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BACKGROUND & AIMS: Throughout life, the intestinal
epithelium undergoes constant self-renewal from intestinal
stem cells. Together with genotoxic stressors and failing DNA
repair, this self-renewal causes susceptibility toward malignant
transformation. X-box binding protein 1 (XBP1) is a stress
sensor involved in the unfolded protein response (UPR). We
hypothesized that XBP1 acts as a signaling hub to regulate
epithelial DNA damage responses. METHODS: Data from The
Cancer Genome Atlas were analyzed for association of XBP1
with colorectal cancer (CRC) survival and molecular in-
teractions between XBP1 and p53 pathway activity. The role of
XBP1 in orchestrating p53-driven DNA damage response was

tested in vitro in mouse models of chronic intestinal epithelial
cell (IEC) DNA damage (Xbp1/H2b"", Xpp1~'EC, H2b*EC, H2b/
Xbp1*'®) and via orthotopic tumor organoid transplantation.
Transcriptome analysis of intestinal organoids was performed
to identify molecular targets of Xbpl-mediated DNA damage
response. RESULTS: In The Cancer Genome Atlas data set of
CRC, low XBP1 expression was significantly associated with
poor overall survival and reduced p53 pathway activity. In vivo,
H2b/Xbp1°™E¢ mice developed spontaneous intestinal carci-
nomas. Orthotopic tumor organoid transplantation revealed a
metastatic potential of H2b/Xbp1*'®C-derived tumors. RNA
sequencing of intestinal organoids (H2b/Xbp1™/%, H2b*E¢, H2b/
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Xbp1E€, and H2b/p53°™E€) identified a transcriptional pro-
gram downstream of p53, in which XBP1 directs DNA-damage-
inducible transcript 4-like (Ddit4l) expression. DDIT4L inhibits
mechanistic target of rapamycin-mediated phosphorylation of
4E-binding protein 1. Pharmacologic mechanistic target of
rapamycin inhibition suppressed epithelial hyperproliferation
via 4E-binding protein 1. CONCLUSIONS: Our data suggest a
crucial role for XBP1 in coordinating epithelial DNA damage
responses and stem cell function via a p53-DDIT4L-dependent
feedback mechanism.

Keywords: DNA Damage; XBP1; p53; Intestinal Epithelial Cell;
CRC.

X-box binding protein 1 (XBP1) is an endoplasmic
reticulum (ER)-resident protein coordinating the
unfolded protein response (UPR) via translocation of a
spliced sXBP1 transcript that acts as a nuclear transcription
factor." Multiple studies have underlined the role of XBP1 in
various cancer types, albeit with contradictory effects on the
directionality of the overall outcome. With regard to colo-
rectal cancer (CRC), murine studies investigating the role of
XBP1 in intestinal epithelial carcinogenesis point toward a
tumor suppressive role of the inositol-requiring enzyme
type 1 (IRE1)/XBP1 axis, as epithelial specific deletion of
Xbp1 results in epithelial hyperproliferation and increased
tumor burden in experimental cancer models (azoxy-
methane [AOM]/dextran sodium sulfate [DSS]; Apc™™/*
mice).2 Yet, the exact mechanism of this effect and its
importance for sporadic CRC, which represents the majority
of CRC cases, remains unknown.

In sporadic CRC, genomic instability and impaired DNA
repair have been recognized as essential cellular properties
that enable the acquisition of mutations in oncogenes or
tumor-suppressor genes encoding, for example, phosphati-
dylinositol-4,5-bisphosphate 3-kinase catalytic subunit alpha
(PIK3CA) and tumor protein p53 (TP53), transforming
growth factor-g receptors and SMADs, thereby explaining the
sequential adenoma to carcinoma transformation.” In addi-
tion, proto-oncogenes, such as KRAS, BRAF, and frequent
mutations within the Wnt-signaling pathway (APC, CTNNB1)
contribute to the pathogenesis of CRC. Functionally, all of
these mutations converge in the activation of the Wnt, Ras/
Raf/MEK (mitogen activated protein kinase/ERK Kkinase)/
ERK (extracellular-signal-regulated-kinase), or phosphati-
dylinositol-3-kinase/AKT pathway."”

It has been shown that ribonucleotide excision repair
(RER) is responsible for removing misincorporated ribo-
nucleotides from replicating DNA, with the ribonuclease H2
(RNaseH2) complex providing the first key step of RER by
cleaving 5’ of the DNA-embedded ribonucleotide.® Intestinal
ablation of RNaseH2, subunit B (Rnaseh2b) in murine
epithelium (intestinal epithelial cell [IEC]) (H2b*'E°) results
in spontaneous DNA damage associated with proliferative
exhaustion of the resident stem cell compartment.” Notably,
codeletion of the tumor suppressor p53 in H2b/p534E¢
mice promoted spontaneous age-dependent formation of
intestinal carcinomas.
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WHAT YOU NEED TO KNOW

BACKGROUND AND CONTEXT

The inflammatory bowel disease risk gene X-box protein 1
essentially coordinates epithelial cell function and thereby
contributes to intestinal mucosal homeostasis.
Ribonuclease H2 facilitates ribonucleotide excision
repair and loss of epithelial ribonuclease H2 subunit B
(RNASEH2B) leads to the development of DNA damage.
Whether X-box protein 1 is involved in intestinal
epithelial DNA damage responses is not yet known.

NEW FINDINGS

Simultaneous deficiency of epithelial X-box protein 1
(Xbp1) and Rnaseh2b leads to the generation of
aggressive metastatic intestinal adenocarcinoma in
mice. Mechanistically, Xbp1 restrains intestinal stem cell
proliferation and consecutive carcinogenesis via p53-
DNA damage inducible transcript 4-like-mediated
mechanistic target of rapamycin inhibition.

LIMITATIONS

The exact molecular mechanism of how X-box protein 1
licences DNA damage responses needs to be elucidated.

IMPACT

This study puts forward a novel concept in which chronic
intestinal endothelial reticulum stress and DNA damage
converge into a layer of susceptibility for intestinal
carcinogenesis.

A limited body of evidence indicates that XBP1 might
directly be involved in regulating DNA damage response
(DDR) by means of interfering with double-strand break
repair or p53-driven DDR®'° In addition, it has been
demonstrated that the resolution of genotoxic stress ne-
cessitates IRElw, the upstream protein facilitating XBP1
splicing in response to ER stress, in a mechanism involving
regulated IRE1a-dependent decay (RIDD)."!

However, although a role of the ER stress regulator XBP1
in coordinating DNA damage repair has been proposed, a
clear genetic link demonstrating XBP1 function in DDR and
consecutive epithelial carcinogenesis is still missing. Here,
we set out to directly assess the role of XBP1 in coordinating
intestinal epithelial DDR and tumor suppression. We

§ Authors share co-senior authorship.

Abbreviations used in this paper: 4E-BP1, 4E-binding protein 1; AOM,
azoxymethane; AraC, cytarabine A; CAC, colitis-associated colorectal
cancer; CRC, colorectal cancer; DDIT4L, DNA damage inducible tran-
script 4-like; DDR, DNA damage response; DSS, dextran sodium sulfate;
ER, endoplasmic reticulum; IEC, intestinal epithelial cell; IRE1, inositol-
requiring enzyme type 1; KiMONo, Knowledge-gulded Multi-Omics
Network; MDM2, mouse double minute 2; mTOR, mechanistic target of
rapamycin; p-, phosphorylation; REDD2, regulated in development and
DNA damage response 2; RER, ribonucleotide excision repair; RNaseH2,
the ribonuclease H2; Rnaseh2b and RNASEH2B, ribonuclease H2, subunit
B; TCGA, The Cancer Genome Atlas; TP53, tumor protein p53; UPR,
unfolded protein response; XBP1, X-box binding protein 1.
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demonstrate that reduced XBP1 expression in CRC is asso-
ciated with poor long-term patient survival and reduced
p53 pathway activity. Using mice double deficient for Rna-
seh2b and Xbp1 (H2b/Xbp1*'=®), in which both RER and ER
stress control are selectively inhibited in the intestinal
epithelium, we show that XBP1 maintains tumor suppres-
sion in a mechanism involving p53-dependent target gene
expression.

Materials and Methods

Mice

Floxed Xbp1 (Xbp1™™) or Rnaseh2b (H2b"™) mice were
created as described previously.>'?  Villin-cre™;Xbp1™/®
(Xbp1~'ES),  Villin-cre*;Rnaseh2b™?  (H2b*'E%), and Villin-
cre*;Rnaseh2b"" /Xbp1"/" (H2b/Xbp1*'"E) mice were back-
crossed for at least 6 generations and used at an age of 8 to 12
weeks for all experiments with appropriate genotype littermate
controls. All mice were maintained in a specific pathogen-free
facility, and the quarterly health report did not indicate the
presence of pathogenic species. Littermates of the same geno-
types were cohoused. Mice were provided with food and water
ad libitum and maintained in a 12-h light-dark cycle under
standard conditions at Kiel University. Mice that underwent
orthotopic transplantation of tumor organoids were housed in
a specific pathogen-free facility at the Technische Universitat
Miinchen.

