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SUMMARY

Summary

Colorectal cancer (CRC) and inflammatory bowel disease (IBD) are two major health
problems that are increasing worldwide. More than 7400 people die from CRC in the
Nordic countries alone, and more than 1 in 350 people are afflicted with IBD in the
western part of the world. Dysregulation of colonic homeostasis has been linked to the
development and severity of both diseases. A large number of genes and several
molecular signalling pathways are involved in maintaining the homeostasis. A network
of transcription factors controls the expression of the colonic genes. Caudal type
homeobox 2 (CDX2) is an intestinal-specific transcription factor that plays a central role
in this network, and it regulates many genes important for homeostasis. The
dysregulation of CDX2 has been associated with the development and severity of CRC
and IBD.

The goal of the thesis is to increase our knowledge about CDX2s role in
colonic homeostasis, by identifying CDX2 target genes important for the colonic
epithelium. Two potential CDX2 target genes, YAP1 and 1L33 were identified by
analyzing ChIP-Seq data from Caco-2 and LS174T colon epithelial cell lines. Both genes
are expressed in many tissues and their role in most tissues are well described. However,
their function in the colonic epithelium is not well understood. Investigating their
connection with the intestinal specific transcription factor CDX2 will enable a deeper
understanding of their role in colonic epithelium.

In paper | of this thesis, CDX2 was shown to transcriptionally regulate
YAP1 promoter activity in Caco-2 cells, partly through an identified intragenic enhancer.
By using a CDX2 inducible colon epithelial cell line described in paper Ill, it was
possible to demonstrate that the YAP1 protein level was increased by CDX2 induction.
In paper 1, 1L33 was found to be a target gene for CDX2 in LS174T colon epithelial
cells. Furthermore, it was found that CDX2 was indispensable for IL33 promoter activity
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in LS174T cells, and that induction of CDX2 in the colonic epithelial cell model caused
a dose-dependent increase in the L33 mMRNA level.

Paper Il describes a novel method for developing an inducible CDX2
knockout LS174T based cell line. This cell line expresses no endogenous CDX2 protein,
but CDX2 expression can be induced using doxycycline. In addition, paper | and 1l
demonstrated how the identification of novel CDX2 target genes is possible using the
LS174TCP*2" cell model.

In summary, YAP1 and IL33 were identified as novel CDX2 target genes
with importance for colonic homeostasis. It is hypothesized, that the regulation by CDX2
contributes to a YAP1 and IL33 intestinal-specific expression pattern that define their
role in the colon homeostasis. Furthermore, it is likely that other transcription factors in

the colon play a role in the transcriptional regulation of YAP1 and IL33.
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DANISH SUMMARY

Danish summary

Kolorektal cancer (CRC) og inflammatorisk tarmsygdom (I1BD) er to tiltagende globale
sundhedsproblemer. Flere end 7400 mennesker dgr af CRC i de nordiske lande alene, og
i den vestlige verden er mere end 1 ud af 350 mennesker diagnosticeret med I1BD.
Misregulering af homeostasen i kolon er pavist at have betydning for bade udviklingen
og svaerhedsgraden af sygdommene. Et stort antal gener og flere molekylare signalveje
er involveret i at opretholde homeostasen i kolon. Ekspressionen af generne i kolon
styres af et netveerk af transkriptionsfaktorer. Den tarmspecifikke transkriptionsfaktor
Caudal type homeobox 2 (CDX2) spiller en central rolle i dette netveerk, og den regulerer
mange gener der er vigtige for homeostasen. Dette kan blandt andet ses ved at bade
udviklingen og svarhedsgraden af CRC og IBD pavirkes nar reguleringen af CDX2 er
unormal.

Formalet med denne afhandling er at gge den samlede viden om CDX2s
rolle i homeostasen i kolon ved at identificere gener som spiller en rolle i kolonvavet og
som reguleres af CDX2. Gennem en analyse af ChIP-Seq data fra
kolonepitelcellelinjerne Caco-2 og LS174T, blev de to gener YAP1 og I1L33 identificeret
som veerende potentielle CDX2 regulerede gener. Begge gener er udtrykt i mange vav,
og deres rolle i de fleste af disse vaev er godt beskrevet. Dog er deres rolle i kolonepitelet
stadig uklar. Ved at undersgge hvordan IL33, YAP1 og CDX2 er forbundet, er det muligt
at opna en dybere forstaelse for deres roller i kolonepitelet.

Manuskript | i afhandlingen viste at CDX2 regulerer YAP1
promotoraktiviteten i Caco-2 celler gennem en hidtil ubeskrevet enhancer i YAP1 genet.
Herudover viste resultaterne fra CDX2-inducering i en LS174T baseret
kolonepitelcellelinje, beskrevet i manuskript I11, at mengden af YAP1-protein forages i
cellerne ved CDX2-induktion.

Resultaterne i manuskript Il viste at CDX2 kan regulere 1L33
promoteraktiviteten i LS174T kolonepitelceller. Desuden blev det konstateret, at 1L33

Vil
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promotoraktiviteten var afhaengig af tilstedevarelsen af CDX2 protein i cellerne og at
CDX2-inducering forarsagede en dosisafhangig stigning i 1L33 mRNA niveauet.

Manuskript 111 beskriver en ny metode til udvikling af en LS174T baseret
cellelinje. 1 cellelinjen produceres der intet CDX2 protein medmindre protein
ekspressionen induceres ved stimulering med doxycylin. Derudover viste manuskript
| og Il hvordan det er muligt, at benytte LS174T<P*%/ cellemodellen til at
identificere hidtil ukendte gener som reguleres af CDX2.

Sammenlagt viser resultaterne fra manuskripterne at CDX2
regulerer bade YAP1 og IL33, som begge har betydning for homeostasen i
kolonepitelceller. Dette giver anledning til en hypotese om at CDX2s regulering
af YAP1 og IL33 tilferer dem et intestinal-specifikt ekspressionsmgnster, som er
med til at definere deres rolle i homeostasen i kolon. Herudover er det sandsynligt
at andre transskriptionsfaktorer i kolon ogsa spiller en rolle i den

transskriptionelle regulering af YAP1 og 1L33.
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Abbreviations

Gene names are written in italic, while proteins are in non-italic letters. Human protein
symbols are in all caps, while mouse proteins have only the first letter capitalized. An
example of annotation: Human protein: CDX2, Human gene: CDX2, mouse gene: Cdx2.
Gene names from referenced materials might have been updated to their new annotations

(Official symbols and official full gene names) in the thesis text, according to the

ABBREVIATIONS

guidelines for human gene nomenclature (Wain et al., 2002).

APC
ATOH1
AXIN2
BMP
CBC
CD
CDH17
CDHR5
CDX1
CDX2
CLDN1-4
CRC
CTCF
EGF
ELMO3
EP300
FCGBP
FPKM
GATA4
GATAG6
GSK3B
GUCY2C
H3K4mel

IX

APC, WNT signalling pathway regulator

Atonal bHLH transcription factor 1
AXin 2

Bone morphogenetic protein
Crypt base columnar cells
Crohn’s disease

Cadherin 17

Cadherin related family member 5
Caudal type homeobox 1

Caudal type homeobox 2

Claudin 1-4

Colorectal cancer
CCCTC-binding factor

Epidermal growth factor
Engulfment and cell motility 3
E1A binding protein p300

Fc fragment of 1gG binding protein
Fragments Per Kilobase Million
GATA binding protein 4

GATA binding protein 6
Glycogen synthase kinase 3 beta
Guanylate cyclase 2C

Methylation of Lys4 of histone H3



HEPH
HNF1A
HNF4A
IBD
IEC-6
IL-33
LAMC2
LCT
LGR5
MAPK
MEP1A
MUC?2
NHEJ
PRKDC
PTGS2
RPKM
TALENS
TCF7L2
TEAD
TNF
TPM
ucC
YAP1
ZFNs
ZG16

ABBREVIATIONS

Hephaestin

Hepatocyte nuclear factor 1 alpha

Hepatocyte nuclear factor 4 alpha

Inflammatory bowel disease

Intestinal cell line

Interleukin 33

Laminin subunit gamma 2

Lactase

Leucine rich repeat containing G protein-coupled receptor 5
Mitogen-activated protein kinase

Meprin A subunit alpha

Mucin 2

Non-homologous end joining

Protein kinase, DNA-activated, catalytic polypeptide
Prostaglandin-endoperoxide synthase 2

Reads Per Kilobase Million
Transcription-activator-like effector nucleases
Transcription factor 7 like 2

Transcription factor TEA domain family members
Tumour necrosis factor

Transcripts Per Kilobase Million

Ulcerative colitis

Yes-associated protein 1

Zinc-finger nucleases

Zymaogen granule protein 16



Vocabulary

ChlP-Seq

CRISPR/Cas9
DNase-seq

Hippo pathway
RNA-Seq

Wnt pathway

Xl

VOCABULARY

Chromatin immunoprecipitated DNA

Clustered regularly interspaced short palindromic repeats/CRISPR-
associated 9

DNase sequencing

Signalling pathway in animals that controls organ size through
various regulatory networks

RNA expression profiling with microarray or sequencing

Signalling pathway that regulates genes important for cell fate
determination
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AIM OF THE PHD PROJECT

Aim of the PhD project

Diseases of the colon are a major and increasing health problem worldwide. In the
Nordic countries, colorectal cancer (CRC) kills more than 7400 people every year and
more than 1 out of 350 people live with inflammatory bowel disease (IBD) in most of
the Western world. Dysregulation of colonic homeostasis has been linked to the disease
development and severity of both IBD and CRC. The colonic homeostasis is affected by
many factors, such as diet, commensal bacteria, and genetics, which influence the
expression of colonic genes. A network of transcription factors and several major
signalling pathways controls gene expression in the colon. The transcription factor
CDX2 plays a central role in this network. Dysregulation of CDX2 and its target genes
have been linked to problems in homeostasis, and to IBD and CRC. To increase our
understanding of the complex pattern of transcriptional regulation in the colon, it is
necessary to identify the target genes of CDX2 and their function thereby enabling a
deeper understanding of these diseases.

Overall aim
The aim of this thesis was to investigate the role of CDX2 in the expression of colonic
genes with importance for the homeostasis and disease development in the colon.
Molecular methods and model systems aimed to identify CDX2 target genes in colon
cells was employed and development.
Specific aims of the research are:
e Investigating whether the expression of YAP1 is regulated by CDX2 in colon
cells and describing the mechanism of regulation
e Investigating whether expression of 1L-33 is regulated by CDX2 in colon cells,
and describing the mechanism of regulation
o Developing a cell model that can be used to investigate the effects of varying

CDX2 levels on target gene expression in the colon.



INTRODUCTION

1 Introduction

1.1 When colon homeostasis fails - typical pathologies of the colon

When intestinal homeostasis fails to be maintained properly, due to environmental or
inherited factors, pathologies such as unregulated growth, dysfunctional or abnormal
cells, or inflammatory diseases can occur.

CRC is the third most frequent cancer worldwide with an estimated
incidence rate of 1.36 million cases recorded in 2012. Additionally, it is one of the most
deadly types of cancer, killing almost 700.000 people yearly (M. Ervik, 2016). Based on
the statistics on colorectal cancer by the World Cancer Research Fund International, it
is predicted that the worldwide number of cases by 2035 will rise extensively. The
statistics on the newly diagnosed cancers in 2012 for the top world cancers can be seen
in (Figure 1A). In Europe in 2012, CRC is estimated to take up 32.9 % of the total
number of incident cancer and 31% of the total number of cancer deaths worldwide
(Figure 1B, mortality rate not shown). In Denmark, the CRC incidence rate is the second
highest of the Nordic countries (Engholm G, 2018).



INTRODUCTION

>

B

=" ceania]

Lung

Breast
Colorectum
Prostate
Stomach
Liver

Cervix uteri
Oesophagus
Bladder

Africa

Latin America and
the Caribbean

North Amarica

Europe

1

Tt Asia

0 2:10° 4= 10° 6x10° 8:10%
Eeti d ber of Incid

Figure 1 - World cancer statistics. A) Data shows number (1000s) of newly diagnosed cancers for both
male and female population in 2012 for the most common cancers (M. Ervik, 2016). B) Estimated number
of incident cases of CRC worldwide in 2012 (both male and female) (M. Ervik, 2016).

The incidence of CRC is age-dependent, where getting CRC before age of 50 is rare for
both men and women (Haggar & Boushey, 2009). In Denmark, the risk of getting CRC
before age 75 is 5.4 % and 4.1 %, for men and women, respectively (Engholm G, 2018).
Risk factors for developing colorectal cancer include both environmental and hereditary
origins. About 20-30 percent of colorectal cancers are caused by hereditary conditions,
leaving the rest of the cases to undetermined origins such as environmental factors like
diet (Haggar & Boushey, 2009).

Dysregulated homeostasis can also result in the development of inflammatory
bowel disease (IBD), which is an umbrella term that contains the two major
inflammatory diseases ulcerative colitis (UC) and Crohn’s disease (CD), and an array of
less common diseases such as microscopic colitis. UC is only present in the colon, while
CD also affects the small intestine.

The incidence and prevalence rates of IBD are not as well-documented as for
cancer, but a 2018 systematic review compared 147 studies and found that the prevalence
of inflammatory bowel disease exceeded 0.3% in North America, Oceania, and many
countries in Europe, with lower rates in other continents. The data shows that the
incidence of inflammatory bowel disease in North America and Europe is stabilizing,
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but that it is rising in newly industrialized countries in Africa, Asia, and South America

with an annual percentage increase of up to 11% for some countries (Ng et al., 2018).

1.2 Homeostasis in the colon

One of the key organs in the human body, for sustaining healthy digestion and regulating
water and salt balance needed for maintaining homeostasis is the large intestine. In
humans, the large intestine begins at the cecum, continues into the colon, rectum, and
ends at the anal canal. The colon is the longest part of the large intestine and it consists
of four segments; the right-sided ascending colon, the transverse colon, the left-sided
descending colon, ending in the sigmoid colon that is connected to the rectum. The colon
is responsible for absorption of water, salts, and some nutrients like vitamins, excreting
ions like potassium chloride and forming a protective cell-sheet that prevents harmful
substances from underlying cells. The cells that line the colon form the colonic
epithelium, which is organized into crypts of Lieberkiihn, small invaginations of the
mucosal surface. The crypts are considered the basic functional units of the colon, and
its cells are responsible for maintaining colonic homeostasis and regeneration of the
epithelium. H® thymidine labelling has shown that the entire colonic crypts, with the
exception of a few stem cells, are renewed every 3-4 days (Lipkin, Bell, & Sherlock,
1963). Diseases of the colon such as inflammatory bowel diseases (IBD) and colon
cancer are often linked to dysregulation of the processes responsible for cell renewal and
differentiation in the crypts. The intestinal homeostasis is usually maintained by a
constant renewal and differentiation of epithelial cells originating from pluripotent
intestinal stem cells at the bottom of the crypts. The stem cells divide and differentiate
into the four major cell types that make up the majority of colonic epithelium cells:
colonocytes, goblet cells, enteroendocrine cells, and the deep crypt secretory cells
(Humphries & Wright, 2008; Sasaki et al., 2016). Colonic crypts are similar to those of

the small intestines, but they contain less diverse subpopulations of cells (H. C. Clevers

6
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& Bevins, 2013). Furthermore, colon epithelium lacks the villus formations present in
the small intestines (Sancho, Batlle, & Clevers, 2004).

Colonocytes

Goblet cell —=

TA cells Lumen

Deep crypt
secretory cells ——

_'

Figure 2 - Schematic representation of a colonic crypt and the level of WNT and BMP, Modified from
(Kosinski et al., 2007; Testa, Pelosi, & Castelli, 2018).

To uphold homeostasis, the differentiated colonic cells must constantly be able to take
up necessary nutrients and support the stem cells, while protecting the epithelium from
luminal bacteria and regulating the hormonal balance of the gut. Colonocytes are the
most abundant cell type in the colon, and their primary function is to absorb nutrients
from the lumen through their microvilli surface and export them basally into the body.
The colon supports a large microbial population which produces a significant amount of
vitamin K and vitamins B, Bs, B7, and By (Thiamine, Niacin, Biotin, and Folate) often
exceeding the amount available from dietary sources and it has been shown that
colonocytes are able to take up these vitamins (Hill, 1997; Said, 2013). The vitamins are

important for host nutrition but especially important for the colonocytes metabolism.
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Goblet cells are responsible for producing the mucus layer of the colon. In the colon, a
viscous inner mucus layer about 200-300 um thick protects the epithelium from contact
with the commensal bacteria, while a less dense outer layer serves natural habitat for the
bacteria. The mucus consists of water and proteins called mucins with attached glycans
that is used as a food source the commensal bacteria that inhabits the outer layer
(Johansson, Larsson, & Hansson, 2011). The thickness of the mucus layer and the
number of bacteria in the colon increases in a proximal-distal direction and under normal
circumstances, it completely blocks direct contact between colonic bacteria and
epithelial cells (Pelaseyed et al., 2014). The main function of the goblet cells is to secrete
“mucin 2, oligomeric mucus/gel-forming” (MUC2), a glycoprotein that is used as a
matrix for forming the mucus layer in cooperation with other mucus forming
components (Pelaseyed et al., 2014). Some of these components are Fc fragment of 1gG
binding protein (FCGBP) which covalently binds and cross-links mucus proteins and
zymogen granule protein 16 (ZG16) which can bind carbohydrates and affect cell
proliferation (Johansson, Thomsson, & Hansson, 2009; Mito et al., 2018).
Enteroendocrine cells comprise only a small minority of about 0.4% of
the overall epithelial cell population within the colonic crypts (Tsubouchi & Leblond,
1979) but still play a role in the gut physiology. Colonic enteroendocrine cells grow
small extensions of the cell aimed towards adjacent epithelial cells and often have
microvilli that extend towards the luminal surface. Common for enteroendocrine cells is
their production of hormones contained in secretory vesicles that can be exocytosed in
response to membrane depolarization caused by neuronal signals (Gunawardene, Corfe,
& Staton, 2011). Colonic enteroendocrine cells appear in three distinct subtypes, the
enterochromaffin, L, or D cells. The enterochromaffin cell type are the most abundant
subtype with about 70% in the proximal colon, falling to 40% in the rectum, while the
absolute number of enteroendocrine cells are almost constant throughout the colon
(Cristina, Lehy, Zeitoun, & Dufougeray, 1978; Sjolund, Sanden, Hakanson, & Sundler,
1983). Enterochromaffin cells secrete 5-HT (Serotonin) that regulates intestinal motility
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and secretion, and appetite. L cells are the second most abundant enteroendocrine cell in
the colon, and their main secretory products are Peptide Y'Y, that suppress appetite and
stimulates colonocytes differentiation, and proglucagon-derived peptides like GLP-1
and GLP-2 that induces the incretin effect or stimulates colonocytes proliferation,
respectively (Gunawardene et al., 2011). Very few D cells are found in the colon, where
they mainly secrete somatostatin that inhibits digestive hormone release and stimulates
peristalsis.

The deep crypt secretory cells are located at the bottom of the colonic
crypts, intermingled with crypt base columnar cells (Figure 2). Both in vivo and ex vivo
colonic organoid experiments revealed that the crypt base columnar cells survival
depends on the presence of the deep crypt secretory cells (Sasaki et al., 2016).
Furthermore, it was found that the deep crypt secretory cells express signal molecules
like Notch ligands and epidermal growth factor similar to the function of the Paneth cells
found in the small intestines, although they do not express Wnt3 ligand as Paneth cells
do. The function of the deep crypt secretory cells seems to correlate well with that of
Paneth cells in the small intestines (Sasaki et al., 2016). In some cases when homeostasis
is dysregulated due to inflammatory diseases or cancers of the colon, regular small
intestine Paneth cells have been found in the ascending colon tissue (Humphries &
Wright, 2008).

The self-renewal of the colonic epithelium is carried out by the intestinal
stem cells residing at the bottom of the colonic crypts. In 2007, it was established that
pluripotent stem cells could be identified using the marker leucine rich repeat containing
G protein-coupled receptor 5 (LGR5) which have later been validated as a bona fide
stem cell marker (Barker & Clevers, 2010; Barker et al., 2007). In the colon the stem
cells are the crypt base columnar cells (CBC) which divide about once a day, producing
progenitor cells referred to as transit-amplifying cells that rapidly divide and differentiate
into the absorptive or secretory cells of the colon epithelium (Biswas et al., 2015). The
colon lacks the second intestinal stem cell population present in the small intestines,
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called the +4 label-retaining cells, which are more quiescent and functions as secretory
cell precursors and as a backup cell pool for damaged tissue (Buczacki et al., 2013).

The homeostasis of the colonic epithelium renewal is controlled by the
signals in the stem cell niche which is the microenvironment surrounding the crypts. The
niche controls cell expansion and proliferation by the fine-tuning of morphogenic signal
molecules along the crypt. Expression analyses of genes in cells from colonic crypts and
bottoms involved in signal pathways have revealed significant differences in expression
of genes in the bone morphogenetic protein (BMP), Notch, and Wnt, signalling pathways
(Figure 2) (Kosinski et al., 2007). It has been shown that the Notch pathway is required
to repress the transcription factor atonal bHLH transcription factor 1 (ATOH1), leading
progenitors to abandon differentiation to the secretory cell fate. The Wnt/B-catenin
signalling has also been connected to the cell fate decision between absorptive and
secretory cells by its interaction with Notch signalling in ATOH1 regulation, by active
Whnt blocking its ubiquitination and degradation, reviewed in (Noah, Donahue, &
Shroyer, 2011). The TGFB superfamily contains the BMP signalling, which
phosphorylates SMAD proteins for signal transduction. BMP represses Wnt signalling
in the colonic stem cell niche, creating a gradient with high Whnt highest at the apical
surface. This gradient is necessary for homeostasis in the stem cell niche, reviewed in
(Biswas et al., 2015; Noah et al., 2011). The canonical Wnt/B-catenin signal pathways
regulate colonic gene expression through enabling accumulation of B-catenin in the
nucleus, which acts as a co-transcription factor or interacts directly with other regulators
(H. Clevers & Nusse, 2012).
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1.3 Gene regulation is essential to maintain homeostasis in the colon

Maintaining homeostasis in the colon depends on the accurate control of cell
proliferation and differentiation, through an integration of both external and internal
signal pathways. The ability to control cell signalling comes from the cells ability to
control the expression of their gene through gene regulation. As all cells in the human
body generally share the same genome, the transcriptional molecular machinery is
utilized to control, modify and differentiate gene expression to fit the needs of specific
cell types or tissues. Transcriptional regulation is the first and one of the most important
steps in controlling the amount of gene product produced in a cell. Controlling gene
expression at the transcriptional level is the mechanism by which cells can limit or block
any transcripts from being produced, saving the cell from expending energy on

subsequent post-transcriptional regulatory mechanisms.

