in a cell-intrinsic manner. Hyperplastic crypts were observed in mutant

animals; however, ISC-| were less abundant.

Intestinal stem cells (ISCs) are the cells of origin for early neoplastic lesions [3,60,61]. The
extent to which intrinsic factors, such as cell divisions of non-cancerous ISCs contribute to
cancer risk, is a matter of debate [62,63]. Two recent studies have shown that an increase in
Lgr5+ cell number increases tumour susceptibility [64,65]. In both cases, an extrinsic factor
(high fat diet), contributes to the phenotype [64,65]. An elegant recent study showed that a
reduction of Lgr5+ cells accelerates tumorigenesis resulting from reduction in competition
between ISC and a faster fixation of Apc-deficient cells [66]. Since neutral competition
between stem cells protects against accumulation of deleterious mutations, fixation of a single
clone that contains oncogenic mutations can lead to tumorigenesis [66]. This is in line with the

Goldilocks model that proposes that Wnt in a “just right” amount, rather than its excessive
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activation, drives tumour formation [67,68]. Aberrant Wnt signalling is observed in vivo in our
model, in part due to depletion of Paneth cells and altered composition of ISC. Aberrant Wnt
signalling increases the probability of hitting the Goldilocks zone and therefore increases the

risk of cancer development in IBD patients with constitutive NF-xB activity in IEC.

Our findings are of great importance to the clinic. NFKBIA was identified as a risk locus for
CD and a link between single nucleotide polymorphism in the 3 UTR of NFKBIA and IBD was
discovered in at least some cohorts [69-71]. Notably, IkBa protein is processed at a higher
rate in the mucosa of CD patients due to increased proteasomal degradation [72]. Our data
imply that, in the subset of patients with reduced levels of |kBa, constitutively active NF-«xB
would drive expression of a pro-proliferative and pro-apoptotic program in IEC. In addition,
NF-xB would lead to aberrant Wnt expression in crypts, increasing cancer risk for IBD
patients. Consequently, constitutive NF-xB activation in IEC is detrimental and therefore direct
targeting of NF-xB in IEC combined with anti-inflammatory approaches is likely to be more

effective.
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FIGURE LEGENDS:

Figure 1: Abnormal intestinal development and spontaneous mild inflammation in
IkBa'=cX0 (A) Whole cell lysates from four /kBa'ECKO mice and six littermate controls were
analysed by SDS-PAGE western blot. Protein expression was analysed with Fusion Solo
(Vilber Lourmat) and quantified (Fusion Capt V16.05a). Control was set to 1. Representative
blot is shown in Figure S1B. Statistical significance was determined by Mann-Whitney U test.
Mean and SD shown. (B) Incidence of rectal prolapse was recorded in /kBa't¢-KO and control
mice between 1-42 weeks of age. Significance determined by Chi-square test (two-sided) with
Yates Correction. (C) Colon length in cm is shown. Two of the five mice with shorter colons
also had prolapse. For C-F mice were 32-42 weeks of age. Each point represents data from
one animal and median is shown as a black bar. Example for length measurement is shown
on the right. Lack of normal distribution in /kBa'EC-KC colons was determined by Shapiro Wilk
test and statistical significance was measured by paired Wilcoxon test. (D) Representative
images of immunohistochemistry showing cleaved caspase-3+ (red) cells in colon. Scale bars
= 20um. (E) Quantification of cleaved caspase-3+ epithelial cells in the colon. Points
represent measurements (10 fields of vision with 100 cells per field) from individual animals in
v0. Statistical significance was determined by Mann-Whitney U test. Median is shown. (F)
Evaluation of histomorphology based on severity of mucosal infiltration, submucosal
infiltration and changes of crypt architecture. Scoring system for colon (C) inflammation:
Score from 0-12. Median is shown (black bar). Statistical significance was determined by