Genomic DNA of tail or ear biopsy samples of respective
mouse strains was used for genotyping. For experiments
including application of rapamycin or DSS, equal numbers
(minimum n = 3 per genotype; see figure legends for details) of
age-matched male and female animals were used. Procedures
involving animal care were conducted conform to national and
international laws and policies with appropriate permission. All
experiments were performed in accordance with the Kiel Uni-
versity Guidelines for Animal Care and of the Technische Uni-
versitdit Miinchen Institutional Animal Care and Use
Committees (Regierung von Oberbayern, Munich, Germany).

In Vivo Treatment of Mice

For DSS treatment, mice were supplied with 1% of DSS (MP
Biomedical) dissolved in drinking water for 6 days, followed by 4
days of regular drinking water (acute models) or 1% DSS for 2
cycles of 7 or 5 days, followed by 14 days of regular drinking
water (chronic models). Disease activity indices were obtained
as described previously.’® Consumption of drinking water was
measured daily. For rapamycin treatment, H2b*'EC or H2b/
Xbp1*'®¢ mice were injected intraperitoneally with 1.5 mg/kg
body weight rapamycin (LC Laboratories, Hamburg, Germany)
or dimethyl sulfoxide (Sigma-Aldrich) for 7 days before being
humanely killed. For all experiments, histologic and histopath-
ologic analyses were performed according to standard methods.

Histopathologic Analyses of Murine Intestinal
Tissue

Postmortem, the small intestine and colon were excised and
cut open longitudinally. The ileum and colon were rolled up as
Swiss rolls from the distal to the proximal part and fixed in
10% formalin. Paraffin sections were cut and stained with H&E.
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Histologic scoring displays the combined score of inflammatory
cell infiltration and tissue damage, as described elsewhere, and
was performed in a blinded fashion by 2 independent ob-
servers, as described previously.™

Orthotopic Organoid Transplantation

Orthotopic transplantations of organoids were performed
as previously described.'* Briefly, organoids were dissociated
into 5- to 10-cell clusters and resuspended in a minimal me-
dium (advanced Dulbecco’s modified Eagle medium/F12 con-
taining 1x B27, 1x N2, L-glutamine [all from Gibco, Thermo
Fisher Scientific], 10% Matrigel [Corning], 1% penicillin/
streptomycin, and 10 umol/L Y-27632 [STEMCELL Technolo-
gies]). For every injection (2-3 per mouse), 50 dissociated
organoids in a volume of 80 uL were prepared.

Subsequently, the colon of the anesthetized mice was gently
rinsed with phosphate-buffered saline using a syringe and a
straight oral gavage needle. Colonoscopy of mice was per-
formed using a rigid endoscope from Karl Storz (1.9 mm in
diameter) with linear Hopkins lens optics (ColoView System).
For injections of organoids into the submucosa of the colon, a
flexible fine needle (Hamilton; 33-gauge, custom length of 16
inches, custom point style of 4 at 45°) was used. Injections that
were correctly applied into the submucosa led to the formation
of a bubble that closes the intestinal lumen.

Histologic Grading of Intestinal Tumors

All identifiable adenomas and invasive adenocarcinomas
were classified in analogy to the recent World Health Organi-
zation Classification of Tumors of the Digestive System (Fifth
Edition). Invasive adenocarcinomas were graded into low and
high grade according to the extent of gland formation. The
grade of dysplasia/intraepithelial neoplasia of small intestinal
adenomas was classified into low- and high-grade intra-
epithelial neoplasia/dysplasia based on the degree of archi-
tectural complexity, extent of nuclear stratification, and
severity of abnormal nuclear morphology.

Transcriptome Analysis

RNA sequencing was conducted on small intestinal orga-
noids derived from H2b/Xbp?"", H2b“'E€, Xbp14'EC, H2b/
Xbp1?'E¢, and H2b/p53*"® mice (n = 3). Samples were
sequenced on I[llumina HiSeq3000 (Illumina, San Diego, CA)
using Illumina total RNA stranded TruSeq protocol (Gene
Expression Omnibus Project Accession No.182353). An average
of ~12 million 50-nucleotide unpaired-end reads was
sequenced for each sample. Raw reads were preprocessed us-
ing Cutadapt’® to remove adapter and low-quality sequences
and then aligned to the Genome Reference Consortium Mouse
Build 37 reference genome with TopHat2.'® Gene expression
values of the transcripts were computed by HTseq,'” before
differential gene expression levels were analyzed and visual-
ized by the Bioconductor package DESeq2.'® Generalized linear
models were used to compare transcriptomes of H2b*'EC
Xbp1?'E¢, H2b/Xbp1*'*C, or H2b/p53"'EC organoids to H2b/
Xbp1"/" organoids (P < .05). To interpret the biological sig-
nificance of differential gene expression, Gene Ontology and
Kyoto Encyclopedia of Genes and Genomes enrichment ana-
lyses were performed using the InnateDB database."’

:
2

:E
"2




2
=

-
.
:
£
5

226 Welz et al Gastroenterology Vol. 162, No. 1

i Decreased pathway activity in XBP1 low
—XBP1 hi[n = 259]
© —XBP1lo[n=117]
pull
2
= © |
ﬁ o
2
<
o o
»
o
o~
hy
logrank p=9.9x 10 -6
HR = 0.40 (0.21 - 0.55)
1. - - , 0 1 2 3 4 5
0 50 100 150
survival time (months) - log10(p-adj)
C oiCtrl D
53 = iXbp1 Mdm2
p . Ceng1 ModeK
< 0.3 ki il < 0.04 * R *x < 0.10 - pern i iCtrl iXbp1
.§_ .g_ g_ AaC - + -+ kDa
S 02 § oo e hizax [ 1o
: 2 o 5 oo o [— 1
3 4 & 0.04
£ o4 : £ (=] >
5 5 0.01 5 002 p53
1 NN ¢, [] I
Sool LI 11 FEAE S 0ol Ll LIl I Fm Soool Ll e B
9 S S L S 9 S S L S 9 S L S
ferr ey fer ey fer ey
§ & § & § & § & § & § &
£ &L EE L& £E

Figure 1. XBP1 expression signature associates with CRC prognosis. (A) RNA expression data retrieved from the TCGA
database (COAD—Colon Adenocarcinoma and READ—Rectum Adenocarcinoma) were used for overall survival (OS) analysis
based on high or low XBP1 expression in tumor samples. (B) Pathway RespOnsive GENes (PROGENYy) analysis based on
pathway enrichment analysis within the same COAD READ data set and shown as decreased pathway activity in XBP7 low
data set. NF«B, nuclear factor-«B; P13K, phosphoinositide 3-kinase; TRAIL, necrosis factor-related apoptosis-inducing ligand;
TNF, tumor necrosis factor. (C) ModeK cells, treated with phosphate-buffered saline (PBS), 0.5 umol/L and 2.5 umol/L AraC for
24 hours. Quantitative real-time polymerase chain reaction analysis of p53-dependent target genes (sestrin 2 [Sesn2], cyclin
G1 [CcngT], and Mdm?2), representative of a minimum of 3 individual experiments with 3 technical replicates. Relative
messenger RNA (mRNA) expression is normalized to glyceraldehyde-3-phosphate dehydrogenase (Gapdh). Data are
expressed as mean + standard error of the mean, and significance was determined using an unpaired Student ¢ test. (D)
ModeK cells, stimulated with 2.5 umol/L AraC for 24 hours. Protein lysates were probed against antibodies for p53, the
phosphorylated form of H2A histone family member X (yH2Ax), and g-actin as a loading control on different Western blot
membranes, representative of 3 individual experiments. *P < .05, *P < .01, **P < .0001, ***P < .00001.

Multiomics-Based Network Inference Analysis Adenocarcinoma)] and READ [Rectum Adenocarcinoma) data

We obtained the CRC subset of The Cancer Genome Atlas
(TCGA)?° collection as an independent multiomics data set. It
contains information of 101 patients with CRC measured across
4 omics levels, transciptome, proteome, methylation, and mu-
tation. These data were used as an input for KiMONo (Knowl-
edge-gulded Multi-Omics Network), a knowledge-guided
multiomics network inference method, to infer a CRC specific
multiomics network.”" The resulting network served as blue-
print to detect all multiomics features associated to mechanistic
target of rapamycin (mTOR) pathway genes or XBP1, TP53, and
DNA damage inducible transcript 4-like (DDIT4L). In a final
step, we applied KiMONo to this trimmed data, detecting effects
between the multiomics features including the mTOR pathway,
XBP1, TP53, and DDIT4L.

Results

Low XBP1 Expression Associates With Poor
Colorectal Cancer Prognosis

We correlated the expression of XBPI with long-term
survival of patients with CRC (COAD [Colon

sets) in a data set publicly available through The Cancer
Genome Atlas (TCGA)*® and found that low XBP1 expression
was significantly associated with poor survival (Figure 14).
To identify a potential mechanism by which XBP1 contrib-
utes to tumor suppression in CRC, we performed pathway
enrichment analysis. Based on XBP1 expression (high vs
low), we estimated the activity of 14 cancer-related path-
ways, including tumor necrosis factor-a, nuclear factor-«B,
hypoxia, tumor necrosis factor-related apoptosis-inducing
ligand (TRAIL), and p53-mediated DDR using Pathway
RespOnsive GENes (PROGENy)?” and observed that low
XBP1 expression was significantly associated with lower
p53 pathway activity (Figure 1B).