1.3.1 Intestinal gene regulation is controlled by a network of intestinal
transcription factors
Several transcription factors play a major role in regulating gene expression in the
intestine. A network of intestinal transcription factors controls the expression of many
genes important for proper function of the intestine. A key component of the network is
Caudal type homeobox 2 (CDX2), and it also includes other major transcription factors,
such as Caudal type homeobox 1 (CDX1), hepatocyte nuclear factor 1 alpha and 4 alpha
(HNF1A and HNF4A), transcription factor 7 like 2 (TCF7L2), and GATA binding
protein 4 and 6 (GATA4 and GATAG) (Boyd, Bressendorff, Mgller, Olsen, & Troelsen,
2009; Gao, White, & Kaestner, 2009; Olsen, Boyd, Danielsen, & Troelsen, 2012). Some
of these transcription factors are not intestinal-specific, but combined and in conjunction
with intestinal-specific TF’s such as CDX2, intestinal-specific regulation emerges from

they collected unique pattern of regulation. Understanding the role of each transcription
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factor in the network can help gain knowledge of the molecular mechanisms of
homeostasis dysregulation. Due to the complexity of the regulatory networks, we are
still far from a complete understanding of the roles of the intestinal transcription factors
(Figure 3).

Figure 3 — Schematic illustration of the intestinal transcriptional network. CDX2 auto-regulates its own
expression, and the expression of CDX1, HNF1A/B, and HNF4. CDX1, TCF7L2, GATAG, and HNF4A
regulate CDX2 expression.

Animal and cell models have revealed that CDX2 expression is regulated by GATAG,
TCF7L2, and HNF4A synergistically in colon cancer cells (Benahmed et al., 2008; Boyd
et al., 2009). Additionally, it was shown that CDX2 auto-regulates its own expression
through binding to its promoter and to a distal enhancer near the 3’ end of the gene
(Barros et al., 2011; Boyd et al., 2010; Xu, 1999). It has also been shown that CDX2 is
able to regulate the transcription factors HNF4A, HNF1 alpha and beta
(HNF1A/HNF1B), and CDX1 which are major transcription factors for genes in the
intestines and shown to be important for expression of intestine-specific genes and
enterocyte differentiation (Boyd et al., 2010). A clear cooperation has been observed
between CDX2, HNF4A, and GATA4 to maintain intestinal homeostasis by assembling
12
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at tissue-specific cis-regulatory sites. Deficiency in crypt cell replication have been
shown to occur as a result of CDX2 and GATAA4 inactivation in intestinal cells, whereas
inactivating CDX2 and HNF4A impaired maturation and viability of colonocytes (San
Roman, Aronson, Krasinski, Shivdasani, & Verzi, 2015). HNF4A is a key transcription
factor important for homeostasis, cell architecture, and barrier function of the adult
intestinal epithelium (Cattin et al., 2009). HNF4A is highly expressed in the intestines,
but contrary to CDX2, it is also expressed in other tissues (Drewes, Senkel, Holewa, &
Ryffel, 1996). HNF4A is essential for the formation of crypts in the colon and loss of
HNF4A alters the secretory cell lineage in the colon by increasing goblet cell abundance
(Cattin et al., 2009; Garrison et al., 2006). Furthermore, it was shown to have a role in
gluconeogenesis in the colon cells, by inducing the expression of the key enzyme
glucose-6-phosphatase (Gautier-Stein, Zitoun, Lalli, Mithieux, & Rajas, 2006).

In general, transcription factors can be divided into two main groups, the
general transcription factors, and sequence-specific transcription factors. The general
transcription factors make up the basal transcriptional complex, of which the main
enzyme is RNA polymerase Il. RNA polymerase Il and its required general transcription
factors, control DNA unwinding, initiation of transcription, and RNA transcript
elongation (Tupler, Perini, & Green, 2001). Even though the basal transcriptional
machinery is sufficient to enable gene transcription, the gene-specific control that
maintains intestinal homeostasis are exerted by the sequence-specific transcription
factors through their binding to regulatory elements such as promoters, enhancers,
silencers and insulators, reviewed in (Chatterjee & Ahituv, 2017; Naar, Lemon, & Tjian,
2001).

Sequence-specific transcription factors are divided into distinct families
defined by the type of DNA domains they contain, and several major families have been
identified and characterized. The two largest families are the zinc finger proteins and the
homeodomain transcription factors (Tupler et al., 2001). One characteristic of the zinc
finger family is their dependence on zinc-atoms, which when bound mediate the
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conformation of the proteins needed for the binding to the DNA. Zinc finger proteins
recognize relatively long (20-40 bp) DNA sequences compared to most other
transcription factors (Fedotova, Bonchuk, Mogila, & Georgiev, 2017). Homeodomains
consist of approximately 60 amino acids which are folded into a structure closely related
to a helix-turn-helix motif often found in prokaryotes (Mitchell & Tjian, 1989). They
vary significantly in sequence composition within the family but still exhibit nearly
identical DNA docking (Noyes et al., 2008). Some transcription factors contain several
types of binding domains, increasing the number of sequences they can bind to on the
DNA. Furthermore, there is a great similarity in the sequence recognition of different
transcription factor domains, which enables them to bind to the same DNA sequences
(Tupler et al., 2001).

Some intestinal sequence-specific TFs are able to affect gene regulation
indirectly by changing the chromatin structure. Remodelling of the chromatin structure
is important for eukaryotic gene regulation because it can limit the access of both
sequence-specific transcription factors and the basal transcriptional machinery to the
DNA. The structure can either be as condensed and transcriptionally inert
heterochromatin or as open and transcriptionally active euchromatin, depending on the
post-translational modified nucleosomes (Reddy, Park, & Natarajan, 2012). The histone
code is the pattern of modifications that include hyper and hypo-methylation and
acetylation as well as phosphorylation, ubiquitination, and sumoylation (Jenuwein &
Allis, 2001; Saksouk, Simboeck, & Dejardin, 2015).

Research into gene regulation by sequence-specific transcription factors
is often performed by investigating the direct DNA binding and subsequent effect of the
transcription factor on attracting the basal transcriptional machinery. However, general
co-activators that modify chromatin availability also exerts significant regulatory
activity. One example of this is the indirect effect of CDX2’s and HNF4A’s corporation
with E1A binding protein p300 (EP300), a histone acetyltransferase that regulates basal
gene transcription via chromatin remodelling. EP300 binding sites have been identified
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as overlapping with both CDX2 and HNF4a binding sites in ChIP-Seq experiments
(Boyd et al., 2010; Rosenbloom et al., 2013; Verzi et al., 2010). This co-localization
might suggest that EP300 is able to bind to CDX2, which would demonstrate another
layer of complexity to the regulation of intestinal gene expression (Hussain & Habener,
1999). Furthermore, the chromatin structure can be affected by the simultaneous binding
of multiple TFs in the same region. In eukaryotic cells, the DNA-binding domains of
transcription factors typically recognize relatively short sequences that are clustered
closely together on the genome (Wunderlich & Mirny, 2009). Many of these sequences
contain multiple TF binding sites in stretches of DNA with an open chromatin structure
often found in promoters and enhancers. It has been shown that the association of TFs at
promoters or enhancers stabilizes the DNA-protein interactions of other TFs in the
vicinity (Panne, 2008). With these many types of regulatory mechanisms in mind, it
becomes clear that we need a very detailed understanding of the transcription factors
interactions to make predictions and interventions that affect the general homeostasis of
the colonic epithelium.

1.4 Biological role of proteins and genes investigated in this thesis

The following sections will highlight the role and the characteristics of the proteins that
are investigated in this thesis. The main protein of interest for our investigation of the
colonic homeostasis is CDX2 due to its key role. Additionally, the transcriptional co-

activator YAP1 and the potential transcription factor IL-33 were studied.

141 CDX2

CDX2 is an intestinal-specific transcription factor expressed in the small intestine and
the colon epithelium of adult mammals (James & Kazenwadel, 1991; Silberg, Swain,
Suh, & Traber, 2000). CDX2 is a 313 amino acid homeobox transcription factor
containing a TAD (Rings et al., 2001) and a homeodomain for DNA binding (Figure 4).
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Figure 4 — Structure of isoform 1 (NP_001256.3) of the human CDX2 protein. TAD: Transactivation
domain; HD: homeodomain. Numbers represent the position of functional domains in the 313 aa long
protein.

CDX2, which is a key part of the intestinal transcription factor network, is a sequence-
specific transcription factor, which binds to distinct sequences on the DNA, and
modulates the ability of the general transcription factors to bind and initiate mMRNA
transcription. Sequence-specific transcription factors mediate regulation through
interactions between DNA binding domain(s) to the regulatory sequences of the DNA
while TAD(s) or effector domain(s) mediate binding to other proteins (Mitchell & Tjian,
1989). The DNA binding domain gives the transcription factor its specificity while the
TAD is essential to the TFs ability to activate or repress gene expression by indirect or
direct interaction with other transcription factors (Mitchell & Tjian, 1989; Naar et al.,
2001). Sequence-specific transcription factors are modular in their nature and can build
large protein complexes able to fine-tune gene expression, through the use of the TAD
(Frietze & Farnham, 2011). In general, the types of interactions that the TAD mediates
can be divided into at least three groups: interaction with the basal transcriptional
machinery and its co-factors, other sequence-specific TFs, or chromatin modifying
enzymes, reviewed in (Frietze & Farnham, 2011).

In early embryonic stages, CDX2 is expressed together with two other
homeobox transcription factors from the caudal family, CDX1, and CDX4, but
throughout adult life, only CDX1 and CDX2 persist (Benahmed et al., 2008). An
expression gradient is formed in the crypt-villus axis during development, with CDX2
primarily in the villus and CDX1 in the crypts (Silberg et al., 2000). In adults, CDX1
and CDX2 are expressed in the intestinal epithelium in all cells along the crypt-villus
axis (James & Kazenwadel, 1991). The CDX2 expression is limited to the intestines,
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partly by the utilization of promoter switching (Benahmed et al., 2008). Furthermore,
CDX1 s believed to be fine-tuning the activity of CDX2 but was found to be dispensable
for normal intestinal development as long as CDX2 is present (Bonhomme et al., 2008;
Olsen et al., 2012).

1.4.1.1 The main role of CDX2

The importance of CDX2 in the intestinal tissue mainly lies in its ability to regulate
expression of genes specific to the intestines or to modulate expression of widely
expressed genes adding an intestinal regulatory dimension to the expression of such
genes. CDX2 regulates several intestinal genes important for the intestinal function,
including membrane-spanning transport proteins, enzymes involved in metabolism, and
transcription factors (Figure 5). CDX2 also regulates a wide array of genes that are not
intestinal-specific.

An essential function of the intestine is the transport and breakdown of
nutrients from the lumen, often carried out by active transporters and enzymes. CDX2
regulates expression of guanylate cyclase 2C (GUCY2C), a key receptor for heat-stable
enterotoxins and important for colon cell proliferation and tumorigenesis, and Cadherin
17 (CDH17) which mediates intestinal cell-cell adhesion (Basu, Saha, Khan,
Ramachandra, & Visweswariah, 2014; Di Guglielmo, Park, Schulz, & Waldman, 2001;
Hinoi et al., 2002). CDX2 also regulates meprin A subunit alpha (MEP1A) which is an
enzyme that breaks down peptides and proteins and plays a role in inflammatory bowel
disease and colon cancer, and hephaestin (HEPH) which main function is the transport
of dietary iron from intestinal epithelial cells into the circulatory system (Boyd et al.,
2010; Coskun et al., 2012; Hinoi et al., 2005).

CDX2 also regulates genes involved in digestive processes that break
down nutrients so they can be taken up by intestinal cells. One example is the lactase
(LCT) gene, which codes for an enzyme responsible for the breakdown of lactose to
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simpler sugars that can be taken up by the intestinal cells (Mitchelmore, Troelsen,
Spodsberg, Sjostrom, & Norén, 2000; Troelsen et al., 1997).

The importance of CDX2 for the integrity and morphology of the
intestinal lining is well defined since dysregulation of CDX2 leads to loss of the cells
intestinal identity, failure of differentiation, and cell migration issues. These phenotypic
traits might be a consequence of dysregulation of CDX2 target genes such as those that
code for structural proteins. It was shown that CDX2 regulates cadherin related family
member 5 (CDHR5) a Ca2+-dependent cell-cell adhesion molecule with an important
role in brush border assembly in the intestinal epithelium (Hinkel et al., 2012). Other
examples include Claudin 1-4 (CLDN1-4), that are integral membrane proteins found
exclusively at tight junctions, or the extracellular matrix glycoprotein laminin subunit
gamma 2 (LAMC2), that is important for cell migration and is considered a molecular
marker of invading cancer cells (Bhat et al., 2012; Coskun et al., 2017). Another
important protein involved in cell migration and morphology forming is engulfment and
cell motility 3 (ELMO3) which might be important for villus formation in intestinal cells
(Coskun, Boyd, Olsen, & Troelsen, 2010). Additionally, several genes in the Wnt/p-
catenin degradation complex was found to be regulated by CDX2. The genes are APC,
WNT signalling pathway regulator (APC), glycogen synthase kinase 3 beta (GSK3B),
and axin 2 (AXIN2), all with essential functions in the intestinal epithelium (Coskun et
al., 2014).

CDX2 can be regulated by post-transcriptional regulation, in the form of
phosphorylation of the protein at specific amino acids. Mitogen-activated protein kinase
(MAPK) mediates serine 60 phosphorylation of CDX2 in proliferating intestinal cells,
leading to a decreased transactivation ability and spatial relocation of CDX2 whereas
differentiating cells remain largely unphosphorylated (Rings et al., 2001). However,
CDX2 phosphorylation by the MAPK family member p38 increases the transactivation
ability of CDX2 during cell differentiation (Houde et al., 2001). A third example of
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phosphorylation is cyclin-dependent kinase 2 mediated Ser-281 phosphorylation, which
leads to poly-ubiquitination and degradation of CDX2 (Boulanger et al., 2005).
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Figure 5 — Schematic illustration of the function of CDX2 in intestinal cells. Some functions are affected by
CDX2 and cooperating transcription factor(s). Arrows point to genes that CDX2 regulates, and text along
the arrows are the function affected by the particular gene. When a function is affected by a lack of a
particular gene, an X blocks the line between them. A black box indicates an inhibition of the function.

1.4.1.2 Non-transcriptional actions of CDX2

Even though the main role of CDX2 is transcriptional regulation of genes important for
intestinal actions, several studies have identified non-transcriptional mechanisms of
CDX2 that are independent of DNA binding and transactivation. One study showed that
CDX2 plays a role in the cell cycle by blocking ubiquitination of CDK inhibitor p27Xi2,
thus stabilizing it and inhibiting cell cycle progression. This effect had been evident even
in mutated CDX2 DNA binding domains, showing that CDX2 also exerts non-
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transcriptional actions (Aoki et al., 2011). This is in agreement with another study’s
findings that CDX2 with a mutated homeodomain was able to bind to f-catenin, a key
component of the Wnt signalling pathway. This blocked [3-catenin’s association with the
transcription factor TCF7L2 and inhibited Wnt signalling by blocking transcription
(Guo, Funakoshi, Lee, Kong, & Lynch, 2010). Similarly, it was found that CDX2
intercepts and binds the P65 subunit of the NF-xB pathway in the nucleus, thus inhibiting
the expression of prostaglandin-endoperoxide synthase 2 (PTGS2) which is
overexpressed in colorectal cancers (S. P. Kim et al., 2004; Mutoh, Hayakawa,
Sakamoto, & Sugano, 2007). Another study found that a splice-variant of CDX2 lacking
the first helix in its DNA binding domain, was able to modulate the splicing patterns of
genes expressed in the gut (Witek et al., 2014).

Furthermore, CDX2 was also shown to play a non-transcriptional role in DNA-
repair. CDX2 lacking the transactivation domain was able to decrease the activity of
protein kinase, DNA-activated, catalytic polypeptide (PRKDC) which is a kinase that
facilitates the repair of DNA damage in colon cancer cells (Renouf et al., 2012).
Interestingly, a study looking at colon cancer metastasis found that CDX2 expression
was found to highly correlate with expression of mismatch repair enzymes and suggested
that CDX2 might be involved in the loss of repair function in the cancer cells (Toth et
al., 2018).

1.4.1.3 The role of CDX2 in development and maintenance of the intestinal

epithelium

CDX2 is essential in the development and maintenance of intestinal tissue and loss of
CDX2 leads to the epithelium losing its intestinal identity (Hryniuk, Grainger, Savory,
& Lohnes, 2012; Silberg et al., 2000; Suh & Traber, 1996; Verzi et al., 2010). The role
of CDX2 in embryonic development has been demonstrated by several studies using
Cdx2 knockout mice. One study found that double allele Cdx2 knockout caused death
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of embryos 3.5 days post coitum, which is the time that Cdx2 is normally expressed in
the trophectoderm. Furthermore, in this study, it was demonstrated that heterozygous
mutants exhibit stunted growth and develop intestinal cancers (Chawengsaksophak,
James, Hammond, Kéntgen, & Beck, 1997).

A study using conditional intestinal Cdx2 knockout mice showed that the lack
of Cdx2 resulted in the dysregulation of pro-intestinal transcription factors Cdx1, Hnf1a,
and Hnf4a, and caused intestinal epithelium to be replaced by keratinocytes (Gao et al.,
2009). In an in-vitro intestinal organoid model, it was found that ablation of CDX2 leads
to the development of gastric-like tissue lacking intestine-specific enzymes (Simmini et
al., 2014). The importance of CDX2 in the initiation of cell differentiation is clearly seen
in a study where CDX2 was overexpressed in the intestinal cell line (IEC-6), which
caused an arrest of proliferation and initialization of differentiation (Suh & Traber,
1996). Furthermore, other in vitro studies have shown that CDX2 is important for
determining the developmental fate of trophectoderm differentiation (Niwa et al., 2005;
Ralston & Rossant, 2008).

1.4.1.4 Clinical relevance of CDX2

Apart from its role in controlling and maintaining intestinal development, CDX2 is also
believed to act as a tumour suppressor in colorectal cancers. One study showed that mice
with a decreased Cdx2 expression due to knockout of one allele of Cdx2 were more
susceptible to develop malignant tumours in the colon then treated with a DNA mutagen
(Bonhomme et al., 2003). In another study using heterogeneous knockout mice and
intestinal cells lines, it was shown that lower CDX2 levels caused chromosomal
aberrations and development of adenomatous polyps (Aoki, Tamai, Horiike, Oshima, &
Taketo, 2003).
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Immunostaining of colorectal adenocarcinomas from patients revealed that late-
stage tumours were more likely to have lost CDX2 expression than early-stage tumours,
thus revealing an inverse correlation between tumour progression and CDX2 expression.
Furthermore, colorectal tumours with a low grade of differentiation showed a higher
level of CDX2 than highly differentiated tumours (Bakaris, Cetinkaya, Ezberci, &
Ekerbicer, 2008; Choi et al., 2006). Recently, CDX2 was identified as a prognostic
biomarker in stage Il and stage Il colon cancer. The authors revealed that CDX2
negative tumours were correlated with a lower 5-year survival rate (Dalerba et al., 2016).
In contrast to the evidence for CDX2 as a tumour suppressor, one study concluded that
CDX2 is a lineage-survival oncogene in colorectal cancers and that data from the widely
used mice models might not translate to humans (Salari et al., 2012).

CDX2 have been shown to interact with the well-established inflammatory
signalling pathway Wnt and with the multifunctional proinflammatory cytokine “tumour
necrosis factor” (TNF) (Coskun, 2014). The role of CDX2 in inflammation is still poorly
understood, but studies involving mice and fruit flies have linked dysregulated CDX2
levels to increased intestinal permeability and pathogenic changes in the intestinal
microbiome (Calon et al., 2007; Ryu et al., 2008). Several genes that are involved in the

development of IBD are also regulated by CDX2, reviewed in (Coskun, 2014).

142 YAP1L

Yes-associated protein 1 (YAP1), is a key transcriptional co-activator and a main
downstream effector protein in the Hippo signalling pathway. The Hippo pathway is
important for regulation of organ size, tissue homeostasis, and tumorigenesis (B. Zhao,
Li, & Guan, 2010; Bin Zhao, Li, Lei, & Guan, 2010). This pathway regulates the switch
between cell proliferation and differentiation (Pan, 2010; Bin Zhao et al., 2010). Both
extra- and intracellular growth signals are relayed through the Hippo phosphorylation

kinase cascade that terminates in the inactivation YAP1.
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Of the eight different detected isoforms of YAP1, isoform 1 is commonly
used in the literature and referred to as the consensus sequence. It is 504 amino acids and
contains several conserved domains, like two WW domains that mediate protein-protein
interactions, a transactivation domain, and a TEAD binding domain that can bind to the
transcription factor TEAD4 (Chen et al., 1997; Li et al., 2010). These domains are
responsible for the activity of YAP1, by regulating its shuttling to and from the nucleus
(Attisano & Wrana, 2013; Imajo, Miyatake, limura, Miyamoto, & Nishida, 2012). The
function of YAP1 is thus highly regulated through phosphorylation of specific amino
acids. This can result in spatial control, but also inactivation or degradation of YAPL.
However, the main role of YAPL1 as a transcriptional co-activator is performed when it
accesses the nucleus to regulate gene expression with other transcription factors.
Transcriptional activators that do not bind DNA are called co-activators and are further
divided into either the gene-specific or the “true” co-activators. YAPL1 is a gene-specific
co-activator. “True” co-activators regulate gene expression in a more general fashion
like the chromatin remodeling done by EP300 (Ma, 2011).