Mann-Whitney U test on /kBa'E¢-XO mice and their littermate controls.
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(G) Representative images of immunofluorescence (n=5 per group) stain of PP with DAPI+
nuclei (blue), B220/CD45R+ B cells (green) and CD3+ T cells (red). Scale bars = 50um. (H)
Area per follicle of PP was quantified using ImageJ. PP were quantified in small intestinal
sections from IkBa'E¢KO and control mice (>8 weeks of age). Significance calculated by Mann-
Whitney U test. (I) Histological inflammation score based on Erben et al. 2014 [29]. Scoring
system for small intestinal (SlI) inflammation in consequence of cytokine imbalance. Score
from 0-5, where 1= mild inflammation (extent: mucosa), 2= mild (mucosa and submucosa), 3=
moderate (mucosa and submucosa), 4= marked (mucosa and submucosa and sometimes
transmural), 5= marked with submucosal granuloma (mucosa, submucosa, transmural).
Statistical significance was determined by paired Student’s t test; horizontal line represents
the median (at O in controls). (J) Mean numbers of CD3+ T cells (left) and F4/80+
macrophages (right) within the mucosa of [kBa'E¢-XC and control mice. Positive cells were
counted in 10 high power fields. Each point indicates average number per animal. Statistical
significance was determined by paired Student’s t test; horizontal line represents the median
(at 0 in controls).

(K) ELISA-based antibody array (R&D Systems Large Mouse Antibody Array) was used to
uetect serum expression of cytokines in /kBa'EC-KO and control mice (n=4 per group).
Cytokines showing significant differences between groups are shown in red for upregulated
cytokines and blue for downregulated expression. Significance was determined by Student’s

t-test. Horizontal axis shows fold change.
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Figure 2: RelA (p65) is activated in IEC of IkBa'=cX0 (A) Electrophoretic mobility shift
assay (EMSA) and SDS-PAGE performed on whole cell lysate (WCL) from bulk small
intestine of littermate pairs (n=4 per group). Top panel: EMSA shows DNA binding of NF-kB in
littermate pairs. SDS-PAGE western blot on the same lysates from above. As controls,
irradiated wt and Ikbkb KO (IKKB) MEFs (10 Gy) were harvested 1h post irradiation. (B)
Graph shows quantification of nuclear p65 obtained by IF as a ratio (density) between
nucleus/cytoplasm analysed using ImageJ (version 2.0.0-rc.69/1.52n). Five mice per group
and over 6 sections per mouse were analysed. Whiskers indicate SD; significance was
determined by Mann-Whitney U test. (C) Representative images of IF of the small intestine,
including PP. The lines delineate FAE. Scale bars represent 50 um. Red: p65. Green: Ki67.
Blue: DAPI. From n=5 mice per group. Lower panels: higher magnification. (D) RNA from bulk
small intestine was analyzed by RT-gPCR using primers for the genes shown. Expression
was normalized to two reference genes. Significance was determined by Mann-Whitney U

test. Mean and SD are shown.

Figure 3: Pro-apoptotic gene signature in IkBa'*c-XO mice. (A) RNA extracted from small
Intestines of mice (n=4 per group) analyzed by Affymetrix microarray. Log2 plot shows the
distribution of significantly (P < 0.05) upregulated (red) and downregulated (blue) genes. IkBa
is highlighted by a pink circle. (B) Transcripts showing significant upregulation or
downregulation analysed by DAVID 6.8. Gene Ontology (GO) terms for up- and

downregulated transcripts (Significance P < 0.05 Benjamini). GO terms were processed in
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REVIGO (semantic similarity setting Jiang&Conarth) to cluster related terms. The plot depicts
GO terms associated with upregulated (red) and downregulated (blue) transcripts in /kBa'EC-KO
mice (n=4) versus controls (n=4). The X- and Y-axes show semantic space. Circle sizes
represent log value prevalence. Proximities of circles to each other depict relationships
between GO terms. (C) Heatmap showing expression of anti- and pro-apoptotic (DAVID 6.8
apoptosis, mus musculus) in mouse pairs (n=4 per group). The key shows expression levels.
Genes with at least two-fold change (P < 0.05) between two groups are shown. (D) GSEA
was performed comparing the IkBa'EC-KO gene list with the Molecular Signature Database v7.
Enrichment plots for top hallmarks are shown. NES = Normalized Enrichment Score; FDR =
False Discovery Rate. Hallmarks grouped into two broad categories: proliferation/growth/cell-
cycle and inflammatory signalling/apoptosis.