To test whether XBP1 interferes with p53-coordinated
DDR in intestinal epithelial cells (IECs), we stimulated mu-
rine small intestinal iCtrl or XbpI-silenced (iXbp1) ModeK
cells with the DNA-damaging agent cytarabine A (AraC).”*
We assessed canonical p53 activation in response to DNA
damage by analyzing the gene expression of p53 and its
target genes (cyclin G1 [Ccngl], mouse double minute 2
[MdmZ2], sestrin 2 [SesnZ2]) in AraC-stimulated ModeK cells
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Figure 2. Xbp1 deficiency drives spontaneous tumor development in H2b/Xbp 1€ mice. Tumor burden of 52-week-old wild-
type (WT) mice (n = 23; 6 females, 17 males), Xbp7*'E€ mice (n = 8; 1 female, 7 males), H2b*'E mice (n = 9; 4 females, 6
males), and H2b/Xbp1~'E° mice (n = 25; 15 females, 10 males). (A) Percentage of mice developing tumors with (B) repre-
sentative images, and (C) representative H&E staining of invasive intestinal carcinomas from H2b/Xbp1~'E° mice. (D) Mean
number of small-intestine (SI) tumors per animal. **P < .0001. (E) Size of Sl tumors. (F) Histopathologic grading of SI mucosa
from H2b*'EC and H2b/Xbp1*'EC mice. (G) NSG mice (n = 6; 4 females, 2 males) underwent orthotopic transplantation with
H2b/Xbp1P'EC-derived intestinal organoids (n = 2 clones). (H) Representative photograph of a primary tumor and photomi-
crograph of hepatic/pulmonary metastasis resulting from organoid transplantation. (/) H&E staining of tumors. (J) Percentage of
hepatic or pulmonary metastases of mice who received implants. Scale bars, brightfield, 2 mm; H&E overview, 1 mm; H&E
inset, 200 um. (K) Kaplan-Meier survival curve of NSG mice after organoid transplantation. Data are expressed as mean +
standard error of the mean, and significance was determined using an unpaired Student t test. H2b/Xbp1*'E° organoids are
abbreviated as “DKO.”
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(iCtrl vs iXbp1). iXbp1 cells presented with significantly XBP1 in p53 activation. Notably, reduced activation of p53-

impaired upregulation of p53-target genes in response to
AraC treatment (Figure 1C), pointing to an involvement of
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treatment (Figure 1D). Altogether, these data point toward a
role of Xbp1 in coordinating p53-driven DDRs in the intes-
tinal epithelium.

Xbp1 Deficiency Drives Spontaneous Intestinal
Carcinogenesis

To test whether absence of Xbpl phenocopies p53
deletion and drives intestinal carcinogenesis in vivo, we
took advantage of H2b'E€ mice, a model of chronic DNA
damage in which intestinal tumor formation occurs in the
context of simultaneous knockout of epithelial p53 (H2b/
p53~'E€ mice). We generated mice with a conditional in-
testinal epithelial deletion for both Xbpl and RnasehZb
(hereafter H2b/Xbp1“'®¢ mice) in addition to wild-type
(H2b/Xbp1™™) and single-knockout animals (Xbp1®'E€
and H2b*'E%), Quantitative polymerase chain reaction and
Western blot analysis of small intestinal organoids,
derived from purified IECs, verified epithelial-specific
conditional  deletion of  Xbpl and  Rnaseh2b
(Supplementary Figure 1). To assess the impact on spon-
taneous carcinogenesis, mice were aged, humanely killed
at the age of 52 weeks, and overall tumor burden was
evaluated. Whereas there was almost a complete lack of
spontaneous tumor formation in H2b/Xbp1™" (n = 1 of
23), Xbp1*'E€ (n = 0 of 8), and H2b*'=C (n = 0 of 9) mice,
48% (n = 12 of 25) of H2b/Xbp1*'=® mice developed
spontaneous stenosing, predominantly small intestinal
tumors (Figure 24-C). On average, tumor-bearing mice
presented with 1.5 tumors/intestine, ranging from 0.2 to
2.5 c¢m in size (Figure 2D and E).

Histopathologically, macroscopic tumors presented as
low-/high-grade intraepithelial neoplasia or as invasive
adenocarcinomas, of which most were high-grade adeno-
carcinomas (Figure 2F). Molecular phenotyping of H2b/
Xbp1*'™E€ tumor organoids unveiled upregulation of the Wnt
target genes Ccndl, Cd44, and Sox9, pointing to a direct
interaction of XBP1 and Wnt/g-catenin signaling.***
Importantly, this upregulation appeared to be dependent
on autonomous release of Wnt ligands, because the phar-
macologic Wnt secretion inhibitor IWP-2 failed to abrogate
Cendl, Cd44, and Sox9 expression in H2b/Xbp1*'E¢-derived
tumor organoids compared with nontumor H2b/Xbp1*'®-
derived organoids (Supplementary Figure 2).

To minimize the possibility that the observed phenotype
of H2b/Xbp1“'®¢ mice is primarily driven by microbial in-
fluences, we assessed both single (H2b/Xbp1“™¢) and
cohoused (H2b/Xbp1“'®¢ vs H2b/Xbp?"") 52-week-old
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H2b/Xbp1“'E¢ mice and found no differences in tumor
incidence between groups (Supplementary Figure 3). To
further investigate whether malignant properties are
conserved outside of the mucosal microenvironment, we
performed orthotopic colonoscopy-guided transplantation
of H2b/Xbp1*'“C-derived tumor organoids (n = 2 clones)
into the colonic mucosa of immunodeficient NSG (n = 6)
mice (Figure 2G). We observed all 6 mice presented with
locally invasive carcinomas at the site of injection
(Figure 2H and I). Although in this model, metastases are
rare events,’®?” 4 of 6 mice (66%) presented with liver
metastasis and all 6 mice (100%) presented with lung
metastasis (Figure 2J), leading to overall rapid clinical
deterioration (Figure 2K).

Xbp1 Deficiency Fuels Epithelial DNA Damage
and Compromises DNA Damage-Dependent
Stem Cell Suppression In Vivo

To further investigate spontaneous carcinogenesis in
H2b/Xbp1*'E€ mice, we assessed morphologic changes in the
small intestine of H2b/Xbp1*'®C and H2b*E¢ non-tumor-
bearing mice of the same experimental group (52 weeks).
Macroscopically, H2b/Xbp1“'®C animals presented with
decreased body weight and increased small intestinal length
(Supplementary Figure 4A4).

Epithelial DNA damage, cell death, and proliferation
were assessed using immunohistochemical and fluorescence
staining for Ki67, 5-bromo-2’-deoxyuridine, the phosphor-
ylated form of H2A histone family member X (yH2Ax), and
terminal deoxynucleotidyl transferase-mediated deoxyur-
idine triphosphate nick-end labeling of the small intestine of
non-tumor-bearing aged mice. Compared with H2b*'E¢
mice, H2b/Xbp1“'"EC animals presented with heightened
levels of DNA damage (Figure 3A and B), augmented
epithelial cell death (Figure 3C and D), and elevated
epithelial proliferation (Figure 3E and F). We also found that
expansion of basal crypt proliferation in H2b/Xbp1*'E® mice
coincided with a nearly complete reconstitution of Paneth
cells, pointing toward a role of Paneth cells in providing the
niche for intestinal stem cells in the context of epithelial
DNA damage (Figure 3G-J). Notably, young (8- to 12-week-
old) mice of the indicated genotypes presented with a nearly
complete phenocopy of the aged mice, albeit to a lesser
degree (Supplementary Figures 4B and 5). We further
validated that Xbpl knockdown in vitro enhanced DNA
damage-induced epithelial cell death (Supplementary
Figure 6A-G) and that young H2b/Xbp1“® intestinal

<

Figure 3. Xbp1 deficiency limits intestinal epithelial regeneration in the context of DNA damage in vivo. Representative images
of the small intestine of 52-week-old H2b/Xbp 1" (n = 5; 1 female, 4 males), Xbp12'EC (n = 5; 2 females, 3 males), H2b*'E° (n =
5; 2 females, 3 males), and H2b/Xbp12'EC (n = 5; 2 females, 3 males) mice, stained for (A) phosphorylated form of H2A histone
family member X (yH2Ax), with white arrowheads indicating yH2Ax-nuclei, (C) terminal deoxynucleotidyl transferase-
mediated deoxyuridine triphosphate nick-end labeling (TUNEL), (E) 5-bromo-2’-deoxyuridine (BrdU), and (G) lysozyme and
the respective statistical analysis in which (B) yH2Ax™, (D)TUNEL™", (F) BrdU™, and (H) lysozyme™ cells were assessed in 50
crypts. DAPI, 4’,6-diamidino-2-phenylindole. (/) Representative images and (J) diameter measurements of Paneth cell granule.
Data are expressed as mean + standard error of the mean, and significance was determined using 1-way analysis of variance .

n.s., not significant; *P < .05, *P < .01, ™P < .0001.