YAP1 regulates the expression of many genes involved in proliferation,
adhesion, migration and the extracellular matrix organization, mainly through its
cooperation with the transcription factor TEA domain family members (TEAD) (Lian
et al., 2010; Stein et al., 2015). YAPL is ubiquitously expressed and is found in a
relatively medium expression level in the colon (Uhlen et al., 2015). As a key
proliferation regulator, YAP1 has unsurprisingly been linked to cancer progression.
Dysregulation of YAP1 is a significant factor in the development of colorectal cancers
(Liang, Zhou, Zhang, Li, & Zhang, 2014; Steinhardt et al., 2008; Tschaharganeh et al.,
2013). It has also been shown that overexpression of nuclear YAPL in colorectal cancer
tumours correlates with a poor prognosis in patients, but also that controlled YAPL
expression is necessary for colonic tissue repair and remodelling (Yui et al., 2018;
Zygulska, Krzemieniecki, & Pierzchalski, 2017)
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Not much is known about the transcriptional regulation of YAP1 specifically in
colon cells, but one study showed that the transcription factor SOX2 is an activator of
YAP1 expression in osteoprogenitor cells (Seo et al., 2013). Additionally, the
transcription factors ERG, ETS transcription factor (ERG) and TEAD4 was
demonstrated to increase YAP1 expression through increasing acetylation of its promoter

in prostate tumors (Nguyen et al., 2015).

143 IL-33

Interleukin (IL)-33 is a member of the IL-1 family of cytokines and is constitutively
expressed in most cell types, including a relatively high expression in the intestines
(Baekkevold et al., 2003; Moussion, Ortega, & Girard, 2008). It is synthesized as a full-
length 30 kDa bioactive peptide and is typically located in the nucleus (Talabot-Ayer,
Lamacchia, Gabay, & Palmer, 2009). IL-33 can be released from cells as an “alarmin”
that amplifies immune responses following necrosis or damage caused by stress
conditions such as injury, infections, and inflammation (Cayrol & Girard, 2014; Martin
& Martin, 2016). Other cells can sense this alarm signal through a heterodimeric receptor
complex comprising the co-receptor IL-1 receptor accessory protein (IL-1RACcP) and the
transmembrane receptor suppressor of tumorigenicity 2 (ST2) and (Lingel et al., 2009)
IL-33s regulation of gene expression is a less studied function. The full-length protein
was revealed to bind to chromatin and negatively regulate transcription through a
chromatin-binding motif (Carriere et al., 2007; Roussel, Erard, Cayrol, & Girard, 2008).
The combined cytokine and gene regulatory properties of IL-33 account
for its important role for diseases of the colon. There is evidence that IL-33 has both a
protective and pathogenic role in IBD, most likely by its interaction with the surrounding
immune cells in the colon. A study on experimentally induced chronic colitis in mice
has reported on a protective role of IL-33 during treatment, by its ability to decrease

inflammation and shift Thl-directed cytokine responses toward a Th2-like pattern
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(Grobeta, Doser, Falk, Obermeier, & Hofmann, 2012). Another DSS induced mice study
has found that acute colitis was aggravated by the increase in pro-inflammatory
cytokines in colon lymphocytes (Zhu et al., 2015). Several other studies report that IL-
33 is involved in both acute and chronic colitis and colonic inflammation (Imaeda et al.,
2011; Oboki et al., 2010; Pushparaj et al., 2013; Sedhom et al., 2013). Additionally, IL-
33 was found upregulated in UC (Kobori et al., 2010; Seidelin et al., 2010). The role of
IL-33 in IBD is still debated, for review see (Braun, Afonina, Mueller, & Beyaert, 2018).
However, population-based cohort studies have found that patients suffering from IBD
have an increased risk of developing colorectal carcinomas (Ekbom, Helmick, Zack, &
Adami, 1990; Jess, Gamborg, Matzen, Munkholm, & Sorensen, 2005). Elevated
expression levels of I1L-33 has been detected in tumour tissues of CRC patients and in
low-differentiated human CRC cells (Liu et al., 2014). Both protective and pathogenic
roles of IL-33 have been suggested, but similar to the case with IBD, the role of IL-33
in CRC is still not very well described, for review see (Wasmer & Krebs, 2016).
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1.5 Genetic modification as a tool for investigating gene expression

Genetic modification has been a useful tool for studying gene function in eukaryotic
cells since the early 1970’s. At first, gene modification was achieved by random
mutagenesis, making researches able to investigate outcomes on phenotype and cell fate
from gene abrogation caused by random mutations (Goth & Rajewsky, 1972). Through
the 1980s a technique termed gene targeting was introduced, using homologous
recombination to created designed genomic modifications at specific locations
(Capecchi, 2005). This method relied on the ability of the cellular machinery to insert an
artificially introduced DNA molecule into its genome by homologous recombination.
The initial limitation of this method was the extremely low efficiency of homologous
recombination in eukaryotic cells (J. S. Kim, 2016). In 1988, it was discovered that
introducing double-strand breaks in the genome led to a significantly increased
efficiency of homologous recombination (Rudin & Haber, 1988). This discovery led to
one of the first demonstrations of highly efficient targeted gene modification in
mammalian cells in 1994, where researchers expressed a meganuclease in mouse 3T3
cells containing its specific 18bp recognition domain. This introduced double-strand
breaks at the recognition sites, which were subsequently repaired by the cells by either
non-homologous end joining (NHEJ) or by homologous recombination when a donor
template was present (Rouet, Smih, & Jasin, 1994). The NHEJ pathway can generate
gene knockouts by inserting random repair sequence into break sites thus introducing
nonsense mutations. Using meganucleases conferred a very specific recognition through
their relatively long recognition sites, but they were not easily programmable and thus
not suitable for many genome-editing purposes (Epinat et al., 2003).

At the beginning of the 1990s, researchers found a way to separate the
DNA-binding domain and DNA-cutting nuclease domain from the restriction enzyme
FoKI and showed that it was possible to combine these into novel sequence-specific
endonucleases (Y. G. Kim & Chandrasegaran, 1994). A few years later zinc-finger
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nucleases (ZFNs) were created by fusing the Fokl nuclease domain to zinc-finger
proteins, which are proteins containing at least three zinc-finger domains each
interacting with up to 3 bp (Y. G. Kim, Cha, & Chandrasegaran, 1996). This makes them
able to recognize relatively specific DNA sequences 18-36 bp long. ZFNs were used to
modify human cells for the first time in 2003 and was widely used for several years
despite some challenges with off-target effects and cytotoxicity (J. S. Kim, 2016; Porteus
& Baltimore, 2003). ZFN’s have been used to generate small deletions and insertions
interrupting the reading frames of genes by taking advantage of the NHEJ repair pathway
or to correct SNPs or insert whole genes using the HDR (Figure 6) (Smith, Deloukas, &
Munroe, 2018).

The problem of cytotoxicity observed when using ZFNs was decreased
by the introduction of a new type of chimeric proteins called transcription-activator-like
effector nucleases (TALENS) in 2011 (Miller et al., 2011). TALENS are constructed by
fusing several repeat domains of 33-35 amino acids from in the transcriptional activators
of plant genes, each able to specifically bind one target base (Miller et al., 2011). Both
ZFNs and TALENs have been extensively used for gene editing due to their high
specificity and ability to be reprogrammed. However, constructing the nucleases for new
targets is costly and heavily time-consuming, involving several cloning, purification, and
testing steps for each target sequence. This is one of the reasons why they are starting to
be replaced by a new gene editing method called the CRISPR/Cas9 system, short for
Clustered regularly interspaced short palindromic repeats/CRISPR-associated 9. The
CRISPR/Cas9 system is derived from bacteria, and in general the method consists of
cutting DNA by incorporating a short guide RNA (gRNA) into the endonuclease Cas9
that subsequently guides Cas9 to the complementary DNA strand where it generates a
double-stranded break (Gasiunas, Barrangou, Horvath, & Siksnys, 2012; Horvath &
Barrangou, 2010; Wiedenheft, Sternberg, & Doudna, 2012). CRISPR/Cas9 has been
utilized for eukaryote genome editing purposes in a variety of ways since 2013 (Cong et
al., 2013). In recent years the method have seen significant improvements, such as the
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development of modified or alternative endonucleases. Some of these are being designed
to reduce off-target effects or to be able to activate or repress gene expression (Gilbert
et al., 2013; Jinek et al., 2012; Maeder et al., 2013; Qi et al., 2013). Many types of
modifications to endonucleases, gRNA sequences and the bioinformatics tools to detect
targets and design gRNA are currently under development, for reviews see (Brooks &
Gaj, 2018; Wilson, O'Brien, & Bauer, 2018; Wu, Lebbink, Kanaar, Geijsen, & van der
Oost, 2018). Even with the advances of CRISPR based techniques, there is still great
applicability of the established gene editing methods utilizing ZFNs and TALENS.
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Figure 6 — Schematic representation of the Zinc-finger nuclease editing of genes and its applications. ZFNs
bind to and cuts the DNA, that is then repaired by the cells by either Non-homologous End Joining (NHEJ)
or Homologous-Directed Repair (HDR), modified from (Chou, Leng, & Mixson, 2012).

1.6 Identifying gene regulatory regions and target genes regulated by
transcription factors

An array of methods have become crucial tools to identify and analyse the regulation

and function of target genes in human cells. Usually, these include identification of gene

regulatory elements or regions containing i.e. promoters and enhancers in the genome

and determining what TFs binds to the regions. Often genome-wide scale assays, such
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as DNase sequencing (DNase-seq), sequencing of chromatin immunoprecipitated DNA
(ChIP-Seq), or RNA expression profiling with microarray or sequencing (RNA-Seq) are

employed for this purpose.

1.6.1 RNA-Seq

RNA-Seq is a powerful tool to investigate the transcriptome, which is the complete set
of RNA transcripts in a cell, and their quantity, at a specific time point (Figure 7). RNA-
Seq enables high-throughput detection of gene expression on a whole genome level. The
method consists of purifying RNA transcripts of interest, converting them to cDNA and
attaching specific adapters, sequencing using next-generation sequencing methods,
followed by bioinformatic analysis (Wang, Gerstein, & Snyder, 2009). Depending on
the research question in focus, each of these steps can be performed vastly different.
When searching for target genes for a particular transcription factor, like CDX2, the first
step would be a purification of RNA that includes the mRNA from cells with and without
CDX2. By determining the sequence of the transcripts, they can be mapped to the human
genome and compared. Target genes can then be detected by searching for genes with
different quantities of mapped transcripts in the two cell populations. The results of
RNA-Seq experiments are often reported in Reads Per Kilobase Million (RPKM),
Fragments Per Kilobase Million (FPKM) or Transcripts Per Kilobase Million (TPM).
These metrics attempt to normalize for sequencing depth and gene length. To calculate
RPKM first reads are normalized for sequencing depth by counting the total reads in a
sample and dividing by 1 million, then this number is divided by the length of the gene
in kilobases.
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1.6.2 DNase-Seq

DNase-Seq identifies functional regulatory regions by detecting an open chromatin
structure, but it is unable to ascertain whether the elements are promoters, enhancers,
silencers, or insulators (Figure 7). In short, the assay works by exposing native DNA to
DNase that will only digest accessible chromatin, followed by sequencing and mapping
of the resulting DNA fragments by massive parallel sequencing and bioinformatics
(Song & Crawford, 2010).

1.6.3 Chip-Seq

Chip-Seq is a more targeted approach than DNase-Seq that can be used to identify gene
regulatory regions by the sequencing of DNA that has been co-precipitated with
antibodies recognizing specific TFs (Figure 7). This approach can also be used to infer
the function of the regulatory regions by detecting histone marks correlating to known
functions. The first step in the Chlp-Seq method is cross-linking DNA-bound proteins
to the DNA using formaldehyde, after which the DNA is extracted and fragmented. The
fragments are then incubated with antibodies and the resulting immunoprecipitations are
affinity purified and eluted. Cross-links are reverted while RNA and proteins are
digested, and the resulting DNA purified and sequenced.

An example of an often-used ChIP-Seq analysis is the detection of active
promoters by the identification of regions with increased methylation of Lys4 of histone
H3 (H3K4mel) and H3K27Ac modifications simultaneously, whereas closed or inactive
enhancers is identified by lack of H3K27Ac and high levels of H3K4mel modifications
(Bernstein et al., 2005; Creyghton et al., 2010; Rada-lglesias et al., 2011). The
transcriptional regulator “CCCTC-binding factor” (CTCF) is able to bind insulator
elements, thus regions containing CTCF binding sites and/or H3K9mel and

H3K4me1/2/3 histone modifications indicate insulator elements that separate regulatory
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regions (Barski et al., 2007). Silenced regions were strongly correlated with
H3K27me2/3 and moderately correlated with H3K9me2/3 modification (Barski et al.,

2007).
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Figure 7 — Schematic overview of the RNA-Seq (left), DNase-Seq (right top), and ChIP-Seq (right, bottom)
methods. In RNA-Seq, extracted RNA is enriched for the specific RNA species of interest by for example
size-selection, Poly-A selection or depletion of ribosomal RNA. The RNA is converted to cDNA with attached
adapters, and sequenced. DNase-Seq and ChlP-Seq is carried out by fixating the chromatin structure
including DNA-bound proteins. In DNase-Seq, the chromatin is then digested by DNase I, and the protected
DNA sequences are isolated and sequenced. In Chip-Seq, antibodies specific for the protein of interest are
used to isolate protein-bound DNA. This DNA is then fragmented and sequenced, modified from (Chatterjee

& Ahituv, 2017; Kukurba & Montgomery, 2015)
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2 Results/Manuscripts

This section contains the three papers included in the thesis:

e Paper I: HNF4a and CDX2 regulate YAP1 promoter activity in intestinal cell
lines

o Paper I1: CDX2 regulates interleukin-33 gene expression in intestinal
epithelial cell lines

e Paper Il1: Precise integration of inducible transcriptional elements (PrlITE)

enables absolute control of gene expression
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2.1 Paper | HNF4a and CDX2 regulate YAP1 promoter activity in
intestinal cell lines

Svlvester Larsen'?, Johanne Davidsen®?, Katja Dahlgaard?, Ole B. Pedersen?, and

Jesper T. Troelsen”

!Department of Science and Environment, Roskilde University, Universitetsvej 1, 4000
Roskilde, Denmark; 2Department of Clinical Immunology, Nestved Hospital, Ringstedgade
77B, 4700 Neestved, Denmark. *Department of Surgery, Center for Surgical Science, Zealand
University Hospital, Lykkebeaekvej 1, 4600, Kage, Denmark

Manuscript is submitted to The Journal of Cellular Biochemistry

The aim of the study:

The aim of paper | was to investigate the role of CDX2 and HNF4a in regulating YAP1
gene expression in colorectal cancer cell lines. The interest in YAP1 as a CDX2 target
gene was due to YAP1’s role as a key modulator of the Hippo signalling pathway that
is involved in colonic tissue repair and cancer development, in part, by its modulation
of cell proliferation. The chromatin landscape of the YAP1 gene was analyzed for
potential CDX2 and HNF4a binding sites in the promoter and intragenic regulatory
elements. The aim was to elucidate the function of the identified regulatory elements
and their ability to regulate YAP1 expression through interaction with both CDX2 and
HNF4a. This was done, partly, by the use of the cell model developed in paper IlI,
where a colonic epithelial cell line lacking CDX2, but made CDX2 inducible in

response to doxycycline was generated.

Key findings:
e Chromatin analysis and functional promoter assays revealed a previously
unknown enhancer of the YAP1 promoter activity in the YAP1 gene, with

importance for high expression levels in intestinal epithelial cells.
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Two potential CDX2 and one HNF4a binding sites were identified in the
enhancer by in-silico transcription factor binding site analysis and protein-
DNA binding was confirmed in vitro using electrophoretic mobility shift assay
Western blot analysis of CDX2 inducible colon cancer epithelial cells
developed in paper 111, demonstrated that CDX2 increases the expression of
YAPL1 protein.

CDX2 and HNF4a binding is important for the YAP1 enhancer activity in

intestinal epithelial cells.
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ABSTRACT

The Hippo pathway is
important for tissue homeostasis,
regulation of organ size and growth in
most tissues. The co-transcription
factor Yes-associated protein 1
(YAP1) serves as a main downstream
effector of the Hippo pathway and its
dysregulation increases  cancer
development and blocks colonic tissue
repair. Nevertheless, little is known
about the transcriptional regulation of
YAPL in intestinal cells.

Bioinformatic  analysis  of
CDX2 and HNF40 chromatin
immunoprecipitated DNA  from

differentiated Caco-2 cells revealed a
potential intragenic enhancer in the
YAP1 gene. Transfection of luciferase-
expressing YAP1 promoter reporter
constructs containing the potential
enhancer region validated that it is a
potent enhancer of YAP1 promoter
activity in Caco-2 cells. Two potential
CDX2 and one HNF4o binding sites
were identified in the enhancer by in-
silico transcription factor binding site
analysis and protein-DNA binding
was confirmed in vitro using
electrophoretic mobility shift assay. It
was found by chromatin
immunoprecipitation experiments that
CDX2 and HNF4a bind to the YAP1
enhancer in Caco-2 cells. Finally,
western blot analysis of CDX2
inducible LS174TCde s cells
demonstrated that CDX2 increases the
expression of YAP1 protein.

These  results reveal a
previously unknown enhancer of the
YAP1 promoter activity in the YAP1
gene, with importance for high

expression  levels in intestinal
epithelial cells. Additionally, CDX2
and HNF4a binding are important for
the YAP1 enhancer activity in
intestinal epithelial cells.

Introduction

The Hippo pathway is a
signaling pathway that is important for
tissue homeostasis, regulation of
organ size and tumorigenesis (Zhao et
al., 2010b, Zhao et al., 2010a). It acts
as a switch between proliferation and
differentiation (Zhao et al., 2010b,
Pan, 2010). Extra- and intracellular
growth signals are relayed through the
Hippo phosphorylation kinase cascade
that inactivates the two downstream
effectors Yes-associated protein 1
(YAP1) and Transcriptional co-
activator with PDZ-binding motif
(TAZ). YAPL is a co-transcription
factor that works closely with the
transcription factor TEA domain
family members (TEAD) to regulate
the expression of many genes,
especially those important  for
proliferation, adhesion, migration and
the extracellular matrix organization
(Lian et al., 2010, Stein et al., 2015).
YAP1 is expressed in all human
tissues, with a relatively medium
expression in the intestinal tissue
(Uhlen et al., 2015).

The activity of YAP1 is affected
by  protein-protein interactions,
phosphorylation, and re-localization
of YAP1. However little is known
about the regulation of YAP1 on the
transcriptional level. SOX2 has been
shown to be a direct transcriptional
regulator of YAP1 in osteoprogenitor



cells, where SOX2 activates
transcription of YAP1 without being
essential for YAPL1 expression (Seo et
al., 2013). A study in hepatocellular
carcinoma  cells showed that
knockdown of the heparan sulfate
proteoglycan Glypican-3 decreased
YAP1 expression (Miao et al., 2013).
Both ERG, ETS transcription factor
(ERG) and TEA Domain
Transcription Factor 4 (TEADA4) can
interact with the YAP1 promoter and
increase  H3KO9/14Ac  acetylation
which leads to increased YAP1
expression in prostate tumors (Nguyen
etal., 2015). Furthermore, methylation
of the YAP1 promoter in polycystic
ovary syndrome (PCOS) was also
shown to increase YAP1 protein levels
(Jiang et al., 2017).

As typical for key regulators of
proliferation, YAP1 has been linked to
cancer progression. Several studies
show that dysregulation of YAPL is
important in the development of
colorectal cancers (Tschaharganeh et
al., 2013, Liang et al., 2014, Steinhardt
et al., 2008). Furthermore, nuclear
localization and overexpression of
YAP1 have been correlated with a
poor prognosis in colorectal cancers
and other cancer types (Xia et al.,
2017, Zygulska et al., 2017). Recently,
YAP1 was shown to be necessary for
colonic tissue repair and remodeling
by mediating cell reprogramming (Yui
etal., 2018).

Several signaling pathways
interact within intestinal epithelial
cells, adding layers of complexity to
the fine-tuning of the final
transcriptional regulation. The main
pathways involved in the

differentiation of intestinal stem cells
to the various cell lineages of the gut

epithelium and homeostasis
maintenance is  Wnt/B-catenin,
NOTCH, hedgehog, Egfr and

Bmp/TGEFB, reviewed in (Olsen et al.,
2012, Gregorieff and Wrana, 2017).
The Hippo pathway converges with
several of these signaling pathways
(Zhao et al., 2010a, Kriz and Korinek,
2018). Well-defined networks of
intestinal epithelium-specific
transcription factors control
differentiation and proliferation of the
intestinal epithelium (Boyd et al.,
2010, Olsen et al., 2012, San Roman et
al., 2015). Two key regulators in these
networks are Caudal Type Homeobox
2 (CDX2) and Hepatocyte Nuclear
Factor 4 alpha (HNF4a).