Figure 4: Paneth cell loss accompanies crypt hyperplasia of IkBa'®cX°C mice. (A)
Representative image of IF of small intestine (n=7 per group) showing Ki67+ proliferating cells
(green). Nuclei are stained using DAPI (blue). Red arrows point to crypt bases. Scale bars
represent 50 um. (B) Quantification of crypts showing abundance of Ki67+ cells at crypt
bases. Points indicate average % of crypts with the phenotype per animal. Median is shown in
vlack. Statistical significance was determined by Mann-Whitney U test. (C) Average crypt
length was measured using ImageJ. Points indicate average (based on 20-30 well-orientated
crypts) length per mouse. (D) LYZ1+ Paneth cells (red) at the base of crypts in small intestinal
sections in relation to Ki67+ proliferating cells (green); nuclei are stained using DAPI (blue).

Scale bars = 50 um. Grey arrows point to mislocalized Paneth cells. (E) Mean/Median + SD of
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LYZ1+ cells per crypt in >500 crypts per mouse (n=5 per group). Statistical significance was
determined by Mann-Whitney test. (F) UEA-1 cells at the bottom of 1/3 of crypts (25-30
crypts per mouse, with 5 mice per group) were counted. Statistical significance was
determined by Mann-Whitney U test. (G) Keratin 15 (KRT15)+ stem cells (red) in relation to
Ki67+ proliferating cells (green) within the small intestine of /kBa'ECc-KO and control mice (n=6
per group). Nuclei are stained with DAPI (blue). Scale bars = 50 um. (H) Krt15+ cells per crypt
in IKBa'E€-XO and control mice (with 30-40 crypts per mouse, and n=6 mice per group). (I) Lgr5
expression analysed by RT-gPCR from n=6 mice per group. Mean and SD shown. Statistical
significance was determined by Mann-Whitney test. (J) Pan stem cell marker, Olfm4, positive
stem cells (red) in relation to Ki67+ proliferating cells (green), within the small intestine of
IKBa'E€KO and control mice (n=6 per group). Scale bars = 50um. (K) as in (J) but higher

magnification, showing double OIfm4+/Ki67+ positive cells in crypt bases.

Figure 5: Intrinsic net positive regulation of Wnt by constitutive NF-xB

(A) Small-intestinal organoids stained against active (non-phospho) B-Catenin/Ctnnbl (red)
and E-Cadherin/Cdh1 (green). Scale bars = 50 um. Representative images from a total of 20-
25 organoids from n=4 mice per group. (B) Percentage of abnormal (cystic or spheroid)
organoids was calculated from over 20 organoids per mouse, with n=5 mice per group.
Statistical significance was determined by Mann-Whitney U test. (C) Crypt diameter was
measured in um. n=5 mice per group. Statistical significance was determined by Mann-

Whitney U test. (D) RT-gPCR analysis of Lgr5 RNA derived from organoids (from n=4 mice
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per group). Expression was normalized to two reference genes. Statistical significance was
determined by Student’s t-test. Mean and SD shown. (E) As in (D) showing Axin2 expression.
(F) As in (D) showing Myc expression. (G) As in (D) showing Alpi expression. (H) As in (A)

stained with Lyz1 (red) and DAPI (blue). (I) As in (D) ns = not significant.

Figure 6: IkBa-deficient IEC undergo cytokine-induced apoptosis. (A) Intestinal
organoids from IkBa'EC-KO and littermate controls (30-40 organoids from n=3 mice per group)
were treated with TNFa or INFy (10ng/mL) or PBS as an untreated control (UT). After 16 h,
organoids were analysed by IF. Representative images from biological replicates (n=5-10
organoids per condition, with n=4 mice per group) show cleaved caspase-3+ apoptotic cells
(red) and Ki67+ proliferating cells (green); nuclei are stained with DAPI (blue). Scale bars =
50um. (B) RNA analysed by RT-gPCR. Expression in control samples was set to 1. Variance
was analysed by single way ANOVA. For Bax: F = 40.38, Tnf: F = 106.88, Noxa: F = 194.92.
Tukey HSD Post-hoc test for all samples: P value between groups * P < 0.05, ** P < 0.01, ***

P < 0.001.
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