:
2

:E
"2




230 Welz et al Gastroenterology Vol. 162, No. 1

organoids, compared with H2b*'® mice intestinal organo- Xbp1 Deficiency Impairs DNA Damage-Driven
ids, presented with increased colony forming numbers, Susceptibility to Experimental Enteritis

thereby reflecting the observed in vivo phenotype We previously showed that loss of epithelial Xbp1 drives
(Supplementary Figure 6H and I). small intestinal ileitis, which can be further exacerbated in a
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model of DSS exposure."*?® As H2b/Xbp1“'E¢ mice pre-
sented with increased small intestinal cell death and DNA
damage, we tested whether Xbpl and Rnaseh2 deletions
synergistically fuel intestinal inflammation by using an
acute and chronic DSS exposure model. As indicated by the
weight loss curve (Figure 44 and C) and colon length
(Figure 4B and D), H2b/Xbp1“"¢ animals suffered from
increased susceptibility toward acute and chronic DSS
exposure. To specifically investigate whether impaired ER
stress resolution and chronic DNA damage predominantly
drive small intestinal inflammation, we assessed disease
severity in DSS-treated H2b/Xbp1“™C¢ animals by histo-
pathologic scoring of the inflamed small intestine from acute
(Supplementary Figure 74 and B) and chronic DSS exposure
(Supplementary Figure 7C and D). In both models, we
observed increased histopathologic disease severity in H2b/
Xbp1“™€ animals compared with control animals. Of note,
we did not observe tumor formation in the chronic enteritis
model.

We further delineated the molecular entity of small in-
testinal inflammation from the chronic DSS exposure model
and noticed enhanced epithelial DNA damage (Figure 4E
and F), increased cell death (Figure 4G and H), and epithelial
proliferation in the small intestine of H2b/Xbp1“'™=C mice, as
assessed by crypt 5-bromo-2’-deoxyuridine staining
(Figure 41 and J). Altogether, our data implicate that Xbp1
deficiency further aggravates chronic DNA damage-driven
enteritis.

X-Box Binding Protein 1 Coordinates DNA
Damage Response Via DNA Damage Inducible
Transcript 4-Like/4E-Binding Protein 1
H2b/Xbp1“'*¢ mice display a phenotype of ongoing
epithelial proliferation despite overt DNA damage, remi-
niscent of the phenotype of H2b/p534"™¢ mice.” As our
in vitro data indicate a role for XBP1 in coordinating DNA
damage-induced p53 responses, we tested whether XBP1
and p53 are part of a common signaling pathway to coor-
dinate DDR in IEC. We performed RNA sequencing of in-
testinal organoids generated from H2b/Xbp1ﬂ/ il H2pATEC
Xbp1™'E€, H2b/Xbp1*'EC, and H2b/p53"'E¢ animals. Acquired
data were used to identify unique and overlapping gene
networks between H2b/Xbp1*'"=¢ and H2b/p53"'= intestinal
organoids compared with the H2b*E® transcriptome
(Figure 5A4). We detected 353 (down: 139; up: 214) differ-
entially expressed genes to be common between H2b/
Xbp1“'E€ and H2b/p53“"®C (Figure 5B). In contrast, 3435
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genes were uniquely upregulated or downregulated in H2b/
p53~1EC and 1024 genes were uniquely upregulated or
downregulated in H2b/Xbp1“'“C intestinal organoids
(Figure 5B) compared with H2b“™¢ cultures. Based on
ranked lists of the top 50 differentially downregulated
transcripts from the individual comparisons, we identified
Ano3, Ddit4l, Fam212, and Mcam as saliently downregulated
genes shared between the respective genotypes (H2b/
Xbp1“™=¢ and H2b/p53“™C vs H2b*"E%) (Supplementary
Figure 8).

DDIT4L, also known as regulated in development and
DDR 2 (REDD2), acts as an upstream inhibitor of mTOR
signaling in various cell types, including cardiomyocytes,
muscle cells, and neurons.””*° As mTOR is known to direct
cell proliferation via the eukaryotic translation initiation
factor 4E-binding protein 1 (4E-BP1), we hypothesized that
regulation of DDIT4L might be involved in the formation of
the hyperproliferative H2b/Xbp1*'“C phenotype. Indeed,
downregulation of Ddit4l transcript levels was preserved in
small intestinal crypts of aged H2b/Xbp1“"E¢ mice
(Figure 5C). To delineate the cross talk between XBP1 and
p53 in this context, we treated ModeK cells (iCtrl vs iXbp1,
transfected with small interfering RNA against p53) with
AraC or the endogenous MDM2 inhibitor Nutlin. Nutlin in-
duces nuclear translocation of p53 and leads to subsequent
activation of p53-dependent gene expression, thereby
serving as a positive control of p53 activation in the absence
of DNA damage. We confirmed that (1) Xbp1-deficient cells
showed impaired Ddit4] upregulation in response to Nutlin
or Ara-C treatment (Figure 5D) and (2) Ddit4l expression
essentially requires p53 (Figure 5E), further underscoring
the cross talk between p53 and Xbp1 in coordinating Ddit4l
expression. Hence, we reasoned that high Ddit4l expression
in H2b*™™C mice might inhibit mTOR activity, thereby
causing a halt on stem cell proliferation, whereas down-
regulated Ddit4l levels in H2b/Xbp1*'E® mice might evoke
uncontrolled proliferation.

Because mTOR inhibition acts downstream via dephos-
phorylation of 4E-BP1, we assessed the phosphorylation (p-
) status of 4E-BP1 in all 4 genotypes. Indeed, p-4E-BP1
levels were significantly decreased in the crypt region of
H2b“™E¢ animals but restored in H2b/Xbp1“'™=C and H2b/
p53“"E¢ mice (Figure 5F and G). This finding was further
confirmed by Western blots using protein lysates of ModeK
cells transfected with small interfering RNA against Rna-
seh2b (Figure 5H), of small intestinal organoids (Figure 5I),
or of isolated small intestinal crypts (Figure 5]). Again,
Rnaseh2b-silenced ModeK cells or H2b*“¢ animals

<

Figure 4. Deletion of Xbp1 heightens susceptibility towards DSS-induced colitis. (A) Weight curve and (B) colon length from
acute DSS-induced colitis with age-matched H2b2'EC (n = 6; 1 female, 5 males) and H2b/Xbp1*'EC (n = 6; 3 females, 3 males)
animals. (C) Weight curve and (D) colon length from chronic DSS-induced colitis with age-matched wild-type (WTC) nh=95
females, 4 males), Xbp1*'E° (n = 8; 4 females, 4 males), H2b*EC (n = 5; 2 females, 3 males), and H2b/Xbp1*E® (n = 5; 4
females, 1 male) mice. Representative images of the small intestine for (E) the phosphorylated form of H2A histone family
member X (yH2Ax), with white arrowheads indicating yH2Ax™ nuclei, (G) terminal deoxynucleotidyl transferase-mediated
deoxyuridine triphosphate nick-end labeling (TUNEL), and (/) 5-bromo-2’-deoxyuridine (BrdU) and the accompanying statis-
tical analyses of (F) yH2Ax", (H) TUNEL"*, and (J) BrdU" cells in the respective genotypes. DAPI, 4',6-diamidino-2-
phenylindole. Data are expressed as mean + standard error of the mean, and significance was determined using (A-D)
unpaired Student t test or (E-J) 1-way analysis of variance. *P < .05, **P < .01, **P < .0001.
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Figure 5. XBP1 regulates regenerative DDR in a DDIT4L-mTOR-dependent manner. (A) RNA sequencing of 3 organoid samples
from 3 individual animals. ‘B Venn diagram of uniquely and commonly regulated genes in intestinal organoids of H2b/Xbp 141EC
and H2b/p53'5C vs H2b*'EC mice. (C) Quantitative real-time polymerase chain reaction (GRT-PCR) analysis of small intestinal
crypt cells of 52-week-old H2b/Xbp 1™ (n = 3, 3 males), Xbp1*'EC (n = 6; 1 female, 5 males), H2b'EC (n = 6; 2 females, 4 males),
and H2b/Xbp14'EC (n = 5; 2 females, 3 males) mice. mMRNA, messenger RNA. gRT-PCR analysis of (D) ModeK cells, treated with
phosphate buffered saline (PBS), 2.5 umol/L AraC, or 50 umol/L Nutlin for 24 hours, and (E) of ModeK cells transfected with
small interfering (si)RNA control (iCtrl) and p53 and treated with phosphate-buffered saline (PBS) or 2.5 umol/L AraC for 24
hours; both experiments representative of a minimum of 3 individual experiments with 3 technical replicates. Relative mRNA
expression is normalized to Actb (8-actin) or glyceraldehyde-3-phosphate dehydrogenase (Gapdh). (F) Representative images
(scale bar = 100 uM) and (G) statistical analysis of the p-4E-BP1-stained small intestine of 52-week-old H2b/Xbp1"™ (n = 3, 3
males), Xb|p1"’Ec (n = 3; 1 female, 2 males), H2b*'¥C (n = 3; 1 female, 2 males), H2b/Xbp12'EC (n = 13; 8 females, 5 males), and
H2b/p532EC (0 = 3; 3 males) mice. Western blots, representative of each of 3 individual experiments, of (H) ModeK cells
transfected with small interfering RNA against Rnaseh2b for 24 hours, s untreated intestinal organoids of the indicated ge-
notypes, and (J) small intestinal crypt cells from age-matched H2b/Xbp1"" (2 females), Xbp14'EC (2 females), H2b'EC (1 female,
1 male), and H2b/Xbp1A'EC (2 females) mice after exposure to chronic DSS colitis. 8-Actin and g-tubulin served as loading
controls. Data are expressed as mean =+ standard error of the mean, and significance was determined using an unpaired
Student t test (D, E) or 1-way analysis of variance (G)."P < .05, *P < .01, **P < .0001, ***P < .00001.