CDX2 is intestinal specific in
adult mammals and is essential in the
development and maintenance of
intestinal tissue (Suh and Traber,
1996, Silberg et al., 2000). Ablation of
CDX2 in in-vitro intestinal organoid
models leads to the development of
gastric-like tissue lacking intestine-
specific enzymes (Simmini et al.,
2014). Dysregulation of CDX2 has
been linked to colorectal cancer
development and affects the severity
of disease (Olsen et al., 2014, Dalerba
et al., 2016). Mice with decreased
CDX2 expression develop malignant
tumors in the colon when treated with
the DNA mutagen azoxymethane
(Bonhomme et al., 2003). In humans,
CDX2 levels are generally lower for
late-stage  adenocarcinomas  and
tumors with low or moderately
differentiation levels (Choi et al.,
2006, Bakaris et al., 2008).



HNF4a is highly expressed in
the intestines but is also found in the
liver, stomach, pancreas, kidney, and
testis (Drewes et al., 1996). HNF4a is
essential for the formation of crypts in
the colon and is important for the
development of the intestinal
epithelium (Garrison et al., 2006).
Furthermore, it  regulates the
expression of several enzymes and
regulators involved in metabolism in
the adult gut epithelium (Gautier-Stein
et al., 2006, Stegmann et al., 2006).
HNF4a also plays a role in cancer
development but it is not well
understood. One study found that
some HNF4a isoforms are lost in
40% of colorectal cancers, while
another study found a general
upregulation of HNF4a in their
samples (Oshima et al., 2007,
Darsigny et al., 2010).

CDX2 and HNF4o0 regulate
each other and also auto-regulate their
own expression in the intestines (Boyd
et al., 2009, Xu, 1999, Saandi et al.,
2013, Verzi et al, 2010a).
Additionally, several other
transcription factors are important in
the intestinal transcription factor
network regulating intestinal
development, such as the GATA-
binding proteins (GATAA4/5/6), HNF1
homeobox proteins (HNF1A/B), and
transcription factor 7 like 2 (TCF7L2)
(Olsen et al., 2012). CDX2 interacts
with the Wnt/B-catenin pathway and
might be an active component of it
(Guo et al., 2010).

Previous studies of the Hippo
pathway, have predominantly focused
on the protein-protein interactions of
key kinases, which constitutes the core

components of the pathway, and the
role of the main effector proteins
YAP1 and TAZ. Little is known about
how the transcription of YAPL is
controlled in intestinal tissue. This
study describes a novel mechanism of
transcriptional regulation of YAPL in
intestinal cells, by the transcription

factors CDX2 and HNF4a.

Results

The chromatin landscape of the
YAP1 gene

To identify regulatory regions
in the YAP1 gene ChlP-seq data from
differentiated Caco-2 cells were
analyzed for relative abundance of
CDX2 and HNF4a. The ChlP-seq data
analyzed were from Caco-2 cell
precipitates with antibodies for the
transcription  factors CDX2 and
HNF4a as well as for histone
acetylation H3K27Ac and methylation
H3K4me2 (Verzi et al., 2010b). Data
was imported as custom tracks in the
UCSC Genome Browser
(GRCh37/hg19 assembly), together
with ENCODE datasets for DNase |
activity and hepatocyte transcription
factor ChiP-seq data (Sabo et al.,
2006, Consortium, 2012). The YAP1
gene was analyzed by aligning all data
tracks and then identifying gene
regulatory regions by comparing the
signal intensity from the ChIP-seq
data for transcription factors, histone
modifications, and DNAsel (figure 1).

Two regions with clear CDX2
ChlP-seq peaks were chosen for
further analysis, one region was in the
YAP1 promoter and another was
downstream in intron 5. The chosen
YAP1 promoter region spanned 972 bp



located at hgl9 chrl11:101,980,493-
101,981,464 (figure 1). Clear ChlP-
seq peaks were detected for both
CDX2, HNF4oa, and H3K27Ac in the
promoter region, while the H3K4me2
peak was found directly adjacent to the
region. The promoter region also
contains a DNAsel peak and binding
sites for the intestinal transcription
factors CCAAT/enhancer binding
protein beta (CEBP), E1A binding
protein p300 (EP300), and upstream
transcription  factor 1 (USF-1),
indicating that this area is important
for intestinal regulators.

The YAPL1 intragenic region
spanned 599 bp, located at hgl9
chr11:102,063,361-102,063,959
(figure 1). The intragenic region
contained clear ChlP-seq signals for
CDX2 and HNF40, while both
H3K4me2 and H3K27Ac peaks were
found directly adjacent. The intragenic
region also contains a DNAsel peak
and binding sites for the intestinal
transcription factors, JunD proto-
oncogene (JUND), RAD21 cohesin
complex  component  (RAD21),
TCF7L2, as well as CEBP, HNF4A,
EP300, and USF-1, indicating that this
area is important for intestinal
regulators.

CDX2 and HNF4o regulates
transcription of YAP1 promoter
activity

To analyze the gene-regulatory
activity of the YAP1 intragenic region
we used promoter reporter assay
analysis. We constructed luciferase
reporter plasmids containing the YAP1
promoter with or without the
intragenic regions and transfected

them into the intestinal cell lines Caco-
2 and LS174T wildtype, and into
HEK?293 kidney cells to test whether
they were able to regulate the
expression of YAP1 in intestinal cells.
Cells were transfected with YAP1
reporter plasmids with “pGL4.10-
YAP1 promoter-enhancer” or without
“pGL4.10-YAP1  promoter”  the
intragenic region, using an empty
pGL4.10 vector as a negative control
and LacZ expression plasmids for
transfection efficiency control.

pGL4.10 generated a very low
background signal in all cell lines
(figure 2). Luciferase activity of the
pGL4.10-YAP1 Promoter construct
was 15-fold above background for
Caco-2 and HEK 293 cells, and 30-fold
above background in  LS174T
wildtype cells, revealing that it was
active in both intestinal and kidney
cells.

Transfections with the
pGL4.10-YAP1  promoter-enhancer
construct showed a 13-fold increase in
reporter gene activity compared to
YAP1 promoter levels in Caco-2 cells
while having no apparent effect in
either HEK293 or LS174T wildtype
cells. This showed that the intragenic
region is a powerful enhancer of YAP1
in Caco-2 cells.

Analysis of ChIP-seq data on
the YAP1 gene indicated that CDX2
and HNF4a regulate the expression of
YAP1 by binding to it. Locating
specific binding sites for CDX2 and
HNF4a in the YAP1 promoter or
enhancer is necessary to be able to
determine if they exert their regulation
by specifically binding to the DNA.
The location of the binding sites was



predicted from an in silico analysis
using the online transcription factor
database JASPAR (URL:
http://jaspar.genereg.net).

The prediction was carried out
on the promoter and enhancer with the
TFBS matrices MA04665.1 for CDX2
and MAO114.2 for HNF4o. The
algorithm predicted two CDX2 sites,
and two HNF4a sites in the promoter
region at while three CDX2 and two

HNF40 sites were found in the
enhancer (Table S1).
Three sites in the YAP1

enhancer were selected for further
analysis based on their high score in
the in silico analysis; two CDX2 sites
(“CDX2-S1” and “CDX2-S2") and
one HNF4a site (“HNF4a”). CDX2-
S1 had the sequence
CTTTATTGCCT, CDX2-S2 had the
sequence ATTTATTGCAC, while the

HNF40, site had the sequence
CTGAACTTTGCTAAC.
We  used  electrophoretic

mobility shift assay (EMSA) to
determine whether the two CDX2 and
the one HNF4a in silico predicted
TFBS were functional and could bind
endogenous proteins in Caco-2 cells.
Oligonucleotides for each of the three
binding sites were designed and [y-
32P]-ATP radiolabeled. Unlabeled
oligonucleotides with mutated binding
sequences and an  unspecific
competitor were used as competitors
(figure 3A).

Clear specific complexes were
formed on all three EMSAs when
radiolabeled oligonucleotides were
combined with the Caco-2 nuclear
extract. Unlabeled oligonucleotides
were able to compete for the binding

of the radiolabeled oligonucleotides
for all three sites, while the unspecific
competitor was not. This indicates that
the protein-oligonucleotide complexes
are specific.

Two protein-DNA complexes
were formed between the
oligonucleotide containing the CDX2-
S1 site (figure 3B) and the Caco-2
extract, while only one complex was
formed using the CDX2-S2 (figure
3C) or HNF4a (figure 3D)
radiolabeled oligonucleotides.
Oligonucleotides ~ with ~ mutated
binding sites were still able to form
protein-oligonucleotide  complexes,
although not with as high affinity as
wildtype oligonucleotides, showing
that a low amount of binding is

possible without intact binding
sequences.

When antibodies to CDX2,
HNF4a or a negative control

Hemagglutinin (HA), were added only
CDX2 and HNF40  produced
supershifts, demonstrating that they
are part of the protein-radiolabeled
oligonucleotide complexes. In
conclusion, the EMSA revealed two
novel CDX2 and one HNF4a binding
sites in the YAP1 enhancer.

We wanted to investigate the
effect of CDX2 and HNF4o on the
YAP1 enhancer activity in Caco-2
cells. This was done by mutating
specific CDX2 and HNF4a binding
sites in the pGL4.10-YAP1-enhancer
constructs by site-directed
mutagenesis  (figure  4).  Four
constructs were created by mutation of
three sites. CDX2-S1 (M1), CDX2-S2
(M2) and HNF40 (M3), and a double
mutant with both M2 and M3 were



constructed and assayed for luciferase
activity. The CDX2-M1 construct
decreased the enhancer effect more
than 5-fold, P<0.0001, while CDX2-
M2 only decreased activity by 1.4-
fold, P<0.01. Removing the HNF4a
site (M3) caused a 2-fold decrease in
activity, and the double mutant
(M2+M3) lead to a 2.4-fold decreased
activity from the WT P<0.001. This
shows that the CDX2-S1 site is
responsible for most of the enhancer
activity in Caco-2 cells, while both
CDX2-S2 and the HNF4a site also
contributes to the effect.

Next, we performed an
overexpression study, where the YAP1
promoter and enhancer constructs
were co-transfected with CDX2 and
HNF4a expression plasmids to
elucidate their effect on the
transcriptional regulation of YAP1 in
Caco-2 cells. The relative luciferase
activity was normalized to respective
pGL4.10 backgrounds and the YAP1
promoter construct. The activity of the
YAP1 promoter construct was not
affected by overexpression of CDX2
(data not shown) but was increased 2-
fold by HNF4a overexpression,
(figure 5).

Overexpression of HNF4a with
the YAP1 enhancer construct increased
the activity of the already powerful
enhancer more than 6-fold, yielding
more than a 75-fold difference from
the promoter construct alone. It was
clear that HNF4a acted as a strong
activator of YAP1 expression via the
enhancer. Overexpression of CDX2
did not increase the activity of the
YAP1 enhancer construct (data not
shown).

These results revealed that
YAP1 transcription was increased by
HNF4a; partly through the promoter
but mainly through the enhancer,
while CDX2 overexpression did not
increase YAP1 promoter activity in
Caco-2 cells.

CDX2 and HNF4o binding sites in
the YAP1 intragenic enhancer

We performed quantitative PCR
on ChIP DNA from Caco-2 cells to
determine the relative abundance of
CDX2 and HNF4a bound to the YAP1
enhancer (figure 6). The relative
abundance of immunoprecipitated
DNA was compared to negative
control DNA precipitated with
hemagglutinin (HA) antibody. Primers
were designed to span a small region
in the YAP1 enhancer with a clear
ChIP-seq peak for CDX2 and HNF4a
(Table S2B). The relative abundance
of YAP1 enhancer CDX2
immunoprecipitated DNA was 0.211
% of total input DNA, which was a
more than 100-fold increase over the
HA control ChlIP level (0.002%). For
HNF4a the relative abundance was
0.035% of total input DNA, which was
an about 17-fold increase over HA
control ChIP level. Both CDX2 and
HNF4a binding were substantially
increased compared to the negative
control, which indicated, that both
TF's bound to the YAP1 enhancer in
Caco-2 cells.

CDX2  induced
expression
Western blotting was utilized to
assess whether the transcriptional
regulation of YAPL1 by CDX2 seen in

YAP1 protein



the promoter assays could be
translated to the protein level. Caco-2
cells are dependent on CDX2
expression and thus they are not
suitable for knock-down experiments
(Salari et al., 2012, Verzi et al.,
2010a). However, an intestinal CDX2
knock-out cell line was recently
constructed using LS174T wildtype
cells (Pinto et al., 2017). The LS174T
derived cells are CDX2 inducible by
addition of doxycycline. Two separate
LS174T derived CDX2 knock-out
cells lines were constructed; CDX2
inducible LS174TCPX2: 1X, with
mono-allelic knock-in of a Tet3G
doxycycline-inducible CDX2
element, and CDX2 inducible
LS174TCP*2F 2X  with bi-allelic
knock-in. We used these cell lines to
clarify the regulatory role of CDX2 on
the YAPL protein expression in
LS174T intestinal cells.

Caco-2, Hela, LS174T, and the
LS174TCP*2 derived cell lines were
grown to confluency, proteins were
extracted, and western blotting was
performed. CDX2 expression was
detected in both the LS174T wildtype
and Caco-2 cells but not in HelLa cells
(figure 7B). The YAP1 expression was
high in Caco-2 cells, low in LS174T
wildtype cells, and undetected in HeLa
cells.

Un-induced CDX2-inducible
LS174TCPX2" cell lines were negative
for CDX2 expression, as expected
(figure 7A). CDX2 expression in
LS174TCP*2F 1X and 2X cells was
induced to a much higher level than in
LS174 wildtype or Caco-2 cells when
stimulated with 40ng/mL doxycycline.
The expression was considerably

higher in 2X cells than in 1X cells.
YAP1 expression in both LS174TCP**
11X and 2X cells was present even
without CDX2 induction. This
demonstrated that CDX2 expression
was not essential for YAPL expression
in LS174T cells.

The YAPL1 expression was
increased by CDX2 induction in the
LS174TCPX2 1X and 2X cells. In
LS174TCP%2- 1X cells, the YAP1
level increased to about two-fold of
un-induced levels, and in the 2X cells
even more. This demonstrated a dose-
dependent regulation of YAP1 by
CDX2 in LS174T intestinal cells.

Discussion

The Hippo pathway controls
proliferation and differentiation in
many tissues partly through YAP1.
Dysregulation of YAP1 often leads to
development or exacerbation of
diseases specific for the tissue in
question. While the effects of YAP1
dysregulation in the intestine has been
studied, almost no papers are
published on the transcriptional
regulation of YAP1. Understanding the
regulation of YAP1 in the intestines
will aid in the understanding of its role
and will increase the understanding of
the regulation of the Hippo pathway.

The epigenetic landscape of the
YAP1 gene and the YAP1 promoter
activity in intestinal cell lines was
investigated. Through a combination
of bioinformatic analysis of ChlP-seq
data and transfection with luciferase
promoter-reporter expression
constructs with the YAP1 promoter,
we identified a powerful enhancer of



YAP1 that was functional in the
intestinal cell line Caco-2.

Previous studies have reported
SOX2, ERG, TEAD4, and GPC3 as
regulators of YAP1 expression in
osteoprogenitor, hepatic, or prostate
tissue. While some detected epigenetic
changes to the YAP1 promoter, none of
them identified intragenic regulatory
regions or specific binding sites in the
YAP1 gene (Seo et al., 2013, Miao et
al., 2013, Nguyen et al., 2015, Jiang et
al., 2017). Here we presented the first
clear evidence of an enhancer in the
YAP1 gene that is active in intestinal
cells.

We measured the importance of
HNF40, and CDX2 for the YAP1
promoter activity in intestinal cell
lines. By overexpression experiments
in Caco-2 cells, it was determined that
HNF40 was an activator of YAPL
expression (figure 5). Promoter
reporter assays with mutated CDX2
and HNF4a binding sites in the YAP1
enhancer showed that these sites were
important for the enhancer activity
(figure 4).

HNF40 and CDX2 are essential
components  of the intestinal
transcription factor network that
controls development and
homeostasis, and CDX2 is normally
only expressed in the intestines after
birth in mammals (James and
Kazenwadel, 1991, Suh et al., 1994).
During intestinal  differentiation,
CDX2 and HNF4a are a part of a
transcription factor network that
tightly regulates a large array of
intestinally expressed genes (Olsen et
al., 2012, Boyd et al., 2009, Boyd et
al., 2010). YAP1l is expressed in

several tissues but is especially highly
expressed in colon cancers (Steinhardt
et al.,, 2008, Liang et al., 2014). We
suggest that CDX2 and HNF4o adds
an intestinal-specific layer of control
to the Hippo pathway through
transcriptional regulation of YAPL.

CDX2 protein expression was
induced in intestinal cell lines to
determine how the CDX2 protein level
affects YAP1 protein expression.
Using western blotting to measure
YAP1 and CDX2 protein expression
in CDX2 induced LS174TCPX2 cell
lines, we found that CDX2 is not
necessary for YAP1 expression,
however, induction of CDX2
increased YAP1 expression. It was
somewhat unexpected that
overexpression of CDX2 so clearly
increased YAP1 protein expression
cells since our results show that the
YAP1 enhancer is inactive in LS174T
cells (figure 2). However, the
transfected promoter-enhancer
constructs only contained parts of the
full YAP1 gene, and thus other
regulatory elements than the cloned
promoter and enhancer could be
responsible for the upregulation of
YAPL1 protein expression by CDX2.
Indeed, two additional regions in
YAP1 also contained enriched CDX2
and HNF4a ChlP-Seq signals, one in
intron 1 and one in intron 4 (figure 1).
It is possible that CDX2 acts through
one or both of these regions to increase
YAPL protein levels seen on the
western blot (figure 7).

We were not able to induce
YAPL1 expression back to the
endogenous LS174T wildtype level
using our  CDX2 inducible



LS174TCP*2+  derived cells lines.
Previous work has established this
pattern for almost all CDX2 target
genes that are re-induced after CDX2
knockout (Pinto et al., 2017). We
hypothesize that the disruption of
major transcriptional pathways by
knockout of CDX2 causes non-
reversible changes to the cell.

By  constructing  HNF4a
knockout intestinal cells lines, it
would be possible to determine how
important HNF4a is for the general
transcription of YAP1 and its precise
contribution to the enhancer effect.
Although this might not be possible
since it has not been possible to find
any published work describing an
HNF4a knockout intestinal cell line
and because our lab has not been able
to create one either.

In summary, we have identified
gene regulatory regions in the YAP1
promoter and an enhancer with
importance for high expression levels
in Caco-2 cells. We found that that
CDX2 and HNF4a are important for
YAP1 enhancer activity.

Experimental procedures
Cultivating human cell lines

Caco-2 and LS174T wildtype,
colon adenocarcinoma cell line;
HEK?293, human embryonic kidney

cell line; Hel.a, cervical
adenocarcinoma cell line; LS174T
derived CDX2 knockout

(LS174TCPX2") with Tet-on inducible
CDX2 expression cell line (Pinto et
al., 2017) were grown in T175 culture
flasks in Dulbecco's Modified Eagle
Medium (Lonza), added 10% Fetal
Bovine Serum gold (PAA) and 100

10

U/mL Penicillin-Streptomycin. Cells
were incubated at 37 °C in 5 % CO;
and passaged every 3-4 days when ~80
% confluent. Passaging was done by
removing media, rinsing three times
with 85 mM sodium citrate, adding
ImL 005 % trypsin EDTA
(Invitrogen) and incubating 3-5
minutes at 37 °C in 5 % CO,. Cells
were seeded at 0.75*1076 (Caco-2),
1.00*10"6 (HEK293 and Hela), and
3.00%1076 (all LS174T based cell
lines) in a T75 flask with 15 mL
Media.

Western Blotting

Protein extraction was carried
out on cells seeded in 6-well plates at
100,000/well for Caco-2,
300,000/well for LS174T wildtype
and LS174TCPX2" cells. After 48hrs,
the media was changed to either
Doxycycline (DOX) free media or
media with varying concentration of
DOX. At 72hrs cells were rinsed with
cold PBS and lysed for 15 minutes
with 100ul/well 1X RIPA lysis buffer
(1X PBS, 300mM NaCl, 1% Tergitol
NP-40, 0.1% SDS, 05% 7-
Deoxycholic acid sodium salt, 0.5uM
EDTA pH 8.0) with freshly added
ImM DTT and 2uL/mL protease
inhibitor mix p8340 (Sigma-Aldrich).
Lysates were centrifuged for 20
minutes at 12.000g at 4°C and
supernatant saved at -20°C. Protein
concentration was determined by
Bradford analysis (Bio-Rad).

10ug or 20ug protein was
mixed 1:4 (v/v) with Bolt loading
buffer and 1:10 (v/v) with Bolt sample
reducing agent. Samples were
incubated at 70°C for 10min and



loaded on a Bolt 4-12% Bis-Tris Plus
gel (Thermo Fisher Scientific) along
with  prestained protein  marker
PageRuler (Thermo Fisher Scientific).
SDS-PAGE was performed in 1X Bolt
MOPS running buffer, (Thermo Fisher
Scientific) for 50min at 150V. Gels
were transferred by wet-
electrotransfer to PVDF membranes
for 75min at 25V and 100mA in 1X
NuPage transfer buffer, (Thermo
Fisher Scientific). Membranes were
blocked with dry skim milk diluted to
5% in Wash buffer (1X PBS with
0.1% Tween-20) for 1 hour at room
temperature, washed with Wash buffer
3 X 7 min and incubated ON at 4°C
with primary antibody diluted in
Dilution buffer (2.5% skim milk in
Wash Buffer). Membranes were
washed 3 x 7 min and incubated with
secondary antibody for 1 hour at RT
and washed 3 x 7 min. Bands were
visualized by incubating with the ECL
solution SuperSignal™ West Dura
Extended Duration Substrate (Thermo
Fisher Scientific). Antibodies used:
CDX2 1:2000, (Biogenex, MU392A-
UC; YAP1 1:15000, (Abcam,
ab52771); GAPDH 1:30000
(Fitzgerald, 10R-G109a), Goat anti-
rabbit HRP 1:4000 (Life
Technologies, 32260); Goat anti-
mouse HRP 1:10000 (Life
Technologies, 32230).