displayed reduced p-4E-BP1 levels and phosphorylation Multiomics Network Analysis of Colorectal
was increased upon additional Xbp1 deficiency. We addi- Cancer Infers Interaction Between X-Box Binding
tionally proved that DDIT4L and p53 coordinate 4E-BP1  protein 1 and Tumor Protein p53 via Mechanistic
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DNA damage decreased p-4E-BP1 levels in a DDIT4L- Based on these data, we concluded that XBP1 cooperates
dependent manner (Supplementary Figure 9). with p53 to control cellular proliferation via DDIT4L-
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Figure 6. Inferred multiomic network based on TCGA colorectal cancer subset using the KiMONo algorithm. Within the
network, nodes represent methylation sites (gray), proteins (orange,) and genes (blue and turquoise). Connections between the
nodes denote statistical identified effects obtained via KIMONo. The heat maps on the side visualize the positive (orange) and
negative (blue) effect strength between an omic feature, XBP1, TP53, and DDIT4L.

dependent mTOR signaling. To gain deeper insights whether
XBP1 and TP53 are molecularly connected via the mTOR
pathway in the clinical setting of CRC, we used the TCGA
data set, in which 101 patients with CRC were assessed
across 4 different omics levels: transcriptome (16,115
transcripts), proteome (130 proteins), mutations (39,674
positions), and methylation (2043 sites). Using the KiMONo
network inference algorithm,21 we were able to trim the
multidimensional features with possible impact on XBP1,
DDIT4L, TP53, and the mTOR pathway to 120 genes, 52
proteins, 70 mutation sites, and 346 methylation sites. Of
these 588 features, KiMONo identified 47 features statisti-
cally affecting XBP1 and 80 features associated to TP53 and
DDIT4L (Figure 6). Interestingly, we identified the gene
expression of MDM2, a canonical p53 target gene, to be
strongly affected by both XBP1 and p53, which is in line
with the observed association of XBP1 gene expression and
p53 pathway activity shown in Figure 1. In addition, of 65
transcripts that were correlated with XBP1, DDIT4L, and
p53 levels, and 29 were related to the mTOR pathway,
including EIF4E2, which codes for the transcription factor
regulated by 4E-BP1. Altogether, this network inference
algorithm in a CRC data set strongly infers mTOR signaling
as a crucial molecular executor of XBP1 and p53-mediated
tumor suppression.

Extrinsic Mechanistic Target of Rapamycin
Inhibition Reduces Phosphorylated 4E- Binding
Protein 1 Levels and Impedes Hyperproliferation
in H2b/Xbp14E€ Mice

Based on these findings, we hypothesized that inhibition
of mTOR would reconstitute suppression of intestinal
epithelial proliferation in H2b/Xbp1*'®® mice, thereby
providing an actionable therapeutic intervention. Thus, we

interrogated the growth properties of intestinal organoids
from all 4 genotypes (H2b/Xbp1™™, Xbp12'E€, H2b*'E€, and
H2b/Xbp1“'"%) using the CellTiter-Glo assay, which assesses
the numbers of viable cells by quantifying adenosine 5'-
triphosphate. We first validated that despite ongoing DNA
damage, H2b/Xbp1“'™*¢ intestinal organoids showed signifi-
cantly enriched cell viability compared with H2b“™€ intes-
tinal organoids (Supplementary Figure 10). We further
assessed the suppressive capacity of mTOR treatment in the
same experimental setting and observed that rapamycin
most strongly inhibited the growth rate of H2b/Xbp1“'*¢
intestinal organoids (Figure 74 and B). These findings were
independently validated in H2b*'E¢ and H2b/Xbp1*'®C in-
testinal organoids using colony-forming assays (Figure 7C).
Western blot analysis of intestinal organoids confirmed
reduction of p-4E-BP1 in H2b*'E¢ and H2b/Xbp1“'E€ intes-
tinal organoids upon rapamycin treatment (Figure 7D).

To test whether mTOR inhibition might serve as a pre-
ventive mechanism to counterbalance proliferation in DNA-
damaged IECs, we intraperitoneally treated age- and
sex-matched H2b“'"“ and H2b/Xbp1*'®¢ mice (n = 3-4/
group) with rapamycin or dimethyl sulfoxide daily for 7
days. Rapamycin treatment significantly blocked epithelial
hyperproliferation (Figure 7E and F), 4E-BP1 phosphoryla-
tion (Figure 7G and H), and cell death (Figure 7I and ) in
H2b/Xbp1~'E€ mice. Taken together, these data show that
XBP1 restricts cellular proliferation in response to DNA
damage in IECs in a mechanism involving the DDIT4l/mTOR
pathway.

Discussion

We demonstrate that XBP1 coordinates epithelial DDR in
[ECs and protects from tumorigenesis in a genetic model of
chronic epithelial DNA damage. Clinical data from CRC
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patients support a protective role of XBP1 on overall sur- pathway activation of the tumor suppressor p53. It must,
vival. Using pathway enrichment analysis, we show that low however, be noted that the reliable assessment of XBP1
XBP1 activation is significantly associated with decreased protein is challenging in a global proteome data set, and
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therefore, this finding still warrants further validation on
the protein level. Associations between XBP1 and carcino-
genesis have been described in clinical data sets, albeit with
contradictory effects on the clinical outcome. XBP1 function
has been shown to be associated with poor overall survival
in triple-negative breast cancer and ovarian cancer.’’ In
contrast, we here confirm and functionally delineate an
epithelial-intrinsic tumor suppressive function of XBP1 in
intestinal tumorigenesis.

The presented findings are in line with previous data
published on XBP1 and colorectal carcinogenesis in which
chemical models (AOM-DSS) and genetic models (Apc™™ ™)
were used to show that epithelial Xbp1 deletion led to in-
testinal hyperproliferation and subsequent increased ade-
noma formation. However, the exact molecular mechanism
on how disrupted XBP1 transforms epithelial cells into a
hyperproliferative state in response to genotoxic stress
remained poorly understood.” Our data now support that
XBP1 crucially supports p53 activity to direct stem cell
suppression as a result to DNA damage.

Xbp1 deletion in the intestinal epithelium of mice in-
duces a mild enteritis that turns into a fissuring, transmural
inflammatory bowel disease-like ileitis when the autophagy
gene Atg16l1 is additionally deleted.** This inflammation
instigates a highly regenerative process with hyper-
proliferative characteristics in which functioning DNA repair
and p53-mediated DDRs are indispensable. It is therefore
not surprising that TP53 mutations commonly occur in
chronically inflamed colonic epithelia of patients with in-
flammatory bowel disease.***”

These initial TP53 mutations in nonneoplastic mucosae
or precancerous neoplasms lead to uncontrolled cell pro-
liferation and to a concomitant accumulation of further
mutations in oncogenes and tumor suppressor genes (ie,
KRAS and APC) and may hence initiate a stepwise progres-
sion to CRC.>® Interestingly, this so-called colitis-associated
CRC pathway follows a reverse mutation sequence (TP53-
KRAS-APC) compared with the classical CRC route that fol-
lows the Vogelstein model (APC-KRAS-TP53).>%3” Of note,
TP53 mutations are rare in the adenomatous precursors of
the classical CRC pathway, whereas mutations in KRAS and
APC are less prevalent in colitis-associated CRC.*®

Using the model of epithelial RnasehZb deficiency, we
now show that H2b/Xbp1“"5“ mice present with aggressive,

d
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invasive, and metastatic adenocarcinoma. Notably, we did not
find a strong indication for a modulating role of the intestinal
microbiome in driving the carcinogenic phenotype, because
tumor incidence was comparable between single-housed and
cohoused (H2b/Xbp1“'EC vs H2b/Xbp?") mice.

It must be noted that 96% of tumors arise in the small
intestine, and therefore, conclusions on the pathogenesis of
human CRC should be made with caution. Still, it needs to
be pointed out that species-specific differences between
mouse and human are also found (eg, in the Apc™™™
model),’” in which mice predominantly display small-
intestinal tumors. In line with this finding, our model
shows that Xbp1 deficiency confers a site-specific vulnera-
bility to small-intestinal IECs resulting from the misled
interplay of DNA damage and Xbpl deletion, which ulti-
mately manifests into spontaneous carcinogenesis. We
further observe that orthotopically transplanted intestinal
organoids from H2b/Xbp1“"¢-derived tumors result in
100% tumor manifestation at the organoid injection site
and in 66% liver and 100% lung respective metastasis
formation. These findings point to a highly aggressive tu-
mor entity in the form of metastasis formation, which has
not yet been described in previous models of orthotopic
tumor transplantation.”®*’

Altogether, these data therefore provide the first in vivo
proof that impairment of RER may indeed result in invasive
and metastatic adenocarcinoma in vivo. This finding could
have potential translational impact with regard to
molecular-guided therapy in CRC, as it has been recently
shown that the genome of cells with deficient RER display
increased abundance of poly(adenosine diphosphate-ribose)
polymerase-trapping lesions, which can be specifically tar-
geted using poly(adenosine diphosphate-ribose) polymer-
ase inhibitors."’

In an attempt to understand the underlying molecular
mechanism, we identified Ddit4] as a p53-dependent
regulator of stem cell suppression. Importantly, DDIT4L
is the paralog of DDIT4, also known as REDD1, which
among other functions acts as a p53-dependent DNA
damage repair gene*' and has previously been validated as
prognostic marker in several malignancies.*” Although our
data do not directly imply a role of DDIT4L in DNA damage
repair, it is conceivable that DDIT4L directs DNA damage
repair methods via mTOR, which has previously been

Figure 7. Rapamycin abolishes DDIT4L-mediated hyperproliferation by inhibiting mTOR-dependent phosphorylation of 4E-BP1.
(A) CellTiter-Glo assay and (B) representative images (scale bar = 100 uM) of small-intestinal organoids stimulated with dimethyl
sulfoxide (DMSO; control? or 1 umol/L rapamycin for 72 hours. Representative data of 3 individual experiments with 3 technical
replicates. H2b/Xbp 1"VAEC organoids are abbreviated as “H/XVAES”_(C) Colony formation assay of H2b*'E€ and H2b/Xbp 141EC
intestinal organoids, treated with DMSO or 1 umol/L rapamycin everg other day over the time course of 10 days, representative of
3 experiments with 3 technical replicates. (D) Western blot of H2b2'E€ and H2b/Xbp 12'E€ intestinal organoids, treated with DMSO
or 1 umol/L rapamycin for 24 hours, representative of 3 experiments. 8-Tubulin served as a loading control. Data are expressed as
mean =+ standard error of the mean, and significance was determined using an unpaired Student t test. Age-matched H2b*'EC (n =
8; 5 females, 3 males) and H2b/Xbp1~'E€ (n = 6; 2 females, 4 males) mice received DMSO or 1.5 mg/kg body weight rapamycin
intraperitoneally daily for 7 days. Representative images of the small intestine of DMSO- vs rapamycin-treated H2b*'5C and H2b/
Xbp1*'EC mice for (E) 5-bromo-2'-deoxyuridine (BrdU) (scale bar = 100 pM), (G) p-4E-BP1 (scale bar = 100 pM), and (/) terminal
deoxynucleotidy! transferase-mediated deoxyuridine triphosphate nick-end labeling (TUNEL) and accompanying statistical
analysis for (F) BrdU™, (H), p-4E-BP1™ and (J) TUNEL™ cells (scale bar = 100 uM). Data are expressed as mean =+ standard error of
the mean, and significance was determined using 1-way analysis of variance. *P < .05, **P < .01, **P < .0001.
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shown, for example, in the context of CRC*® and pancreatic
cancer.

44

Taken together, our findings reveal a novel role of the

intestinal epithelial XBP1 in coordinating epithelial DDR
downstream of p53. Xbp1 deletion disrupts a fundamental
feedback mechanism that restricts epithelial proliferation
via DDIT4L and 4E-BP1 and which might provide an
actionable layer of cancer prevention and treatment in a
subset of patients with insufficient p53 activity.
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Supplementary Materials and Methods

Complementary DNA Synthesis and Gene
Expression Analysis

The RNeasy Kit (Qiagen, Hilden, Germany) was used to
isolate messenger RNA from either ModeK cells washed in
phosphate-buffered saline (PBS), from organoids after
Matrigel (BD Biosciences, Heidelberg, Germany) was
washed with PBS, or from snap-frozen tissue. Complemen-
tary (c)DNA was synthesized using the Revert Aid Premium
cDNA Synthesis Kit (Fermentas, Waltham, MA) according to
the manufacturer’s protocol. To examine gene expression,
cDNA samples were subjected to quantitative real-time
polymerase chain reaction (PCR) using SYBR Green or
TaqMan assays purchased from Applied Biosystems. Re-
actions were performed on the Applied Biosystems 7900HT
Fast Real-Time PCR System (Applied Biosystems, Darm-
stadt, Germany), and relative transcription levels were
determined using (-actin (Actb) or glyceraldehyde-3-
phosphate dehydrogenase (Gapdh) as housekeepers.
Deploying PrimerBLAST-Software (National Institutes of
Health, Bethesda, MD), primer sequences were designed,
while TagMan probes were derived from Thermo Fisher
Scientific (primer sequences and TagMan probe IDs are
provided in Supplementary Table 1)."

Transmission Electron Microscopy

For electron microscopy, tissue was fixed at 4°C with
3% glutaraldehyde, washed with PBS, exposed to 2%
osmium tetroxide for 30 minutes, dehydrated in series with
increasing ethanol concentrations, and embedded in Aral-
dite. Ultrathin (60-nm) sections were cut, mounted on
carbon-coated copper grids (Science Service GmbH, Munich,
Germany), and contrasted with a saturated solution of
uranyl acetate (Merck KGaA, Darmstadt, Germany) in H;O0.
The grids were examined with a JEOL 1400 plus trans-
mission electron microscope at 120 kV operating voltage.

Immunohistochemistry and Immunofluorescence
For immunohistochemical or immunofluorescence
staining, 5-um sections of paraffin-embedded ileum Swiss
rolls were deparaffinized with xylol substitute (Roth,
Karlsruhe, Germany), incubated in citrate buffer for 3 mi-
nutes, and subsequently blocked with blocking serum
(Vectastain for 5-bromo-2’-deoxyuridine [BrdU]) for 20
minutes. For anti-BrdU staining, mice were pulsed with 10
mg/kg BrdU body weight 1.5 hours before being humanely
killed. Primary antibodies used were mouse anti-BrdU (1:10
dilution; BD Biosciences, Heidelberg, Germany), rabbit anti-
p-4E-BP1 (1:300 dilution in bovine serum albumin [BSA];
Cell Signaling, Leiden, The Netherlands), goat anti-
phosphorylated form of H2A histone family member X
(YH2Ax) (1:500 dilution in BSA; Cell Signaling, Leiden, The
Netherlands), and goat anti-lysozyme (1:500 dilution in
BSA; Santa Cruz Biotechnology, Heidelberg, Germany). In-
cubation of primary antibodies was performed at 4°C
overnight. Sections were washed and incubated with
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secondary antibodies goat anti-mouse immunoglobulin G
for immunohistochemistry (1:1000 in BSA; Jackson Immu-
noResearch, Ely, UK) and donkey Alexa Fluor 488 for
immunofluorescence (1:500 in BSA; Invitrogen, Darmstadt,
Germany), and 3,3’-diaminobenzidine tetra hydrochloride
(DAB) substrate (Vectastain ABC Kit, Thermo Fisher Scien-
tific, Steineich, Germany). Stainings were developed with
DAB. Slides were counterstained with hematoxylin or 4/,6-
diamidino-2-phenylindole and mounted.

For terminal deoxynucleotidyl transferase-mediated
deoxyuridine triphosphate nick-end labeling assay, slides
were treated with the Apop Tag Plus Peroxidase In Situ
Apoptosis Detection Kit (Merck Millipore, Darmstadt, Ger-
many) according to the manufacturer’ protocol. Slides were
visualized by an Axiolmager Z1 microscope (Zeiss, Oberko-
chen, Germany). Images were captured by a digital camera
system (AxioCam HrC/HrM, Zeiss, Oberkochen, Germany).
Measurements were made using a semiautomated image
analysis software (AxioVision version 08/2013). For the
immunohistochemistry analysis, each dot in the accompa-
nying statistical analysis represents 1 individual mouse, for
which the mean number of positively stained cells with the
respective antibody was assessed in a total of 30 to 50 crypts.