Construction of luciferase reporter
constructs

The YAP1
enhancer  sequence
amplified and gel purified with
primers ordered from Eurofins
Genomics (Table S2A). pGL4.10

promoter and
were  PCR
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vector (Promega) was digested with
Hindlll and gel purified. In-Fusion
cloning (Clontech) was carried out
according to manufacturer’s protocol,
using gel-purified linearized pGL4.10-
vectors and promoter insert in a 1:2
molar ratio. 2.5ul cloning reaction was
used for transformation of One Shot
TOP10 chemically competent E. coli
(Thermo Fisher Scientific). Colonies
were isolated and  sequenced
(Beckman Coulter Genomics). For the
construction of the pGL4.10-Yapl-
promoter+enhancer  plasmid, the
pGL4.10-Yapl-promoter plasmid was
digested with Sall and gel purified,
and In-Fusion cloned with enhancer
insert using the same procedure.

Construction of reporter constructs
with mutated binding sites
pGL4.10-Yapl-

promoter+enhancer fragments with
mutated binding sites were created by
PCR amplifying forward primers
containing mutated binding sites, with
reverse primers containing In-fusion
tails and vice versa. The products
were subsequently combined in a third
PCR amplification. Mutated inserts
were In-Fusion cloned and
transformed. Plasmids were purified
and digested with Pstl, Xhol, or Xbal
and the fragments were gel purified
and sequenced.

Transfection of cell lines

Cells were seeded in 24 well
plates at 50,000 cells/well (Caco-2) or
at 100,000 cells/well (LS714T and
CDX2 inducible LS174TCPX2") and
transfected after 24 hrs. For each well,
a transfection mixture of 50 pl



DNA/PElI  mix was prepared,
consisting of 2 UM Polyethyleneimine
(PEI) (Alfa Aesar) diluted in 150 mM
NaCl to 25 pl and 300 ng plasmid
DNA diluted with 150 mM NaCl to 25
pl. The transfection mix contained 25
ng CMV promoter-driven
overexpression plasmid or
pCDNA3.1+ containing a CMV
promoter, to equalize molar ratio of
CMV promoter constructs, 50 ng
promoter reporter plasmid, 25 ng
CMV-LacZ plasmid for internal
control of transfection efficiency, and
200 ng pBluescript SK+ Il used as
inactive  DNA to reach 300 ng
DNA/well. Volume was adjusted with
150 mM NaCl and transfection mix
was incubated 60 min at RT. The
transfection mix was added in a
dropwise fashion to wells, followed by
light shaking. After transfection,
plates were centrifuged at 390 g for 5
min and incubated overnight at 37 °C
and 5 % CO,. The media was changed
after 24 hrs, and cells were grown for
an additional 24 hrs before assayed for
luciferase and B-galactosidase activity.

Measuring luciferase activity of
reporter constructs

Measurements were carried out
on a GloMax® 96 Microplate
Luminometer using the Dual-Light™
Luciferase & B-Galactosidase
Reporter Gene Assay System (Thermo
Fisher Scientific). Cells were rinsed
three times with 1X PBS and lysed
with 130 pL TROPIX lysis solution
containing 0.5 mM DTT and
incubated for 10 min on ice. 10 pL
lysate was transferred to a 96 well
GloMax Luminometer Light Plate,
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and luciferase activity was measured
using a 5-sec integration time and a 2-
sec delay. Beta-galactosidase activity
was measured 45 minutes after
luciferase activity.

Chromatin immunoprecipitation
assay and Quantitative PCR

Two separate
immunoprecipitations from Caco-2
cells were generated. Both were
prepared following the protocol
described in (Coskun et al., 2012). The
first set included CDX2 and
Hemagglutinin (HA) precipitations,
where the second further contained an

HNF40 precipitation, using the
antibodies; CDX2 (BioGenex,
MU392A-UC), HA (Santa Cruz

Biotechnology, Clone Y-11 X, SC-
805 X), or HNF4a (Santa Cruz
Biotechnology, Clone SC 171 X, SC-
8987 X). qPCR was used to detect
binding of CDX2, HNF4a, and HA to
the YAP1 promoter and enhancer in
the samples, using primers from
Eurofins Genomics (Table S2B).
gPCR was carried out with SsoFast
EvaGreen Supermix with Low ROX
(Bio-Rad) on 1 pl (1/20™ of total IP
sample DNA) ChIP DNA or H,O with
0.5 pM primers on a Stratagene
MX3005P real-time thermal cycler
(Agilent  Technologies). Relative
quantification of ChIP-DNA was
calculated as a percentage of the input
DNA by the delta-delta method (Livak
and Schmittgen, 2001).



Electrophoretic mobility shift assay

Designing and
oligonucleotides

EMSA probes wused was
oligonucleotides with 5* overhangs,
containing either the wildtype binding
sequences, an unspecific competitor
sequence, or specific competitor
sequences with mutated binding sites
(figure 3A). 250 pmol of each
complementary oligonucleotides were
annealed in a total volume of 100pL
0.1IM NaCl by heating to 95 °C
followed by passive cooling until
room temperature.

For the preparation of
radiolabeled oligonucleotides 2.5
pmol annealed oligonucleotide pairs
were mixed with 05 pL T4
Polynucleotide Kinase, 1 pL 10X
forward kinase buffer, 5 puL [y-32P]-
ATP  (3000Ci/mmol 5 mCi/ml
EasyTide Lead (#NEG502H250UC,
PerkinElmer) and 2.5 pL H,O for a
total volume of 10 pL. The reaction
was incubated at 37 °C for 30 minutes
after which 20 pL 1X TE buffer was
added. The probes were purified with
Illustra MicroSpin G-25 Columns (GE
Healthcare Life Sciences) and diluted
with 1X TE buffer to a total volume of
100 pL and a concentration of about
25 fmol/uL. Radiolabeled
oligonucleotides were further diluted
10X in TE buffer immediately before
loading.

Caco-2 nuclear extracts used for
the EMSA was prepared as previously
described (Troelsen et al., 2003). The
EMSA reaction contained 1 pl
differentiated Caco-2 nuclear extract 4
ul dialysis buffer (25 mM Hepes pH

annealing  of
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7.6, 0.1 mM EDTA, 40 nM KClI, and
10 % glycerol), 10 ul Gel-shift buffer
(25mM  Tris-HCI pH 7.5, 5 mM
MgClz, 5 % Ficoll 400, 2.5% glycerol,
60 mM KCI, 0.5 mM EDTA, 1 mM
DTT, and protease inhibitors), and 0.5
ul  dl-dC (homopolymer  of
deoxyinosine and deoxycytidine). For
competition 1 pL 250 fmol/uL
unlabeled oligonucleotides, either
unspecific, wild-type, or mutated
oligonucleotides was added.
Supershift assays contained 1 pL
antibody; CDX2 (BioGenex,
MU392A-UC), HA (Santa Cruz
Biotechnology, Clone Y-11 X, SC-
805 X), or HNF4a (Santa Cruz
Biotechnology, Clone SC 171 X, SC-
8987 X). The reaction was incubated
20 min onice, and then added 1 uL 2.5
fmol of *2-P labeled probe followed by
20 min incubation on ice.

Before gel-loading, 2 ul Gel-
shift loading buffer (10 % glycerol, 0.2
% Bromphenol blue and 0.5X Tris-
borate-EDTA buffer (2X TBE, 44.5
mM Tris-HCI pH 8.0, 1 mM EDTA,
and 44.5 mM boric acid)) was added
to the reaction mix. The reaction mix
was loaded on a precooled non-
denaturing 5% polyacrylamide gel (1
gel: 2.25 mL 30% Acrylamide/Bis-
acrylamide (29:1), 0.67mL 10X TBE,
0.78 mL 87% glycerol, 9.71 mL H:0,
54uL  25% ammonium persulfate
(AMPS), and 6.9uL TEMED), using
precooled 0.5X TBE as running
buffer. Runtime was 45 minutes at 100
mV and 25 mA/gel with active
cooling. The gel was dried on a slab
gel dryer for two hours and exposed on
a phosphor-imager for 24 hours. The
phosphor screen was scanned on a



Storm 840 scanner (Molecular  confidence intervals or SD values. The
Dynamics) and the image was P-values have been determined by
processed using the Image-Quant  two-tailed Student’s t-tests or one-way

Software version 5.2. ANOVA using GraphPad PRISM
v7.0. The significance levels are
Statistics shown as * P< 0.05, ** P< 0.01, ***

Where applicable, values are P<0.001, **** P< 0.0001
represented by mean values with 95%
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FOOTNOTES:

List of abbreviations used:

YAP1, Yes-associated protein 1; TAZ, Transcriptional co-activator with PDZ-binding
motif; TEAD, Transcription factor TEA domain family members; ERG, ERG, ETS
transcription factor; TEAD4, TEA Domain Transcription Factor 4; PCOS, Polycystic
ovary syndrome; GATAA4/5/6, GATA-binding proteins 4/5/6; HNF1A/B, HNF1
homeobox proteins; TCF7L2, Transcription factor 7 like 2; HNF4a, Hepatocyte Nuclear
Factor 4 alpha; CDX2, Caudal Type Homeobox 2; USF-1, Upstream transcription factor
1; CEBP, CCAAT/enhancer binding protein beta; EP300, E1A binding protein p300;
JUND, JunD proto-oncogene; RAD21, RAD21 cohesin complex component; EMSA,
Electrophoretic mobility shift assay; HA, Hemagglutinin; DOX, Doxycycline; PEI,
Polyethyleneimine; AMPS, Ammonium persulfate.
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Figure 1 — Epigenetic analysis of the YAP1 gene. TOP) View of the YAPL gene
(NM_001130145) in GRCh37/hg19, region (chr11:101,979,192-102,104,154). ChlIP-
seq data for CDX2, HNF4a, and H3K4me2 from confluent Caco-2 cells is shown as
density graphs (Verzi et al., 2010a). Circles and dashed lines indicate the promoter and
an intragenic regulatory region in the YAP1 gene. Bottom Left) View of the promoter
region of the YAP1 gene (NM_001130145) in GRCh37/hgl9 spanning
972bp(chr11:101,979,159-101,982,952). The ENCODE Transcription Factor ChiP-seq
Peaks shows selected data from the hepatocyte cell line HEPG2 (Consortium, 2012).
Bottom right) View of the intragenic regulatory region in intron 5 of the YAP1 gene in
GRCh37/hg19 spanning 599bp (chr11:102,062,986-102,064,334). DNasel peak track
was published by (Sabo et al., 2006).
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YAP1 promoter and enhancer activity in different cell lines
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Figure 2 — pGL4-10 Luciferase reporter constructs containing YAP1 promoter and
enhancer were transfected into Caco-2, LS174T wildtype, and HEK293 cells. Their
relative luciferase/beta-galactosidase activity was measured in cell lysates using a
Promega dual light assay. The YAP1 promoter is active in all three cell lines. Addition
of the YAP1 enhancer increases activity more than 13-fold in Caco-2 while having
negligible or no effect in LS174T wildtype and HEK293 cells. Vertical lines separate
data from independent assays. Bars are mean values, with error bars showing 95% CI.
P<0.001, n=4)
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Figure 3 — Electrophoretic mobility shift assay of two CDX2 sites and one HNF4a site
in the YAP1 enhancer, annotated CDX2-S1 and CDX2-S2 and HNF4a. A) Table of
double-stranded oligonucleotides with mutated binding sites in bold. B) All wells
contain: 1 pL differentiated Caco-2 nuclear extract, 2.5 fmol radioactive labeled probe
(leftover seen in bottom of image), and 0.5 pg unspecific competitor poly(dI-dC). In
addition, the wells contain: 1) Empty, 2) Unspecific competitor, 3) Non-labeled
competitor probe, 4) Mutated non-labeled competitor probe, 5) Specific antibody
(CDX2/HNF4a), 6) Unspecific antibody (HA). Lane 1: Two radiolabeled probe-protein
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complexes are seen. Lane 2: No competition from the unspecific control probe. Lane 3:
Both complexes outcompeted by the unlabeled probe. Lane 4: No competition by the
mutated probe. Lane 5: complex 2 supershifted and the low-intensity complex 1 cannot
be determined if is supershifted. Lane 6: No supershift from the unspecific antibody. C)
Similar results as in B, but only one complex appears. D) Similar results as in C, except
a somewhat stronger competition of the mutated probe in lane 4.
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Figure 4 — pGL4.10 luciferase reporter constructs were generated by site-directed
mutagenesis and assayed for relative activity in Caco-2 cells. The empty pGL4.10
control was digested with Hindlll and the YAP1 promoter was inserted, after which the
YAP1-promoter construct was digested with Sall and the WT or mutated enhancer
sequences inserted. The upper right corner contains the sequences of the three binding
sites, CDX2-S1, CDX2-S2, and HNF4a, and their mutated sequence, M1, M2, and M3
with mutated nucleotides in bold. A double mutant was created with both the M2 and
M3 mutations. The relative luciferase activity was assayed with a dual-light assay from
Promega on a Glomax 96-well luminometer, using a pCMV-LacZ plasmid as a
transfection control. All activity was normalized to the YAP1-promoter construct. The
promoter activity is significantly higher than the background pgl4.10 activity, so the
promoter is active in Caco-2 cells. The intragenic region acts as an enhancer with 13-
fold upregulation from the promoter construct. The enhancer activity is decreased 5-fold
by mutating the CDX2-S1, P<0.0001, 1.4-fold for the CDX2-M2 site P<0.01, and 2-fold
for the HNF4a-M3 site.
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Overexpression of HNF4ain Caco-2 cells
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Figure 5 — Overexpression of HNF4a was achieved by co-transfecting YAP1-promoter
and YAP1-promoter+enhancer constructs with CMV-HNF4a expression plasmids in
Caco-2 cells. The intragenic region acts as an enhancer. HNF4a overexpression doubles
the activity of the YAP1-promoter construct and increases the YAP1-promoter+enhancer
constructs activity more than 6-fold. The fold relative luciferase activity is
luciferase/beta-galactosidase activity normalized to a pGL-4.10 background and the
YAP1 promoter construct. Activity was measured using a Dual-Light assay by Promega.
Bars are mean values, with error bars showing 95% CI. Data is statistically significant
using two-tailed unpaired student’s T-test with P-values under 0.0001 (***), n=4.
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Quantification of immunoprecipitated Caco-2 DNA|
from the YAP1 enhancer
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Figure 6 — PCR Quantification of Caco-2 DNA immunoprecipitated with either CDX2
or HNF4q, antibodies. The amount of purified Caco-2 ChIP DNA was compared to the
amount of input DNA in the YAP1 enhancer, using specific primers (Table S2B). CDX2
enrichment was more than 100-fold compared to the HA control. HNF4a enrichment
was more than 17-fold higher in the enhancer than in the control. Quantification was
performed by RT-gPCR and values are means, n=2.
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Figure 7 — Western Blot showing CDX2 and YAP1 protein expression levels with
GAPDH as a reference. Cells were grown to confluence and proteins were extracted and
run on a polyacrylamide gel before blotting on a PVDF membrane. Cells used: Caco-2,
Hela, LS174T WT, or LS174T cells with CDX2 knockout inducible by doxycycline;
LS174TCPX2 1X mono-allelic CDX2 Knock-In (CDX2 inserted in one allele), and
LS174TCPX2 2X bi-allelic CDX2 Knock-In (CDX2 inserted in both alleles). A) The
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mono-and Bi-allelic CDX2 knock-in cells lines only express CDX2 when induced by
Doxycycline and induction cause slightly increased YAP1 expression in the LS174¢P*%
" derived cell lines. Cells were induced by 40ng/mL dose added to the media for 24
hours. Induction of CDX2 increases YAP1 expression for the knock-in cell lines. B)
Caco-2 and LS174T wildtype cells express CDX2 and YAPL, while HelLa does not.
Horizontal lines denote where different blots were combined, and vertical lines denote
where single wells from the same blot have been combined. Images were globally
adjusted for contrast and brightness.
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Supplementary tables

Reference genome is USCS GRCh37/hgl9
YAPI (NM_001130145.2} transcriptional start site; chrl11;101,981,192

CDX2 and HNF4q sites found by in-silico JASFAR analysis in the ¥AR1 promoter and enhancer

2 HNF4a and CDX2 sites were predicted in the YAPT promaoter

Maodel ID & name Score  |Relative score  |Sirand  |Predicled site sequence  [Loc Relative lo TSS
7770 |0.838 1 TCOGCCTTGGCCCTT  |g51
7.483 [0.834 -1 GAGAACTTTTTCCET  [4119]
6.636 |0.852 1 (GAACAAGAAAA +34
7.304 |0.8B4 1 AGGAAATAAAG +44
2 HNF4a and 3 COX2 siles were predicled in the YAPT enhancer
Score  |Relative score  |Strand | Predicted site sequence  |Loc Relative to TSS
10,188 |0.870 1 TTTAACTTTGGTCCT 182,340
12496 |0.901 -1 CTCAACTTTGCTAAC +82,555
12227 |0.836 -1 (GTGCAATAAAT 182,321
14121 |0.965 -1 AGGCAATAAAG *82,570
10.212 |0.908 1 (CTCCCATAAAG +82,626

Table S1 — Transcription factor binding sit

es from an in-silico analysis using the online
JASPAR tool (URL: http://jaspar.genereg.net), (Mathelier et al., 2016). YAP1 input

sequence is from the USCS GRCh37/hg19 genome assembly. The YAP1 promoter input
sequence spans 972bp at chr11:101,980,493-101,981,464) and the YAP1 enhancer input

sequence spans 599bp at (chr11:102,063,361-102,063,959). Two CDX2 and two HNF4a

sites were predicted in the promoter region, using the MA0465.1 and MAQ114.2
matrices and a relative score cutoff of 80% and 85%, respectively. Two CDX2 and three
HNF4a, sites were predicted in the enhancer with a relative score cutoff of 85%. The
location of the binding sites in the genome is given relative to the transcription start site

(TSS) of YAP1 at chr11:101,981,192.
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A

Primers used for reporter constructs

Primer name

Primer Sequence

Restriction site

YAP! Prom-F

CCGTTTACCCCTCTCAAGTG

YAPI Prom-R

GCTGTCCTCGCTCTCAGG

Inf-YAPI Prom-F CTCGGCGGCCAAGCTTCCGTTTACCCCTCTCAAGTG HindITl
Inf-YAPI Prom-R CCEGATTGCCAAGCTTGCTGTCCTCGCTCTCAGG HindIIl
¥YAP ! enhancer-T TGACTGGATTAGACTGGATGCT

¥YAP{ enhancer-R GGAAAARGAAMATGTAGTGAGAGC

Inf-YAPI enhancer-I ATAACCATCCGTCGACTGACTGGATTAGACTGGATGCT Sall
Inf-¥AP 1 enhancer-R AAGGGCATCGETCGACGGAARAAGAAAATGTAGTGAGAGC Sall

B

Primers used for ChIP analysis

Frimer name

Primer Sequence

Y AP1-enhancer F

CCTCTGGTCACAGTGTGGAA

¥ APl-enhancer R

TTGCCTGGACATACTCACCA

Table S2 - A) Primers used to produce the luciferase reporter constructs. Primers with
In-Fusion tails contain the prefix “inf” and the tail sequences are underlined. Bold text
denotes the sequence of restriction sites replacing transcription factor binding sites via
site-directed mutagenesis. B) Primers used for real-time PCR in the analysis of

chromatin immune precipitated DNA from Caco-2 nuclear extract.
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The aim of the study:

In paper Il, the aim was to investigate the role of CDX2 in regulating 1L33 gene
expression in colon cell lines. It is known that dysregulation of IL-33 can lead to
intestinal inflammation and a variety of other pathologies, but little is known about its
transcriptional regulation and specific role in the intestinal homeostasis. Since Chip-Seq
data suggested that the IL33 gene contained binding sites for the major intestinal
transcription factor CDX2, it was attempted to clarify the role of CDX2 in regulating
IL33 expression in intestinal cells. This was done by analyzing the chromatin landscape
of the 1L33 gene to determine the position of CDX2 binding sites in the promoter and an

intragenic enhancer. Subsequently, the CDX2 inducible colon cancer cell line developed
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RESULTS/MANUSCRIPTS

in paper I11 was sued to investigate the ability of CDX2 to affect 1L33 gene expression

through binding to its enhancer.

Key findings:

66

It was revealed that L33 is a potential target gene of the intestinal transcription
factor CDX2 in colon cancer cell lines using bioinformatic analysis of the
chromatin landscape of 1L33.

The binding of CDX2 to the IL33 enhancer was verified by using chromatin
immunoprecipitation in LS174T colon cells.

Quantitative PCR analysis showed that 1L33 mRNA was especially high in
primary colonic cells as well as in LS174T colon cancer cells, compared to
several other colon cancer cell lines.

Induction of CDX2 expression in the LS174T colon cell model developed in
paper 111 demonstrated that IL33 mRNA expression is significantly upregulated
by CDX2

CDX2 was identified as an important transcription factor for 1L33 promoter

activity with importance for high expression levels in colonic epithelial cells.
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Abstract

Interleukin 33 (IL-33) is a pleiotropic member of the IL-1 family of cytokines.
Dysregulation of 1L-33 has been implicated in the pathogenesis of several autoimmune
and inflammatory diseases. Despite the fact that IL-33 has been detected in multiple
tissues and cell types, limited knowledge exists about the transcriptional regulation of
IL33.

gPCR assays were used to measure 1L33 mRNA expression in primary colonic
epithelial cells from healthy controls and several colon cancer cell lines. This revealed
particularly high expression levels in primary colonic cells and LS174T cells.

Bioinformatic analysis revealed that IL33 is a potential target gene of the intestinal
transcription factor CDX2 in LS174T intestinal cells. CDX2 was found to bind to a
potential intronic enhancer in the IL33 gene. Transfection of IL33 promoter reporter
constructs containing the intronic enhancer region showed that it is a potent enhancer of
IL33 promoter activity in LS174T cells. Furthermore, chromatin immunoprecipitation
experiments verified that CDX2 binds to the 1L33 enhancer in LS174T cells. Induction
of CDX2 expression in LS174T cells demonstrated that IL33 mRNA expression is
significantly upregulated by CDX2.

In conclusion, we identified CDX2 as an important transcription factor for I1L33

promoter activity with importance for high expression levels in intestinal epithelial cells.



Background & Aims

Interleukin (IL)-33 is a member of the IL-1 family of cytokines and is constitutively
expressed by a diverse range of cells including epithelial cells, endothelial cells,
macrophages, dendritic cells, keratinocytes, fibroblasts, fibrocytes, and smooth muscle
cells, with especially high expression detected in the small intestine, stomach, lung,
spinal cord, brain, skin, tonsils, and lymph nodes ®°. Nevertheless, how IL33 gene
expression is controlled is still largely unknown. Given the clear involvement of 1L-33
in homeostasis and diseases, a better understanding of IL33 gene regulation is crucial.

IL-33 is involved in tissue and metabolic homeostasis as well as infectious and
inflammatory diseases including rheumatoid arthritis, allergies, intestinal inflammation,
cardiovascular diseases, and disorders of the central nervous system ¢, Furthermore,
preliminary data shows that 1L-33 plays a role in skin wound healing > **. Furthermore,
it was discovered that increased IL-33 expression leads to accelerated cellular
transformation, suppression of innate antiviral immunity and dysregulation of Thl, Th2,
and Treg cells 1416,

IL-33 is synthesized as a full-length 30kDa bioactive protein, but it can be cleaved
or inactivated by caspases or proteases to modify its function -8, During inflammation,
the bioactivity of 1L-33 can be increased up to 30-fold in inflamed tissues by
inflammatory proteases that can partially proteolyse the full-length bioactive 1L-33 into
N-terminally truncated shorter mature forms (18-22kDa) 2!, Mature 18kDa
recombinant IL-33 has been shown to promote colon cancer cell stemness via JNK

activation and macrophage recruitment 2,



The full-length bioactive IL-33 has also shown to be released by necrotic or
damaged cells in response to stress conditions and necrosis caused by injury, infections,
or inflammation, thereby acting as an “alarmin” that amplifies immune responses 2* 24,
The full-length peptide signals through a heterodimeric receptor complex comprising the
transmembrane receptor suppressor of tumorigenicity 2 (ST2) and the co-receptor IL-1
receptor accessory protein (IL-1RAcP) . In cells which express ST2, IL-33 interacts
with ST2 to activate the nuclear factor (NF)-xB and mitogen-activated protein kinase
(MAPK) signaling pathways 2.

Intracellular full-length 1L-33 may function as a nuclear factor with transcriptional
activity. It can bind to chromatin and acts as a negative regulator of transcription through
a chromatin-binding motif 22, It also binds to the p65 subunit of NF-xB, which reduces
its binding to NF-kB response elements, and reduces p65-induced transcriptional
activation 2’. However, IL-33 also functions as a transcriptional activator by upregulating
the expression of NF-«B, interleukin 6 (IL-6) and ST-2 in endothelial cells 28 2°,

In human endothelial cells IL33 expression is regulated by the cytokine tumor
necrosis factor alpha (TNF), vascular endothelial growth factor (VEGF), and NOTCH
signaling * ¥. Additionally, a study investigated 1L33 promoter activity in human
epithelial cell lines and showed that interferon gamma is an activator of promoter activity
31, Moreover, several studies have reported that IL-33 protein expression is stimulated
by growth factors, transcription factors, cytokines, and other proteins in both murine and
human cells 30323,

In the intestines, gene regulation is controlled by a transcription factor network of
which Caudal-related homeobox transcription factor 2 (CDX2) is a key component.
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Because of the major role of CDX2 in regulating intestinal genes, we investigated
whether CDX2 is involved in the regulation of IL33 gene expression in the intestinal
epithelium. CDX2 is specifically expressed in the adult intestine and it is essential in
intestinal homeostasis and control of the balance between cell proliferation and
differentiation %7, Moreover, CDX2 is a crucial factor in the regulation of genes related
to epithelial functions and intestinal cell fate. Several studies have demonstrated that
CDX2 is directly involved in the regulation of genes including transcription factors,
digestive enzymes, nutrient transporters, surface proteins, and genes in the Wnt/B-

catenin degradation complex with essential functions in the intestinal epithelium 38-4°,



Methods

Cultivation of cell lines and primary colonic epithelial cells

Human colon cancer cell lines Caco-2, HT-29, LS174T, SW480 and DLD-1 (American
Type Culture Collection, Rockville, MD, USA) and CDX2-inducible LS174TPX?" cells
4 were cultured and grown as monolayers in Dulbecco’s modified Eagle medium
(DMEM) supplemented with 10% fetal bovine serum (FBS) and 1% glutamine. All cell
lines were maintained at 37°C and 5% CO,. Primary colonic epithelial cells were isolated
from a pool of six biopsies obtained from healthy control subjects (i.e., patients
undergoing a routine endoscopy where all investigations subsequently turned out to be
normal) as described previously #’. Biopsies were collected at Dept. of Gastroenterology,

Herlev Hospital, Denmark from healthy controls given their written informed consent.

CDX2 knock-down and induction with doxycycline

The CDX2-inducible knockout cells (LS174T¢P*2") are described in “6. In short, zinc-
finger nucleases were utilized to generate LS174T cells with a bi-allelic CDX2 knockout.
Subsequently, a cassette containing the CDX2 gene under the control of a doxycycline
activated Tet-3G induction system was inserted into the safe-harbor locus AAVS1 of
one allele. Using this system it is possible to control the expression of CDX2 by

stimulation with doxycycline without any leakiness “°.

IL33 gRT-PCR and Luminex analysis



The NucleoSpin RNA kit (Macherey-Nagel, Diren, Germany) was used for extraction
of total RNA from Caco-2, HT29, LS174T, LS174T¢P*2" Sw480, DLD1, and from
isolated colonic epithelial cells. 200 ng of each RNA sample was used for cDNA
synthesis with SuperScript 11l Reverse Transcriptase (Invitrogen, Paisley, UK).
Quantitative RT-PCR reactions were performed on a LightCycler 480 instrument
(Roche, Mannheim, Germany) using the Maxima SYBR Green gPCR Master Mix
(Thermo Fisher Scientific, Waltham, MA, USA) according to manufacturer’s
instructions. All experiments were normalized to the housekeeping gene Ribosomal
Protein Large PO (RPLPO).

LS174TWT and CDX2-inducible LS174TCPX2" cells were grown in DMEM
supplemented with 10% FBS and 1% glutamine. CDX2 expression was induced with 0,
2, 4, 6, 8, 10, 12, or 14ng/mL doxycycline for 24 hours; all samples were in
guadruplicates. The supernatant was stored at -80°C for about a month until measured
on a Bio-plex 2200 system (Bio-Rad, Hercules, CA, USA). IL-33 protein was measured
on undiluted supernatants using the Bio-Plex Pro Human Th17 assay for 1L-33 (171-

BA012M) according to manufacturer protocol.

Construction of luciferase reporter constructs

The IL33 promoter and enhancer sequence were PCR amplified and gel purified.
Amplification was done with non-infusion primers and subsequently extended by PCR
with In-Fusion primers. Primers were ordered from Eurofins genomics (Ebersberg,
Germany) (supplementary table S1A). pGL4.10 vector (Promega, Madison, W1, USA)
was digested with Hindlll and gel purified. The pGL4.10-1L33-promoter plasmid was
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constructed by In-Fusion cloning (Clontech, Fremont, CA, USA) purified promoter
sequence and digested vector in 1:2 ratio, according to manufacturer’s protocol. 2.5l
cloning reaction was used for transformation of One Shot TOP10 chemically competent
E. coli (Thermo Fisher Scientific, Waltham, MA, USA). Colonies were isolated and
Sanger sequenced (Beckman Coulter Genomics, United Kingdom). For the construction
of the pGL4.10-1L33-promoter+enhancer plasmid, the pGL4.10-1L33-promoter plasmid
was digested with Sall, gel purified, and In-Fusion cloned with enhancer insert in a 1:2

molar ratio.

Measuring luciferase activity of reporter constructs

Measurements were carried out on a GloMax® 96 Microplate Luminometer using the
Dual-Light™ Luciferase & B-Galactosidase Reporter Gene Assay System (Thermo
Fisher Scientific, Waltham, MA, USA). Cells were rinsed three times with 1x PBS and
lysed with 130pL TROPIX lysis solution containing 0.5 mM DTT and incubated for 10
min on ice. 10puL of lysate was transferred to a 96 well GloMax luminometer light plate,
and luciferase activity was measured using 5 sec integration time and 2 sec delay. Beta-

galactosidase activity was measured 45 minutes after luciferase activity.

Chromatin immunoprecipitation assays

CDX2 wild-type (LS174TWT) cells grown to five days after confluence in a 30x30 cm
culture dish were cross-linked and sonicated as described previously to generate
fragments of ~0.2 to 1.2 kb “8, Briefly, immunoprecipitation (IP) was done in four
replicates and performed overnight at 4°C with an antibody specific for either human
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CDX2, (a-CDX2 clone CDX2-88; #MU392A-UC, BioGenex, Fremont, CA, USA) or
as a negative control an antibody specific for the influenza hemagglutinin (HA) epitope
(rabbit polyclonal a-HA, Y-11 X, #SC-805 X; Santa Cruz Biotechnology Inc,
Heidelberg, Germany). Immunocomplexes were recovered with 50 ul protein A/G beads
(Invitrogen, Grand Island, NY, USA). Real-time PCR was carried out using DNA
immunoprecipitated with CDX2 and HA or on non-IP material from the LS174TYT cell
line (Input; representing 1% of the total amount used in IP) using primers designed for
the peak in the 1L33 region (Figure 2A). The primers were obtained from TAG

Copenhagen A/S, Denmark (supplementary table S1B).

Protein extraction and immunoblotting

LS174TWT and CDX2-inducible LS174TCP*2" cells were seeded in 6-well plates at
300,000 cells/well. After 48hrs, the media was changed to either doxycycline free media
or media with varying concentrations of doxycycline. At 72hrs, cells were rinsed with
cold PBS and lysed in RP1 lysis buffer (Macherey-Nagel, Diren, Germany) and proteins
were purified according to the manufacturer's protocol. Protein concentration was
determined by Bradford analysis (Bio-Rad, Hercules, CA, USA). 10ug protein was
mixed 1:4 (v/v) with Bolt loading buffer and 1:10 (v/v) with Bolt sample reducing agent
(Thermo Fisher Scientific, Waltham, MA, USA). Samples were incubated at 70°C for
10min and loaded on a Bolt 4-12% Bis-Tris Plus gel along with prestained protein
marker PageRuler both from (Thermo Fisher Scientific, Waltham, MA, USA). SDS-
PAGE was performed in 1X Bolt MOPS running buffer, (Thermo Fisher Scientific,

Waltham, MA, USA) for 50 min at 150V. Gels were transferred by wet-electrotransfer
10



to PVDF membranes for 75 min at 25 V and 100mA in 1X NuPage transfer buffer,
(Thermo Fisher Scientific, Waltham, MA, USA). Membranes were blocked with dry
skim milk diluted to 5% in wash buffer (1X PBS with 0.1% Tween-20) for 1 hour at
room temperature, washed with Wash buffer 3 x 7min and incubated ON at 4°C with
primary antibody diluted in Dilution buffer (2.5% skim milk in wash buffer). Membranes
were washed 3 x 7min and incubated with secondary antibody for 1 hour at RT and
washed 3 x 7min. Bands were visualized by incubating with the ECL solution
SuperSignal™ West Dura Extended Duration Substrate (Thermo Fisher Scientific,
Waltham, MA, USA). Primary antibodies were mouse monoclonal anti-CDX2 (1:1000;
#MU392A-UC, BioGenex, Fremont, USA) and anti-glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) (1:20.000; #10R-G109a, Fitzgerald, Acton, MA, USA). The
secondary antibody was a horseradish peroxidase-labelled goat anti-mouse antibody

(1:10000; #32230, Thermo Fisher Scientific, Waltham, MA, USA).

Statistical analysis

The analysis was carried out using two-tailed Student’s t-test or one-way ANOVA with
multiple comparisons using Dunnett's test or Tukey’s test. P-values <0.05 were
considered significant. Values are presented as means with SD or 95% CI. Significance

levels are given as * P<0.05, ** P<0.01, *** P<0.001, **** P<0.0001.
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Results

IL33 mRNA expression by intestinal epithelial cells

The expression of IL33 transcripts was measured by gRT-PCR in several well-
characterized intestinal epithelial cell lines as well as in primary colonic epithelial cells
isolated from healthy subjects. The highest expression level of IL33 was found in
primary colonic epithelial cells, closely followed by LS174T" and HT29 cells while the
IL33 expression was either undetected or very low in SW480, DLD-1, and Caco-2 cell
lines (Figure 1).

IL33 mRNA levels normalized
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Figure 1. Expression of 1L33 mRNA in intestinal cell lines and primary human colonic epithelial
cells. Total RNA from SW480, Caco-2, DLD-1, HT29, LS174T cells, and colonic epithelial cells
isolated from healthy humans were extracted, converted to cDNA, and measured by g-PCR. Data
were normalized to the reference gene RPLPO. Data are represented as mean values with SD error

bars (n=4).
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CDX2 binds to IL33 regulatory regions in LS174T cells

Recently, a genome-wide CDX2 chromatin immunoprecipitation (ChlIP) sequence
analysis (ChlP-seq) of the human colon cancer cell line LS174T was published “6. By
analysis of these data, we identified a clear CDX2 ChlIP-seq signal within the 1L33 gene
locus (Figure 2A). The ChlP-seq peak mapped to the IL33 gene in GRCh37/hg19 at the
location chr9:6243827-6244384. Sequence analysis identified six potential CDX2-
binding sites within the 1L33 ChlP-seq peak, indicating a potential regulatory region
(Figure 2B). CDX2 ChIP on LS174TWT cells was performed to validate the ChIP seq
findings and to determine if 1L33 is a direct CDX2 target. Using primers specific to the
potential CDX2 binding region, we found that the amount of CDX2-IP DNA was about
9-fold higher than that of the negative control HA-IP DNA (p<0.001) (Figure 2C). This
shows that CDX2 is associated with the region and is a potential regulator of the 1L33
gene expression in LS174T" intestinal cells.

Taken together with the ChIP-seq data, the IL33 expression profiles indicated that
LS174T cells were a suited model to investigate the intestinal transcriptional regulation

of IL33 by CDX2. Thus, all subsequent analyses were performed using LS174T cells.
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Figure 2. IL33 is a potential CDX2 target in LS174T cells. (A) View of the 42,198bp L33 gene
(uc003zjt.3, NM_033439) from the UCSC Genome Browser GRCh37/hg19. Imported data tracks
include CDX2 ChIP-seq reads of both immunoprecipitated and input DNA (representing 1% of
the total amount used in IP) signal, shown as density graphs 6. RNA-Seq data from deep
sequencing transcriptomic analysis from LS174TWT and CDX2-inducible LS174TCPX>" are
shown with or without induction with 4 ng/mL doxycycline for 24 hours 6. Data are displayed
as density graphs. (B) The position-weight matrix of the CDX2-binding motif [ID: MA0465.1]

from the JASPAR database (http://jaspar.genereg.net/) 4° including six (bold and underlined)

predicted CDX2 target sites in the sequence of the major CDX2 binding element at the marked

area (chr9:6243827-6244384) in the 1L33 gene. (C) gPCR of CDX2 and hemagglutinin (negative
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control) chromatin immunoprecipitated material from LS174TWT cells generated with primer
pairs located within the CDX2 ChIP-seq peak in the I1L33 locus (showed in 2A). The relative
enrichment of CDX2 binding is shown as a percentage of total input DNA and is represented as

means with SD error bars (n=4), *** P<0.001.

CDX2 regulates expression of IL33 RNA in LS174T cells

An LS174T derived cell-line was used to determine to which extent CDX2 regulates
IL33 expression in intestinal cells. The CDX2-inducible LS174T<P*2" cells express
CDX2 only in response to doxycycline stimulation “6. CDX2 target genes in LS174T
cells were identified by RNA-seq by comparing LS174TWT, non-stimulated LS174T¢Px
" and doxycycline-stimulated LS174T<P*2/ cells “6,

The IL33 expression profile from these RNA-seq data revealed that in knockout
cells with no CDX2 expression, the IL33 expression was very low, whereas the 1L33
mRNA level was clearly increased in LS174TCPX?/ cells treated with doxycycline for
24 hours (Figure 3, upper panel). This indicates that CDX2 is an important activator of
IL33 expression in LS174T cells.

Subsequently, CDX2-inducible LS174TCPX2" cells were treated with increasing
concentrations of doxycycline (0-10 ng/mL). Western blotting analysis of CDX2
showed an increased level of CDX2 protein following the doxycycline induction (Figure
3, lower panel). In addition, a clear doxycycline concentration-dependent increase of
IL33 mRNA expression was observed (Figure 3, upper panel). This suggests that

induction of CDX2 upregulates IL33 mRNA expression.
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Luminex analysis showed that supernatants from LS174T¢PX2" cell induced with 0-

14ng/mL doxycycline contained no detectable level of IL-33 protein (Data not shown).
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Figure 3. (Top) Quantitative RT-PCR of IL33 mRNA expression in LS174TWT and CDX2-
inducible LS174TCP*2" cells exposed to increasing concentrations of doxycycline, normalized to
the reference gene RPLPO. CDX2 expression was induced by incubation with 4 ng/mL or 10
ng/mL doxycycline for 24 hours as indicated. Data are represented as mean values with SD error
bars, (n=4), **** denotes P<0.0001 using one-way ANOVA with multiple comparisons.
(Bottom) Western blot of CDX2 protein levels in LS174TWT and CDX2-inducible LS174TCPX>
" cells after exposure to different concentrations of doxycycline for 24 hours. GAPDH was used

as loading control.
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The activity of the 1L33 regulatory elements

To investigate the regulatory effect of CDX2 on IL33 expression, we used promoter
reporter assay analysis. We constructed luciferase reporter plasmids containing the 1L33
promoter with or without the potential enhancer region identified in the ChlP-seq
analysis (Figure 2A) and transfected them into LS174TWT and CDX2-inducible
LS174TCPX2" cells. This showed that the intragenic enhancer region increased the 1L33
promoter activity more than 45-fold from the promoter level (Figure 4), which
demonstrates that the regulatory element is a powerful enhancer of IL33 in LS174T cells.

To investigate the role of CDX2 for the enhancer effect, CDX2-inducible
LS174TCPX2 cells were transfected with the IL33 promoter and promoter/enhancer
constructs and CDX2 expression was induced with varying amounts of doxycycline
stimulation. Transfection of the IL33 promoter/enhancer construct into non-induced
cells, that do not express any CDX2, increased the reporter gene expression 8-fold from
the pGL4.10-1L33-promoter plasmid alone, suggesting that the enhancer activity is also
regulated by other factors than CDX2 (Figure 4). However, when CDX2 was induced
with 4 ng/mL or 6 ng/mL doxycycline for 24 hours, the effect of the enhancer increased
19.3-fold and 31.7-fold, respectively, over the non-induced pGL4.10-1L33-promoter
plasmid, demonstrating a CDX2 dependent upregulation of the IL33 promoter activity

(Figure 4).
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Activity of the IL33 promoter and enhancer in LS174T cells
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Figure 4. The activity of the 1L33 promoter and enhancer in LS174T cells. pGL4.10 Luciferase
reporter constructs containing IL33-promoter and enhancer elements were transfected into
LS174T" and CDX2-inducible LS174TCPX>" cells. Cells were exposed to different
concentrations of doxycycline for 24 hours as indicated. Their relative luciferase/beta-
galactosidase activity was measured in cell lysates using a dual light assay. Activity was
normalized to the constructs with only the IL33 promoter. Bars represent mean values with SD
error bars using one-way ANOVA with multiple comparisons or two-tailed Student’s t-test, ****

denotes P>0.0001, n=4)

18



Discussion

The roles of IL-33 in homeostasis and in infectious and inflammatory diseases are
well documented & 7. However, the transcriptional regulation of IL33 gene expression
remains obscure. Revealing the regulatory mechanisms behind of 1L33 expression may
enhance our understanding of the role of IL-33 in the intestinal tissue.

Insilico transcription factor binding site analysis of the intestinal cell line LS174T
identified a clear peak in intron 2 of 1L33 that was determined to contain several CDX2
binding sites, and promoter-reporter assays in CDX2 inducible LS174TCPX%- cells
revealed that this region may be a potent enhancer of IL33 promoter activity.

IL33 mRNA levels varied greatly between the intestinal cell lines investigated and
were especially high in colonic epithelial cells isolated from healthy patients., as shown
by gPCR (Figure 1). While HT-29 and SW480 express relatively little CDX2, the other
cell lines express comparable CDX2 levels 4% 465051 syggesting that expression is
dependent on other factors than CDX2.