Immunoblot Analysis

Cells were lysed using sodium dodecyl sulfate (SDS)-
based direct lysis buffer with 1% Halt Protease inhibitor
cocktail (Thermo Fisher Scientific, Darmstadt, Germany),
heated at 95°C for 5 minutes, and exposed to ultra-
sonication for 5 seconds twice. Lysates were centrifuged at
16,0009 for 15 minutes at 4°C to remove cell remnants. For
protein extraction of organoids, Matrigel was removed by
several centrifugation steps at 4°C, followed by lysis, as
described earlier. Afterward, equal amounts of lysates
containing Laemmli buffer were electrophoresed on 12%
polyacrylamide gels under standard SDS- polyacrylamide
gel electrophoresis conditions before being transferred onto
polyvinylidene fluoride membranes (GE Healthcare,
Hamburg, Germany). Protein-loaded membranes were
blocked with 5% milk in Tris-buffered saline and Tween 20
before being incubated with the primary antibody at 4°C
overnight, followed by incubation with a horseradish
peroxidase-conjugated secondary antibody for 1 hour at
indicated concentrations (Supplementary Table 2). Proteins
were detected using the Amersham ECL Prime Western Blot
Detection Reagent (GE Healthcare, Hamburg, Germany).

Organoid Culture, Colony Formation Assay, and
CellTiter-Glo 3D Viability Assay

Intestinal crypts were isolated from healthy tissue of
young (8- to 12-week-old) mice and cultured in Matrigel as
previously described.? As culture medium for the organoids,
a conditioned medium containing Wnt3A, R-spondin1, and
Noggin was prepared using L-WRN cells (CRL-3276, ATCC)
according to the manufacturers’ protocols. When crypts
were freshly seeded or when organoids were passaged, the
50% L-WRN medium was supplemented with 10 umol/L
Y-27632 (STEMCELL Technologies, Cologne, Germany). For
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passaging, Matrigel was dissolved in Cell Recovery Solution
(BD Biosciences, Heidelberg, Germany), and organoids were
enzymatically dissociated using TrypLE Express (Gibco,
Thermo Fisher Scientific, Darmstadt, Germany). To perform
colony formation or CellTiter-Glo assays, organoids were
dispersed into single cell solutions using TrypLE Express
(Thermo Fisher Scientific, Darmstadt, Germany). For colony
formation assays, 10,000 cells per organoid genotype were
reseeded onto 24-well plates to assess proliferative capac-
ities by determining both organoid diameters and numbers.
For CellTiter-Glo assays, 1500 single cells were replated onto
96-well plates before after 24 hours, CellTiter-Glo 3D reagent
(Promega, Mannheim, Germany) was added to each well in
1:1 ratio, and mixtures were homogenized by vigorous
pipetting. Plates were then incubated at room temperature
for 30 minutes in the dark, with gentle shaking, and lumi-
nescence was recorded using an automatic plate reader
(CLARIOstar, BMG Labtech, Ortenberg, Germany). Images
were acquired using the Leica M205FCA microscope equip-
ped with a Leica DFC9000 GT camera and the Leica LAS X
software (Wetzlar, Germany) (4 x magnification). For rescue
experiments, organoids in both assays were treated with
dimethyl sulfoxide or 1 umol/L rapamycin (LC Laboratories,
Hamburg, Germany) dissolved in dimethyl sulfoxide.

Murine Intestinal Epithelial ModeK Cells, 3-(4,5-
Dimethylthiazol-2-yl)-5-(3-Carboxymethoxyphenyl)-
2-(4-Sulfophenyl)-2H-Tetrazolium Assay

iXbp1 ModeK cells were generated by transfection of the
respective cells with plasmids that intracellularly were
transcribed into Xbpl-intering RNA sequences.” Knock-
down was validated by quantitative PCR analysis. For
immortalization, we used the SV40 Virus (simian vacuolat-
ing virus). Cells were cultivated at 37°C with Dulbecco’s
modified Eagle medium GlutaMAX medium (Gibco, Darm-
stadt, Germany) with 10% fetal calf serum (Merck Millipore,
Darmstadt, Germany). Medium was exchanged every other
day. Viability of ModeK cells cultivated on 96-well plates
was assessed by measuring 3-(4,5-dimethylthiazol-2-yl)-5-
(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium
(MTS) incorporation using the CellTiter 96 AQueous One
Solution Cell Proliferation Assay (Promega, Mannheim, Ger-
many) according to the manufacturer’s protocol.

Fluorescence-Activated Cell Sorter Annexin Cell
Death Assay

ModeK cells and organoids of the respective genotypes
were seeded onto 24-well plates. For fluorescence-activated
cell sorter (FACS)-based cell death assay using Annexin V-
FITC (ImmunoTools, Friesoythe, Germany) and 7-
aminoactinomycin (7-AAD; BD Biosciences), cells were
dissociated using TrypLE Express (Thermo Fisher Scientific,
Darmstadt, Germany). Cells were then incubated in Annexin
V and 7-AAD before FACS assay was performed using
FACSCalibur (BD Biosciences, Heidelberg, Germany). Then,
10,000 cells were gated, excluding doublets or non-
dissociated cell groups. The fraction of cells positive for
annexin staining was considered as dead cells.
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Transfection of ModeK Cells With Small
Interfering RNA

For in vitro transfection, Viromer Blue (Lipocalyx, Halle,
Germany) was used according to the manufacturers’ pro-
tocol. Small interfering RNA against Ddit4l (#GS73284) and
p53 (#GS22059) was derived from Qiagen (Hilden, Ger-
many) and used at a concentration of 10 umol/L.

Stimulants for ModeK Cells and Organoids

As stimulants for ModeK cells and organoids, AraC
(received as a gift from a collaborator at the Institute of
Biochemistry, CAU Kiel), IWP-2 (tebu-bio, Offenbach,
Germany), and rapamycin (LC Laboratories, Hamburg,
Germany) were used.

In Silico RNA Sequencing Data Analysis

RNA sequencing expression profiles and clinical data for
colorectal cancer (COAD—Colon Adenocarcinoma and
READ—Rectum Adenocarcinoma) were downloaded from
TCGA (http://gdac.broadinstitute.org/). Only samples from
primary tumors, for which clinical survival data was avail-
able, were considered in the analysis (n = 376). RNA
sequencing expression data were transformed to log,
(transcripts-per-millions +1).

Survival Analysis

Overall survival analysis was performed using the R
package survival (The R Foundation for Statistical Computing,
Vienna, Austria). Samples were divided into 2 groups based
on their XBP1 gene expression (“XBP1 high” and “XBP1 low”)
by using the maximum Harrell's C-index. The Cox’s propor-
tional hazards model was used to evaluate the association
between XBP1 gene expression and the survival time of the
patients. Kaplan-Meier survival curves with log-rank tests
were plotted to compare the overall survival between the 2
groups. Additionally, the hazard ratio (HR) with a 95% CI was
provided for comparison of the groups. P values were
adjusted for multiple testing based on their false discovery
rate according to the Benjamini-Hochberg procedure.

Pathway Activity Analysis

Pathway activity scores for 14 cancer-related pathways
(androgen, estrogen, WNT, epidermal growth factor recep-
tor, mitogen-activated protein kinase, phosphoinositide
3-kinase, vascular endothelial growth factor, Janus kinase-
signal transducer of activation , transforming growth fac-
tor-B, tumor necrosis factor-a, nuclear factor-«B, hypoxia,
tumor necrosis factor-related apoptosis-inducing ligand,
and p53-mediated DDR were estimated using Pathway
RespOnsive GENes (PROGENy). This method embarks on a
compendium of pathway-responsive gene signatures
derived from perturbation experiments to infer pathway
activity. To prepare the gene expression data for PROGENy,’
raw count data were imported to the R package DESeq2.
Additionally, a linear model was applied to check for dif-
ferences between the 2 groups (“XBP1 high” and “XBPI1
low”).
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Supplementary Figure 1. Validation of conditional knockout. Validation of successful Rnaseh2b and Xbp1 knockout in small
intestinal H2b/Xbp 1", Xbp12'EC, H2bA'EC, and H2b/Xbp12'EC organoids, representative of a minimum of 3 individual exper-
iments. (A) Quantitative polymerase chain reaction analysis with 3 technical replicates. Relative messenger RNA (mRNA)
expression is normalized to $-actin (Actb). Data are expressed as mean + standard error of the mean, and significance was
determined using an unpaired Student t test. **P < .01; **P < .0001; ***P < .00001. (B) Knockout of Rnaseh2b was addi-
tionally validated on the protein level. g-Actin served as a loading control.
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Supplementary Figure 2. H2b/Xbp12'E€ tumor organoids exhibit autonomous Wnt pathway activation. Quantitative reverse-
transcription analysis of nontumor (NT) or tumor (T) H2b/Xbp 14'E€ organoids, unstimulated or treated with 2 umol/L of the Wnt
inhibitor IWP-2 for 72 hours, representative of a minimum of 3 individual experiments with 3 technical replicates. Ctrl, control.
Expression levels are displayed as relative messenger RNA (mRNA) levels. Data are expressed as mean + standard error of the
mean, and significance was determined using an unpaired Student t test. ***P < .00001.
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Supplementary Figure 3. Comparison of clinical phenotype of single-housed vs cohoused aged H2b/Xbp12'EC mice. Basal