However, the IL33 expression profile from the RNA-seq data of CDX2 knockout and
CDX2 re-induced LS174T cells suggested that CDX2 is important for 1L33 expression
(Figure 2A). This was further supported by the up-regulation of IL33 mRNA expression
by CDX2 protein (Figure 3). However, the transfections with promoter reporter
constructs showed that the construct containing the IL33 enhancer was still able to
activate the IL33 promoter in cells without CDX2 induction albeit at a lower level
(Figure 4). This further supports that other factors than CDX2 may act as activators on

the 1L33 enhancer to uphold a low basal level of IL33 expression. It is well established

19



that the regulation of CDX2 target genes is also regulated by other members of the
intestinal transcription factor network, such as hepatocyte nuclear factor 4 alpha
(HNF40) and transcription factor 7-like 2 (TCF7L2) 4% 485255,

Since inflammatory bowel diseases and colorectal cancers have been linked to the
dysregulation of CDX2 50 %658 and dysregulation of IL-33 has been linked to
inflammatory bowel disease and colorectal cancers 1% %% we hypothesize that 1L33
expression might be affected by inflammatory bowel diseases and colorectal cancers
through dysregulation of CDX2. Under normal physiological conditions, on the other
hand, we suggest that IL-33 is constitutively expressed in intestinal epithelial cells under
the influence of normal CDX2 expression. The intracellular IL-33 pool may simply be
as a store of alarmins that can be released during damage of the intestinal barrier 24, or it
may play a homeostatic role as transcription factor, by suppressing NF-«B signaling and
production of pro-inflammatory cytokines like IL-6 " 2, Furthermore, secreted 1L-33
may increase mucus production by activating Muc-gene transcription in an autocrine or
paracrine manner .

This study provides the first evidence that the intestinal specific transcription
factor CDX2 regulates the expression of 1L33 in intestinal cell lines. Furthermore, we
identified an intronic enhancer of 1L33 gene expression in LS174T cells. We suggest that
CDX2 adds an intestinal-specific layer of control to the expression of IL-33 through

transcriptional regulation of I1L33.
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The aim of the study:

In paper Il the aim was to develop a method to integrate inducible transcriptional
elements into cells, in a precise manner, to enable absolute control of gene expression
with no leakiness. Another aim was to demonstrate the feasibility of the method by
engineering an epithelial colon cell line (LS174T) with a bi-allelic CDX2 knockout that
contains a CDX2 gene with doxycycline-inducible expression. This model system was
used to investigate CDX2 inducibility and leakiness and to detect novel CDX2 target
genes by which expression is regulated by CDX2.
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Key findings:

92

The study demonstrates that the PrlITE system enables induction of gene
expression while removing leakiness observed in other Tet-on systems and that
it requires the use of tetracycline dosages below cell stress inducing
concentrations.

A novel colonic epithelial cell line with a bi-allelic CDX2 knockout and an
inserted inducible doxycycline controlled CDX2 gene was engineered,
developed, and tested.

Novel CDX2 downstream effector genes were uncovered using the CDX2
inducible colon cancer cells generated by the PrlITE approach.

The study provides a strategy for characterization of dose-dependent effector
functions of essential genes that require an absence of endogenous gene
expression.

The established PrlITE colonic cell model system revealed that CDX2

predominantly acts as a transcriptional enhancer and rarely as a repressor.
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ABSTRACT

Tetracycline-based inducible systems provide pow-
erful methods for functional studies where gene ex-
pression can be controlled. However, the lack of tight
control of the inducible system, leading to leakiness
and adverse effects caused by undesirable tetracy-
cline dosage requirements, has proven to be a lim-
itation. Here, we report that the combined use of
genome editing tools and last generation Tet-On sys-
tems can resolve these issues. Our principle is based
on precise integration of inducible transcriptional el-
ements (coined PrlITE) targeted to: (i) exons of an en-
dogenous gene of interest (GOI) and (ii) a safe harbor
locus. Using PrlITE cells harboring a GFP reporter or
CDX2 transcription factor, we demonstrate discrete
inducibility of gene expression with complete abro-
gation of leakiness. CDX2 PrlITE cells generated by
this approach uncovered novel CDX2 downstream ef-
fector genes. Our results provide a strategy for char-
acterization of dose-dependent effector functions of
essential genes that require absence of endogenous
gene expression.

INTRODUCTION

Historically, analysis of the molecular genetic mechanisms
underlying cell fate and animal phenotypes has been studied
by abrogating gene function in cellular and animal model
systems. Initially this has been accomplished by random
mutagenesis (1-3), homologous recombination (4) and re-
cently by the use of precise genome editing technologies that
allow for target inactivation of any GOI in cells, tissues and
animal models (5-7). However, the fact that the genetic le-
sions induced are static render these approaches inadequate
in situations where swift reversal of gene function is desired
or in cases where the GOI plays an essential function for
cellular survival. Thus, alternative approaches have to be
employed in these situations. One commonly used alterna-
tive is based on gene ‘knock down’ by RNAi/shRNA (8).
Although the successful application of these technologies
in cell lines is well documented, knock down strategies are
hampered by lack of quantitative and absolute inactivation
of gene function, which makes this approach problematic
in situations where downstream gene functional studies re-
quire complete gene inactivation. In these situations, the use
of inducible gene expression systems has shown to be a pow-
erful methodology that allows for: (i) control of gene expres-
sion levels of potentially toxic gene products that could have
adverse side effects on cell growth and survival when ex-
pressed constitutively, (i) temporal and spatially controlled
activation of genes and proteins and (iii) analysis of cellu-
lar gene dose/response effects. Various inducible gene ex-
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pression systems have been described in the literature based
on cre-lox P system (9), myxovirus resistance 1 promoter
(10), estrogen receptor (11), optogenetics (12), ecdysone-
induciblity (13) or tetracyclin (Tet)-Off/On systems (14—
17). The latter systems are probably the most commonly
used inducible systems for which a plurality of reagents have
been developed, published and are commercially available
(18). However, one disadvantage of Tet-inducible systems
and the majority of the aforementioned inducible systems,
is their well described ‘leakiness’ (19-23). Furthermore, in-
ducible expression in both transient and stable expressing
cells have indicated that cells respond differently to induc-
tion, which has been attributed to heterogeneity in chromo-
somal integration of the inducible gene elements in individ-
ual cells leading to non-homogenous induction responses
(21). Importantly, well known side effects of tetracycline
(and its derivatives) on cell fitness, in particular after long
term treatment, caution for its use in biomedical research
when used at traditional concentrations >100 ng/ml (24
26).

Thus, there is a yet unmet need in the field to improve
the tightness of the available inducible systems. We reasoned
that the observed ‘leakiness’ with the most commonly used
“Tet-On’ system (17,27) is due to the uncontrolled random-
ness of integration of the genetic elements encoding both
the ectopically expressed transactivator and the inducible
GOl, leading to muddled inducible gene expression with
pleiotropic downstream effects dependent on the activation
conditions used. Therefore, we hypothesize that by inte-
grating a defined number of transactivator and inducible
transcriptional elements at defined cellular genomic loci we
can (i) circumvent the ‘leakiness’ issue and (ii) lower the
Dox concentration needed for induction below the levels
causing cellular stress. Thus, by taking advantage of pre-
cise genome editing and last generation Tet-On platforms
(18,27), the objectives of this study were to establish a flex-
ible ‘non-leaky’, minimal Dox concentration requiring iso-
genic knockout-rescue system. We built our cellular model
system on the colorectal cell line LS174T and by mono- or
bi-allelic targeting of constitutively expressing transactiva-
tor (Tet3G) elements (TET3G) to one locus and inducible
GFP-reporter elements to another safe harbor locus we
demonstrate minimal Dox requirement, no leakiness and
reversibility of the system. We next demonstrate the util-
ity of the isogenic PrIITE system by mono- or bi-allelic in-
tegration of inducible CDX2 transcription factor elements
into PrIITE cells and re-confirm the reversibility and lack
of leakiness of the system. We also for the first time demon-
strate, that Tet-On leakiness is related to the cellular copy
number of integrated transactivator elements and not the
number of integrated inducible elements of the inducible
system.

Finally we confirm the complete absence in leakiness of
the system by RNA-seq and in combination with ChIP-seq
identify several novel genes directly transcriptionally con-
trolled by CDX2 (Figure 1). The selection of CDX2 as our
target gene was based on its relevance as a key regulator
of intestinal differentiation, with many downstream targets
that can be assessed as read-outs (28).

MATERIALS AND METHODS
ZFN gene targeting plasmids and plasmid donor construction

CDX2 and AAVS1 CompoZr ZFN plasmids for human
CDX2 and AAVSI were obtained from Sigma targeting
exon 1 of CDX2 (AACTTCGTCAGCCCCccgcagTACCC
GGACTACGGCGGTT) and intron one of the PPPIR12C
gene at the A4V ST hotspot AAV integration site (ACCCCA
CAGTGGggeccacTAGGGACAGGAT), respectively. ZFN
binding sites are shown in upper case and linker cut site
in lower case lettering. ZFNs were tagged with 2A peptide
fused GFP or Crimson as described recently (29). Fluores-
cent protein tagging allows for FACS enrichment and im-
proves efficiency in obtaining correctly targeted clones.

Donor construct was designed based on the previ-
ously described approach by Maresca et al. (30) with the
only modification that inverted ZFN binding sites were
positioned flanking the entire donor insert. A synthetic
ObLiGaRe CDX2 donor vector frame work possess-
ing inverted CDX2 ZFN binding sites (AACCGCCG
TAGTCCGGGTACccgcagGGGGCTGACGAAGTT)
flanking a Xhol/EcoRV linker was generated (EPB64,
Genewiz, USA, Addgene ID#90017). A CMV-Tet3G-
SV40UTR TET3G transactivator encoding fragment
(pTet3G, Clontech/Takara, USA) was Xhol/HindIII
excised (HindIII overhang bluntended) and inserted into
Xhol/Xbal (overhangs bluntended) site of EPB64-donor
vector  generating pCDX2-pCMV-TET3G-ObLiGaRe
donor vector.

Various inducible gene expression ObLiGaRe donor con-
structs targeted to the AAVSI safe harbor locus were
generated based on available 44V'SI safe harbor Com-
pZr ZFN binding element information (Sigma-Aldrich,
USA). A 44V S1 ObLiGaRe donor vector framework was
generated (EPB58, Genewiz, USA, Addgene ID#90016)
and designated pObLiGaRe-4A4VSI, possessing the re-
spective inverted ZFN binding elements (5'-atcctgtcecta
ggccacccactgtgggt-3') flanking an EcoRV multiple cloning
site linker (see Supplementary Figure S11 for vector de-
sign). A full-length codon optimized CDX2 (CDX2opt)
construct was generated (EPB40, GeneArt/ThermoFisher,
USA and Sall/BamHI insert cloned into Sall/BamHI
sites of pTRE3G (Clontech/Takara, USA) generating
pTRE3G-CDX2opt.

A BamHI fragment encoding a Golgi targeted EYFP
fusion protein, T2EYFP (31) was blunt end cloned into
the EcoRV site of pTRE3G generating pTRE3G-T2EYFP.
T2EYFP encodes the N-terminal Golgi targeting and reten-
tion sequence fused to EYFP. The Xbal/Xhol Tet respon-
sive expression fragments from both pTRE3G-CDX2opt
and pTRE3G-T2EYFP were excised and blunt end cloned
into the EcoRV site of pObLiGaRe-AAVSI1 (EPBS5S8) gener-
ating pAAVS1-TRE3G-CDX2opt and pAAVSI-TRE3G-
T2EYFP. For pAAVSI-TRE3G-T2EYFP, the donor insert
was excised with Pacl/Pmel and inserted into Pacl/Pmel
site of a modified AAVSI targeting vector (EPB71,
Genewiz, USA, Addgene ID#90018) where Pacl/Pmel
cloning sites are flanked by insulator sequences and the in-
verted AAVS1 ZFN binding sites. See Supplementary Fig-
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Figure 1. Overview of the established isogenic knockout-rescue model system based on precise integration of inducible elements (PrIITE) in LS174T.
(A) pCDX2-pCMV-TET3G-ObLiGaRe donor vector (pPCMV-Tet3G) was targeted to CDX2 exonl by ZFN mediated targeted integration followed by
pTRE3G-inducible Gene Of Interest (GOI) ObLiGaRe donor vector (pTRE3G-indGOI) targeting to the safe harbor AAVSI locus. (B) Schematic illus-
tration of the isogenic inducible CDX2 LS174T cell model system based on the mono- (upper panel) or bi- (lower panel) allelic precise genome targeting of
CDX2 inducible elements, CDX2~/~ 1XindCDX2 and CDX2~/~2XindCDX2 respectively. (C) Illustration of the experimental workflow including deep
transcriptomic analysis (RNA-seq) of wild type LS174T and isogenic indCDX2-PrIITE cells exposed to variable concentrations of doxycycline inducer
and CDX2 target validation by genome-wide CDX2 ChIP-seq (ChIP-seq) analysis.

ure S11 for vector constructs used and generated. All plas-
mids were Sanger sequencing verified.

Cell culture and transfection

LS174T (ATCC-CL-188) human intestinal cell line was
maintained in Ham’s nutrient mixture F12/Dulbecco’s
modified Eagle’s medium (1:1) supplemented with 10% fetal
bovine serum and 1% glutamine. Different target ‘knock in’
strategies were undertaken, including use of 800 bp homol-
ogy arms flanking the donor integration cassette D (data
not shown). Successful LS174T targeted KI was only ob-
tained when the ObLiGaRe strategy for improved target
specific ‘knock in’ integration of donor constructs was em-
ployed (30). In brief, the ObLiGaRe strategy is based on use
of existing ZFN binding elements that in an ‘inverted’ orien-
tation flank the donor DNA construct. By co-nucleofection
of ZFN’s and donor DNA, double stranded breaks at both
the specific chromosomal target site and flanking the donor
plasmid will occur allowing cellular repair pathway medi-

ated target specific integration of the linearized donor at the
desired target site.

For stable pCDX2-pCMV-TET3G-ObLiGaRe integra-
tion the first exon of the CDX2 gene was targeted through
CDX2 CompoZr ZFNs driven integration (Sigma-Aldrich,
USA) (AACTTCGTCAGCCCCccgcagTACCCGGAC-
TACGGCGGTT, left and right ZFN binding sites capital-
ized and linker cloning site in lower case). 1 x 10° LS174T
cells were transfected by nucleofection, simultaneously
with the GFP/E2 Crimson tagged CDX2 ZFN plasmids (2
ng each) and the pCDX2-CMV-TET3G-donor vector (5
rg). Nucleofector solution T (Lonza, CH)/Nucleofector
program T-020 were used for the electroporation procedure
in an Amaxa Cell Line Nucleofector device (Lonza, CH).
Cells were then cultured for 6 h at 37°C to stabilize, and
then moved on to a 30°C cold shock. Two days after
transfection, cells expressing both GFP and E2 Crimson
were sorted out in a FACS ARIA III (BD BioSciences,
USA) as previously described (29). The cell bulk was plated
out to grow in collagen-coated plates and two rounds of
cloning were then employed.
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Single cell clones were screened by junction PCR using a
primer flanking the 5 CD X2 target locus and a reverse ori-
ented primer localized within the integrated pCMV-TET3G
cassette (Supplementary Figure SIA and B). Based on
IDAA assay (32), one of them (5B5) showed the presence
of wt allele, representing heterozygozity for pCMV-TET3G
integration at the CDX2 locus (clone named LSCPX2*/—),
while the other two clones (3D6 and 5E2) were found to
possess successfully integrated pCMV-TET3G transactiva-
tor at both alleles representing homozygozity for pCM V-
TET3G (clones named LSPX2/~#1 and LSCPX2/~#2 re-
spectively).

1 x 10° cells from a CDX2 KO clone containing mono
or bi-allelic pCMV-TET3G transactivator inserted into the
two CDX2 alleles were then transfected by nucleofection
with GFP/E2 Crimson tagged AAVS1 ZFN plasmids (2 pg
each) and 5 pg pAAVSI-TRE3G-CDX2opt or pAAVSI-
TRE3G-T2EYFP.

Clone characterization by polymerase chain reaction (PCR)
and IDAA

In order to identify correct integration of pCDX2-CMV-
TET3G, a region comprising a part of CDX2 exon | up-
stream the ZFNs cutting site and left 800 bp homology arm
and a part of the CMV promoter was amplified using Ex-
pand Long Template PCR System (Roche Applied Science,
GE) (5-CMV-TET3G junction PCR). Similarly, the identi-
fication of correctly integrated pAAVS1-TRE3G-CDX2opt
or pAAVS1-TRE3G-T2EYFP fragments into A4VS1 locus
was performed by amplification of a region comprising a
part of AAVSI upstream the ZFNs cutting site and a part
of the TRE promoter (5-TRE3G-CDX2opt or TRE3G-
T2EYFP junction PCR). PCR reaction mixture consisted
of 100 ng DNA, 2.5 pl buffer 1, 3.0 I 1.25 mM dNTPs mix,
0.25 wl each primer at a concentration of 25 uM, 0.1 wl en-
zyme mix and water to a final volume of 25 pl. All junction
PCR primers were obtained from TAG Copenhagen A/S,
Denmark and are listed in Supplementary Table SIV. Am-
plification was done using the following touch down proto-
col. After preheating for 5 min at 95°C, 12 cycles were per-
formed starting with denaturation for 45 s at 95°C, anneal-
ing for 15 s at 74°C with a decrease in annealing temperature
of —1°C/cycle, and 2 min at 72°C, followed by an additional
25 cycles of 45 s at 95°C, 15 s at 64°C and 2 min at 72°C,
followed by a final extension of 3 min at 72°C. PCR prod-
ucts were run in a 1.2% agarose gel, bands were gel purified
and sequence confirmed by Sanger sequencing.

FACS-enriched stable clones (29) were screened by junc-
tion PCR using primers flanking the junction between the
CDX2 or AAVS1 genes and the integrated cassette (Supple-
mentary Figures SI and S2).

Presence of unmodified CDX2 or AAVSI target (WT
allele presence test) was performed using the recently de-
scribed IDAA method (32) and protocol guidelines (33).
In brief, due to size of the donor constructs used (>2 kb,
respectively) the respective CDX2 or AAVS1 ZFN target
sites can only be successfully amplified if integration has
not occurred at the respective target loci. PCR was per-
formed using 100 ng DNA in 25 pl using AmpliTaq Gold
(ABI/Life Technologies) for CDX2 locus or TEMPase Hot

Start DNA Polymerase (Ampliqon A/S, DK) for 44VS1
locus using the recently described IDAA /tri-primer ampli-
fication conditions comprising primers flanking the respec-
tive target site in combination with a universal 6-FAM 5'-
labeled primer (FamF), specific for a 5'-overhang attached
to the forward primer. IDAA primers used were purchased
from TAG Copenhagen A/S and are listed in Supplemen-
tary Table SIV. Fluorescently labeled amplicons were then
analyzed by capillary electrophoresis based fragment analy-
sis using an ABI3030 instrument (Applied Biosystems/Life
Technologies, USA). Raw data obtained was analyzed us-
ing Peak Scanner Software V1.0 (Applied Biosystems/Life
Technologies, USA).

Induction with Dox

The Tet-On3G system was induced with Dox (Sigma-
Aldrich, USA) in a range between 0.004 and 4 pg/ml
for CDX2 knock-in (KI) clones and 0.001-5 pg/ml for
T2EYFP KI clones. Dox was added to the medium every
24 h for one or 2 days, and medium was exchanged every 48
h after Dox removal. Controls where Dox was not added to
the medium were used (0 pg/ml of Dox).

Western blot of cell lysates

Whole-cell extracts were obtained by resuspension of cell
pellets in RIPA buffer (50 mM Tris—HCI pH 7.4, 150 mM
NacCl, 2 mM EDTA, 1% NP-40, 0.1% sodium dodecyl sul-
phate) in the presence of complete protease inhibitors cock-
tail (Roche Applied Science, GE). Quantification of total
protein was determined by bicinchoninic acid protein assay
(Thermo Scientific™ Pierce, USA). 15 wg of protein extracts
were then analyzed by standard SDS-PAGE, transferred to
a nitrocellulose membrane (GE Healthcare Life Sciences,
USA) and blotted on at 4°C with mouse monoclonal pri-
mary antibodies CDX2-88 1:500 (Biogenex, USA), anti-
TetR 1:1000 (Clontech/Takara, USA), anti-MUC?2, undi-
luted hybridoma supernatant and anti-actin 1:8000 (Santa
Cruz Biotechnology, USA) in 5% BSA in PBS. Mem-
branes designed for MUC?2 blotting were previously treated
with neuraminidase from Clostridium perfringens type VI
(Sigma-Aldrich, USA) diluted in PBS to a final concentra-
tion of 0.2 U/ml, for 1 h at 37°C. Peroxidase-conjugated
secondary antibodies (goat polyclonal anti-mouse-HRP
1:2000 for CDX2, TetR and MUC?2 and goat polyclonal
anti-rabbit-HRP 1:2000 for actin (Santa Cruz Biotechnol-
ogy, USA) were used and developed with the ECL detection
kit (Bio-Rad Laboratories, USA).

RNA extraction

Total RNA was extracted using RNeasy kit (Qiagen, GE)
as recommended by the manufacturer.