phenotzging analysis of 52-week-old single-housed (n = 7; 6 females, 1 male) vs cohoused (n = 4; 3 females, 1 male) H2b/
Xbp12'E° mice, consisting of body weight, small intestine (Sl) length, colon length, liver weight, and spleen weight in correlation
to bOdPé weight, and amount and size of S| tumors per animal. Each dot represents 1 individual. In cohousing conditions, H2b/
Xbp1~®C and H2b/Xbp1™" mice were kept in a 1:1 ratio. Data are expressed as mean + standard error of the mean ,and
significance was determined using an unpaired Student ¢ test.
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Supplementary Figure 4. Clinical phenotype in aged H2b/Xbp12'E€ mice. (A) Basal phenotyping analysis of 52-week-old wild-
type (WT) (n = 10, 10 males), Xbp12'E° (n = 7; 1 female, 6 males), H2b*'%C (n = 10; 4 females, 6 males), and nontumor (NT) and
tumor (T) H2b/Xbp12'EC (n = 21; 12 females, 9 males) mice. (B) Basal phenotyping analysis of 8- to 12-week old WT (n = 10, 10
males), Xbp12'EC (n = 7; 1 female, 6 males), H2b*'EC (n = 10; 4 females, 6 males), and H2b/Xbp12'EC (n = 21; 12 females, 9
males) mice. Analysis parameters include body weight, small intestine (SI) length, and colon length. Each dot represents 1
individual. Data are expressed as mean + standard error of the mean, and significance was determined using an unpaired
Student t test. *P < .05; *P < .01; **P < .0001.
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Supplementary Figure 5. Xbp1 deficiency limits intestinal epithelial regeneration in 8- to 12- week old mice. Representative
images of the small intestine (SI) of 8- to 12-week-old H2b/Xbp1™™ (n = 3; 1 female, 2 males), Xbp7*'E° (n = 2; 1 female, 1
male), H2b*'EC (n = 3; 2 females, 1 male), and H2b/Xbp12'EC (n = 3; 1 female, 2 males) mice, stained for (A) the phosphorylated
form of H2A histone family member X (yH2AX), with white arrowheads indicating YH2Ax™ nuclei, (C) terminal deoxynucleotidyl
transferase-mediated deoxyuridine triphosphate nick-end labeling (TUNEL), (E) Ki67, and (G) lysozyme. DAPI, 4',6-diamidino-
2-phenylindole. Each dot in the accompanying statistical analyses represents 1 individual, for which the mean number of (B)
yH2AX™, (D) TUNEL™, (F) Ki67™, and (H) lysozyme™ cells was assessed in a total of 50 crypts. Data are expressed as mean +
standard error of the mean, and significance was determined using 1-way analysis of variance. n.s., not significant; *P < .05,

P < .001.
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Supplementary Figure 6. Xbp1 deficiency limits intestinal epithelial regeneration in the context of DNA damage in vitro. (A)
Western blot of the phosphorylated form of H2A histone family member X (yH2Ax) and poly (adenosine diphosphate-ribose)
polymerase (PARP) of ModeK cells, treated with 2.5 umol/L AraC for 2, 4, 8, and 24 hours, representative of a minimum of 3
individual experiments with 3 technical replicates. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) served as a loading
control. (B) MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) assay of ModeK
cells, representative of a minimum of 3 individual experiments with 5 technical replicates, treated with phosphate-buffered
saline (PBS) or 2.5 umol/L AraC for 24 hours. After medium exchange, cells recovered for 48 hours. (C) Representative im-
ages of ModeK cells stimulated with PBS or 2.5 umol/L AraC for 24 hours (scale bar = 100 uM). (D) Fluorescence-activated cell
sorting (FACS) annexin (Ann.) assay of ModeK cells, representative of a minimum of 3 individual experiments with 3 technical
replicates, treated with 2.5 umol/L AraC for 0, 2, 4, 8, 24, and 48 hours, with (E) corresponding dot plots at 8 and 48 hours. (F)
FACS annexin assay of Xbp1™ or Xbp12'EC intestinal organoids, representative of a minimum of 3 individual experiments with
3 technical replicates, stimulated with PBS or 2.5 umol/L AraC for 24 hours, with (G) corresponding dot plots. Colony forming
assay of untreated intestinal organoids of the indicated genotypes, demonstrating the (H) amount or (/) diameter of regrown
organoids on day 10 after reseeding, with (J) representative images (scale bar = 100 puM). Data are expressed as mean +
standard error of the mean, and significance was determined using an unpaired Student ¢ test. n.s., not significant; *P < .05,
P < .01, *P < .0001.
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Supplementary Figure 7.Deletion of Xbp1 drives mucosal inflammation upon DSS-induced colitis. Representative H&E
images of small intestines (Sl) of mice with the respective genotypes being opposed to (A) acute and (C) chronic DSS-induced
colitis, with (B, D) corresponding histopathologic scoring of the Sl; each dot represents the histopathologic score of 1 indi-
vidual mouse. For histopathologic evaluation of chronic DSS colitis, 2 independent chronic DSS-induced colitis models were
individually analyzed before data were pooled for final assessment. WT, wild-type. Data are expressed as mean + standard
error of the mean, and significance was determined using an unpaired Student t test. *P < .05, **P < .01, ***P < .00001.
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Supplementary Figure 9. DDIT4L regulates endogenous 4E-BP1 phosphorylation in IECs. (A) iCtrl ModeK cells were trans-
fected with small interfering (si)RNA against Ddit4l and p53 for 24 hours, and protein lysates were probed against p-4E-BP1. 3-
Actin was used as loading control. Representative image of a minimum of 3 individual experiments. PBS, phosphate buffered
saline. (B) iCtrl ModeK cells were transfected with siRNA against Ddit4l and stimulated with 2.5 umol/L AraC for 24 or 48 hours.
Protein lysates were probed against p-4E-BP1. §-Actin was used as loading control. Representative image of minimum of 3

individual experiments.
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Supplementary Fihgure 10. Deficiency of Xbp1 restores pro-
liferation in H2b*'EC organoids. CellTiter-Glo assay of un-
treated intestinal H2b/Xbp1"", Xbp1~E°, H2bA'EC, and H2b/
Xbp1*EC organoids after a growing period of 72 hours.
Representative data of 3 individual experiments with 3 tech-
nical replicates. H2b/Xbp1"V"AEC organoids are abbreviated
as “H/XVVAEC » RFU, relative fluorescent units. Data are
expressed as mean + standard error of the mean, and sig-
nificance was determined using an unpaired Student ¢ test.
n.s., not significant; *P < .05, *P < .01, P < .0001.
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Supplementary Table 1.TagMan and SYBR Green Probes and Primers

Gastroenterology Vol. 162, No. 1

Gene name Forward sequence (5’ and 3') SYBR green Backward sequence (5’ and 3') SYBR green
Actb GATCGGTGGCTCCATCCTGGC CGCAGCTCAGTAACAGTCCGCC

Gapdh CCGGGGCTGGCATTGCTCTCA CTTGCTCAGTGTCCTTGCTGGGG

p53 CTAGCATTCAGGCCCTCATC TCCGACTGTGACTCCTCCAT

Xbp1 TGGCCGGGTCTGCTGAGT ACAGGGTCCAACTTGTCCAG

Gene name Species TagMan probe ID
Actb Murine 00607939
Ccnd1 Murine 00432359
Cceng1 Murine 00438084
Cd44 Murine 01277161
Ddit4l Murine 00513313
Mdm2 Murine 01233138
Rnaseh2b Murine 01317628
Sesn2 Murine 00460679
Sox9 Murine 00448840

Supplementary Table 2. Antibodies Used for Western Blot Analysis

Western blot antibody Origin Dilution Company Article number
Primary
B-Actin Mouse 1:1000 in 5% BSA in TTBS Sigma-Aldrich A-5441
B-Tubulin Rabbit 1:1000 in 5% BSA in TTBS Abcam ab6046
GAPDH Mouse 1:1000 in 5% BSA in TTBS Santa Cruz Biotechnology sc-365062
PARP Rabbit 1:1000 in 5% BSA in TTBS Cell Signaling Technology 9542
p53 Mouse 1:1000 in 5% BSA in TTBS Cell Signaling Technology 2524T
pS6 Rabbit 1:1000 in 5% BSA in TTBS Cell Signaling Technology 5364
p-4E-BP1 Rabbit 1:2000 in 5% BSA in TTBS Cell Signaling Technology 2855
RNASEH2B Rabbit 1:2000 in 5% BSA in TTBS Received from collaborator’ -
S6 Rabbit 1:1000 in 5% BSA in TTBS Cell Signaling Technology 2317
yH2Ax Rabbit 1:1000 in 5% BSA in TTBS Cell Signaling Technology 2577
4E-BP1 Rabbit 1:2000 in 5% BSA in TTBS Cell Signaling Technology 9644
Secondary
Rabbit 1gG, HRP-linked Sheep 1:3000 in 5% BSA in TTBS GE Healthcare NA934-1ML
Mouse IgG, HRP-linked Sheep 1:3000 in 5% BSA in TTBS GE Healthcare NA931-1ML

BSA, bovine serum albumin; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; Ig, immunoglobulin; HRP, horseradish

peroxidase; PARP, poly (adenosine diphosphate-ribose) polymerase; TTBS, Tween-Tris-buffered saline.
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