Transcriptomics (RNA-Seq)

Polyadenylated RNA was isolated from total RNA using
standard protocols (Dynabeads mRNA Direct Micro Kit,
Ambion/Life Technologies, USA) starting with 5 pg total
RNA. Library preparation for NGS using lon Torrent tech-
nology (Life Technologies, USA) was carried out according



to the manufacturers recommendations (Ion Total RNA-
Seq Kit v2, Ton torrent/Life Technologies, USA), and se-
quenced using an Ion Proton system (Life Technologies,
USA). Quality control, quantification of RNA and libraries
was carried out using using Agilent RNA 6000 Nano Kit
or Agilent High Sensitivity DNA kit and Agilent Bioana-
lyzer (Agilent Technologies, USA). Sequencing reads were
mapped to hgl9 and bioinformatics analysis was conducted
using CLCs Genomic Workbench (CLC bio/Qiagen, DK),
STARBowtie2 followed by Cufflinks for expression anal-
yses. In brief, ~50 ng polyA RNA was fragmented down
to 100-300 base fragments using RNaselII for 1-3 min fol-
lowed by adapter ligation, amplification for 9-14 cycles and
barcoding using Ion Express RNA-Seq Barcode kit (Ion
Torrent/Life Technologies, USA). The final library frag-
ment size and concentration was determined by Agilent
Bioanalyzer analysis followed by template preparation us-
ing Ion PI Template OT2 200 Kit v3 (Life Technologies,
USA) and Ion One Touch System followed by NGS on an
Ton Proton system using Ion PI™ Chip Kit v2. In general,
two transcriptome libraries were barcoded and analyzed on
one Ion PI v2 chip. Sequencing depth for the RNA-Seq
data sets ranged from 34.5 to 44.6 mill reads/sample with
95.4-97.7% mappable reads to the hgl9 reference data base.
Mean read length for transcriptome RNA-Seq data ranged
from 116 to 136 bp.

Genome-wide analysis of CDX2-binding sites by ChIP-seq.

LS174T cells grown for five days in a 30 x 30 cm cul-
ture dish were cross-linking and sonicated as described pre-
viously to generate fragments of ~0.2 to 1.2 kb. Here-
after, the ChIP-protocol was performed as previously re-
ported (34). Briefly, immunoprecipitation was done in
four replicates and performed overnight at 4°C using spe-
cific antibodies to human CDX2 (CDX2-88, Biogenex,
USA) and the influenza hemagglutinin (HA) epitope (rab-
bit polyclonal a-HA; Santa Cruz Biotechnology Inc, Hei-
delberg, Germany), used as a negative control. Immuno-
complexes were recovered with 50 pl protein A/G beads
(Invitrogen/ThermoFisher Scientific, USA). Verification of
the enrichment in the CDX2-immunoprecipitated DNA
samples was done by qPCR analyzing the DNA level from
known CDX2-targets in the CDX2-immunoprecipitated
samples and comparison it to level in the negative control
(HA-immunoprecipitated DNA).

In order to increase the depth of the analysis, the ChIP
library established was deep sequenced using Ion Proton in-
strumentation generating an approximate ~54 million reads
depth. Library preparation for NGS was carried out with
the Ion Xpress Plus gDNA Fragment Library Kit accord-
ing to User Bulletin 4473623: Ton Chipseq Library Prepa-
ration on the Ion Proton System (Life Technologies, USA),
starting with 10 ng DNA. Quality control of the libraries
was carried out using using Experion DNA 1K analysis
kit and the Experion System (Bio-Rad Laboratories, USA).
In brief, 10 ng DNA was end-repaired and ligated to bar-
code adaptors from the Ion Xpress Barcode Adapters 1-
16 Kit (Life Technologies, USA), followed by nick repair
and amplification for 18 cycles. The amplified libraries were
subjected to two rounds of bead capture with the Agen-
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court AMPure XP Kit (Beckman Coulter, USA) to size-
select fragments ~160-340 bp in length. The final library
concentration was determined by Qubit analysis (Ther-
moFisher Scientific, USA). The barcoded ChIP- and IP
control-DNA-libraries were handled similarly to the RNA-
Seq library and analyzed on a single Ton PI™ Chip v2. For
the ChIP- and IP control-DNA-libraries a total of 54.5 mill
reads (21.8 and 32.7 mill respectively) were obtained and
98.5% were mappable to the reference hgl9 data base with
a mean read length of 130 bp. The detection of CDX2 ChIP
seq peaks and the location of the closest gene was performed
using CisGenome version 2 (35).

Immunodetection by fluorescence-activated cell-scanning
(FACS) analysis

Cells were trypsinized at different time-points after induc-
tion with Dox or after Dox removal and washed twice
with PBS. After being centrifuged at 1200 rpm for 7 min,
CDX2 KI cells were fixed in 4% PFA for 20 min., washed
in PBS and permeabilized in cold methanol for 15 min. Af-
ter washing with PBS, samples were incubated with the pri-
mary antibody (CDX2-88 clone, BioGenex, 1:500.) for 1
h at 37°C. Cells were then stained with FITC-conjugated
AfinityPure immunoglobulin antimouse IgG (Jackson Im-
munoResearch Laboratories, USA) diluted 1:100 in 0.05%
BSA in PBS and then subjected to FACS in a FACS ARIA
III (BD BioSciences, USA). T2EYFP KI cells were imme-
diately scanned by FACS after cell trypsinization.

Immunocytochemistry

Cell slides were fixed in cold acetone for 15 min. For TetR
anti-TetR cells were incubated overnight at 4°C with the
primary antibodies (9G9 clone, Clontech/Takara, USA).
Negative controls were performed by omission of primary
antibodies. After washing, a rabbit anti-mouse Ig FITC-
labeled secondary antibody (Dako A/S, DK) diluted 1:100
in PBS with 5% BSA was added for 45 min, protected from
light. DAPI was used as a nuclear counterstain and slides
were mounted in Vectashield mounting media (Vector Labs,
USA).

For EYFP visualization on the induced T2EYFP KI
clones, trypsinized cells were fixed in cold acetone for 10
min, DAPI was added and slides mounted. Samples were
examined under a Zeiss fluorescence microscope equipped
with DAPI and FITC interference filters. Images were ac-
quired using a Zeiss Axioskop 2 and an AxioCam MR3
camera and Zeiss Application Suit software.

Real time in vivo video material

For the time lapse video, 1 x 10° CDX2~/~2XindT2EYFP
cells were seeded in a well of a six-well plate and 0.5 pg/ml
of Dox were added after 24 h. Time lapse images started to
be acquired under dark field immediately after Dox addi-
tion and every 20 min during 24 h using a Leica DMI 6000
timelapse microscope equipped with FITC interference fil-
ter and with CO, supply.
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RESULTS

Precise integration of inducible transcriptional elements (PrI-
ITE)

CDX2 knock-out by targeted integration of Tet3G transac-
tivator elements. In order to eliminate the adverse cellular
effects seen from prolonged exposure to Dox (25,26), we de-
signed a strategy combining stable and controlled TeT-On
transactivator/TeT3G expression with disruption of a tar-
get gene. First we established a Tet3G expressing LS174T
cell line, in which the TET3G elements were targeted to
CDX2 exonl CDS, thereby abrogating the endogenous gene
function. Targeting CDX2, a master differentiation tran-
scription factor (36), allowed us to determine the efficacy
of the system in an unprecedented CDX2 knock out cell
system (Figure 1). Multiple attempts at homologous re-
combination driven donor integration at the CDX2 exon
1 locus based on CDX2 ZFNs and a TET3G donor tem-
plate flanked by 700bp homology arms did not give rise
to any correctly targeted clones, likely due to low homolo-
gous repair capacity of LS174T cells used in this study (data
not shown). pCDX2-pCMV-TET3G-ObLiGaRe donor vec-
tor (Figure 1A and Supplementary Figure SIA) was co-
transfected together with CDX2 CompoZr ZFN plasmids
into LS174T cells, whereby pCMV-TET3G transactiva-
tor donor vector was specifically integrated into exonl of
CDX2, as illustrated in Figure 1A and Supplementary Fig-
ure S1A and B, by ObLiGaRe driven recombination (see
Material and Methods section for details). Three clones
(5E2, 3D6 and 5BS5) were shown to include correct inte-
gration of the pCMV-TET3G construct and constitutively
express the Tet3G transactivator (Supplementary Figure
S1C), one clone, 5B5, was mono allelically targeted (des-
ignated LS®PX?>*/~) and CDX2 protein expression main-
tained at levels similar to the parental LS174T wt cell line
and in the bi-allelic targeted CDX2 knock-out (KO) clones,
3D6 (LSCPX>~/=#1) and, 5E2 (LSCPX>~/~#2), CDX2 ex-
pression was completely abrogated (Supplementary Figure
S1C and D). Constitutive Tet3G expression and abrogation
of CDX2 was maintained after prolonged cell passaging
and after freeze/thawing lack of CDX2 was correlated with
significantly decreased protein levels of a well-know CDX2
target gene, MUC2 (37) (Supplementary Figure S1C and
D). Lastly, we tested the functionality of the mono and bi-
allelically targeted CDX2 KO cells by cellular transfection
with known CDX2 enhancer reporter constructs and could
show dose dependent decreased expression of a HNF4A re-
porter and >10-fold reduced expression of a HEPHI re-
porter (38) in the CDX2 KO cells (Supplementary Figure
S3).

We thus show, that CD X2 KO by ZFN-mediated site spe-
cific pPCMV-TET3G integration in LS174T cells was effec-
tively accomplished and that stable Tet3G expression was
maintained over time.

Safe harbor targeted integration of inducible T2EYFP ele-
ments. Having shown that both LSCPX2/~#1 and #2 dis-
play similar transactivator expression levels, an inducible
T2EYFP model system was established in LSCPX>~/=#1.
The inducible pTRE3G-T2EYFP-ObLiGaRe donor vec-
tor was targeted to the safe harbor AAVSI locus by

co-transfection with 44V S! CompoZr ZFN’s into the
LSCPX2=/=#1 cells as illustrated in Figure 2A. Multiple
correctly targeted indT2EYFP clones were obtained and
two of these selected for further detailed analysis, one
mono-allelic T2EYFP targeted clone 7E9 (hence forward
referred to as CDX27/~1XindT2EYFP) and another bi-
allelic targeted clone 5G8 (henceforward referred to as
CDX27/~2XindT2EYFP), Supplementary Figure S2. Both
clones maintained constitutive Tet3G expression and ab-
sence of CDX2 (Figure 2B).

LS174T indT2EYFP PrlITE cells display no leakiness and
Dox induction is fast and reversible.. We first aimed to de-
termine the leakiness of the inducible T2EYFP reporter in
the CDX27/~ 1xindT2EYFP and CDX2~/~2xindT2EYFP
clones by FACS and immunofluorescence, which showed
undetectable fluorescence in uninduced PrIITE cells (Fig-
ure 2C, D and E). Upon induction, immunofluorescence
displayed the expected peri-nuclear reactivity, consistent
with the correct sub-cellular localization of T2EYFP fusion
protein in the Golgi apparatus (39) (Figure 2E).

We next determined the induction dynamics over time
by in vivo live imaging, demonstrating that the induc-
tion dynamics is very rapid. T2EYFP expression is de-
tectable within 4 h post induction and all cells display
full expression of the reporter after 8-10 h (Supplemen-
tary video material). Importantly, the induction dynam-
ics is fully synchronized and all cells simultaneously be-
come positive for the T2EYFP reporter. To elucidate how
Dox dosage might influence on the dynamics of the sys-
tem, induction was performed using variable Dox concen-
trations ranging from 0 to 5 wg/ml. As shown in Figure
2C, modest induction was observed with dox concentra-
tions <5 ng/ml, whereas significant induction required Dox
concentration >10 ng/ml. Interestingly, these results sug-
gest, that the induction potential is related to the number
of inducible elements integrated into the system. For in-
stance, using a 10 ng/ml Dox dosage rendered >90% of
the CDX2~/~2XindT2EYFP cells EYFP reporter positive,
whereas <50% CDX2~/~1xindT2EYFP cells were found
positive for this dosage.

Next, the reversibility of the PrIITE cell system was quan-
tified by FACS analysis of the EYFP expressing cell popu-
lation after Dox removal from the media (Figure 2D). As
observed, induction was fully reversible and after 10 days
post Dox removal, all cells in the population returned to
non-expressing levels. However, the dynamics in reversibil-
ity was found to be dependent on both number of inducible
elements integrated and the Dox dosage used. Clearly re-
versal to non-expressing levels was achieved rapidly and
within 5 days for CDX2~/~1XindT2EYFP and slower for
CDX27/~2xindT2EYFP using the lower 50 ng/ml induc-
tion dosage.

‘We thus demonstrate that the PrIITE cell system displays
no leakiness, is fully reversible, and that the induction dy-
namics occurs fast and in a synchronized manner and re-
quire below cellular stress inducing Dox concentrations.

LS174T indCDX2 PrIITE cells show no leakiness and ec-
topic CDX2 expression is tightly controlled requiring min-
imal Dox induction levels. The role of CDX2 in intesti-
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Figure 2. Overview of the proof of principle system using inducible T2EYFP reporter in isogenic LS174T-PrIITE cells. (A) First pPCMV-Tet3G was tar-
geted to CDX2 exonl of LS174T cells generating mono- or bi-allelic CDX2 KO cells, CDX2*/~ and CDX2~/~ respectively. Next, cells were re-targeted
with pTRE3G-T2EYFP ObLiGaRe-donor vector (p)TRE3G-T2EYFP) directed to the safe harbor 44VSI locus generating CDX2~/~1Xind T2EYFP and
CDX2~/~2XindT2EYFP cells. (B) Western blot analysis of LS174wt, CDX2~/~, CDX2~/~1XindT2EYFP and CDX2~/~2Xind T2EYFP cells show ab-
sence of CDX2 and stable TeT3G expression. (C) FACS based determination of percentage indT2EYFP positive cells after induction with different Dox
concentrations. The graph shows that induction is dose and copy number dependent in CDX2~/~ 1Xind T2EYFP and CDX2~/~2Xind T2EYFP PrIITE
cells. Approximate 100% T2EY FP positive cells was achieved using >0.005 pg/ml Dox concentration for CDX2~/~2Xind T2EY FP. Maximum 70% posi-
tivity was achieved regardless of the higher Dox induction concentrations used for CDX2~/~1XindT2EYFP cells. Importantly, CDX2~/~2Xind T2EY FP
cells show complete absence in T2EYFP fluorescence in uninduced cells thus, no leakiness of T2EYFP LS-PrIITE cells was detectable. Critical dox concen-
tration above which adverse cellular stress (24-26) is caused is indicated by a dotted gray line. (D) Reversibility of induction as determined by FACS analysis
of fixed cells 1, 5 or 10 days post 48 h induction with variable Dox induction concentrations. Notably, reversibility was copy number and dox dependent
and full reversibility within 10 days was only achieved for CDX2~/~1XindT2EYFP PrIITE cells using the lower 0.05 wg/ml Dox concentration. (E) Sub
cellular localization of inducible T2EYFP as determined by fluorescence of fixed trypsinized indCDX2 PrIITE cells with or without dox induction. Arrow

heads indicate expected Golgi localization of T2EYFP.

tem built, we induced with a range of Dox concentra-
tions (04 pg/ml) for 48 h followed by removal of Dox
from the medium. As expected, no expression of indCDX2
was revealed in non-induced cells followed by fast dose
dependent Dox induction dynamics (Figure 3C). Impor-
tantly, for the lowest concentration of Dox used (0.004
wg/ml), the induction dynamics for the CDX2~/~ 1Xind-
CDX2 clone was slower than for CDX2~/~2XindCDX2

nal gene regulation is well known. However, to the best
of our knowledge no studies so far described the effect of
complete ablation of CDX2 from the cellular genome. In
a single study CDX2 has been suggested as a lineage sur-
vival oncogene when amplified in colorectal cancer (40).
In order to distinguish endogenous from ectopically ex-
pressed CDX?2 transcripts the inducible CDX2 open read-
ing frame was codon optimized (hereafter referred to as in-
dCDX?2). pTRE3G-indCDX2-ObLiGaRe donor vector was (Figure 3C). Of notice, the indCDX2 protein levels,
targeted to the AAVSI safe harbor site of LSCPX>/~#] reached for CDX2~/~ 1XindCDX2 with 4 ng/ml Dox dose,
cells generating clones 7D9 (CDX2~/~1XindCDX2) and were similar to the endogenous CDX2 levels detected
6D6 (CDX27/~2XindCDX2) possessing one or two in- in LS174Twt cells (Supplementary Figure S4E) while for
ducible codon optimized CDX2 copies respectively (Fig- CDX27/~2XindCDX2 induction reached 120x higher lev-
ure 1B and Supplementary Figure S4). Constitutive els relative to LS174Twt levels (Supplementary Figure S4E).
Tet3G expression was maintained in targeted cells and In contrast to the dynamics in reversibility for indT2EYFP
CDX27/72XindCDX2 or CDX2/~1XindCDX2 cell in- KI clones (Figure 2), reversibility of indCDX2 induction
duction dynamics over 24 h were similar (Figure 3A and appeared faster and required very modest Dox induction
B). To test the reversibility of the CDX2 PrlIITE sys- dosages in the sub cell stress inducing nanogram/ml range.
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Figure 3. Induction dynamics of isogenic inducible CDX2 LS174T PrlITE cells. (A) Anti-TeT3G transactivator immunofluorescence in
CDX2/~2XindCDX2 cells and not in LSI174T wt cells. (B) 24 h induction kinetics of indCDX2 using different Dox concentrations. >60% of
CDX27/~1XindCDX2 and CDX2~/~2Xind CDX2 cells become indCDX2 positive after 24 h 0.004 pg/ml Dox induction. Use of higher Dox con-
centrations higher percentage of cells become CDX2 positive after 24 h Dox treatment. (C) Dynamics in reversibility of the PrIITE system using different
Dox induction concentrations. CDX2~/~2Xind CDX2 (left panel) and CDX2~/~ 1Xind CDX2 (right panel) cells were induced 48 h with the Dox con-
centrations indicated above the panels. Hereafter Dox was removed and post induction indCDX2 protein levels were determined by Western blot analysis
1,3, 5 or 8 days post Dox removal. Maximum indCDX2 induction levels were achieved using 0.004 p.g/ml Dox concentration for CDX2~/~2XindCDX2

whereas 0.040 p.g/ml Dox was required for CDX2~/~ 1Xind CDX2.

Based on western blot analysis indCDX2 protein was un-
detectable within 3 days post Dox removal for both mono-
and bi-allelic clones (Figure 3C).

Validating the tightness in inducibility of the PrIITE by
deep transcriptome analysis. To confirm the tightness of
the PrIITE system and in order to determine the CDX2
downstream target genes, LS174Twt, uninduced and in-
duced CDX27/72XindCDX2 or CDX2~/~1XindCDX2
cells were RNA-seq transcriptome profiled (Figure 4A, and
Supplementary Figure S5). To ensure that the isogenic Prl-
ITE cells generated were representative of the mosaic mod-
erately well differentiated LS174Twt cell population (41), all
comparative analysis here and in the following sections in-
cluded LS174Twt cells. Approximately 10 000 genes with
RPKM =>1 were shown to be expressed in the wt cells
and the expression profiles for the mucin genes MUC2
and MUC5AC correspond to the profiles previously re-
ported for LS174Twt cells with high expression for the for-
mer and low expression for the latter (42,43) (Figure 5B).
CDX2 target genes were defined by the following crite-
ria; genes with RPKM >1 in wt cells where RPKM values
in uninduced PrIITE cells (CDX27/~) were reduced >4x
(4x ) and increased >2x (2x1) after re-induction rela-
tively to the uninduced RPKM values. In depth analysis
of the RNASeq reads that mapped to the human exonl
CDX2 gene locus, including the region across the CDX2
ZFNs cutting site, confirmed the presence of out of frame
transcripts possessing deletions in CDX27/~2XindCDX2
exonl, while the heterozygous CDX2~/~1XindCDX2 clone
expressed intact endogenous CDX2 transcripts present at
~40% of the LS174Twt transcript levels (Supplementary
Figure S5A). Analysis of the unmapped RNA-seq reads
confirmed the presence of the Tet3G transactivator tran-
scripts in CDX27/~ cells (Supplementary Figure S5B) and
importantly, no indCDX2 transcript was detected in the
uninduced state of the CDX2~/~2XindCDX2 clone (Sup-
plementary Figure S5B), thus confirming the biochemical
and immunofluorescence results obtained previously.

Taken together, by biochemical analysis, immunofluores-
cence and deep transcriptome analysis, we have shown that
the PrIITE system allows for absolute control of inducible
and reversible gene expression of CDX2 and it’s down-
stream target genes.

Validating the transcriptome identified CD X2 target genes by
genome-wide ChIP-seq analysis. Reasoning that the RNA-
seq identified CDX2 target genes could be direct or indirect
targets of CDX2, we wanted to validate the RNA-seq data
set by genome wide chromatin immunoprecipitation se-
quence analysis (ChIP-seq). We thus used ChIP-seq to iden-
tify true CDX2 binding elements in the vicinity of the RNA-
seq identified CDX2 target genes. ChIP was performed on
LS174Twt cells using a well-known anti-CDX2 monoclonal
antibody essentially using a previously reported procedure
(38). A LS174T non-immunoprecipitated library was deep
sequenced in parallel and used as ChIP-seq background
control. An additional requirement was added to the RNA-
seq criteria for positive scoring of primary CDX2 target
genes, in that a ChIP-seq peak (CDX2 binding element)
were to be present within or 1 kb up or downstream of
the target gene. The combined RNA- and ChIP-seq cri-
terion identified 31 direct CDX2 target genes (Figure 4B
and Supplementary Table SI). Among these genes several
known CDX2 regulated targets were found, such as TFF3,
MUC2 and CDX2 itself, but several novel targets were also
found, including MUC5B, MUC5AC, MUC6, GPA33 and
LDLR (Figure 5). Furthermore, in vitro promotor analysis
confirmed the CDX2 dependent regulation of the enhancer
identified in the novel CDX2 target gene GPA33 (44) (Fig-
ure 6) and thus, substantiated both our RNA- and ChIP-
seq findings. Interestingly, a significant intergenic CDX2
binding element was identified in the 300 Mb 11pl5 re-
gion containing the mucin genes MUC6, MUC2, MUCS5B
and MUC5AC (Supplementary Figure S6A). Clearly our
transcriptome results reveal a significant concerted down-
regulation of this gene cluster and suggest CDX2 as a ‘lo-
cus control gene’ (Figure 5SB). As expected, the non CDX2
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RPKM (C). In uninduced CDX2~/~2XindCDX2 (—Dox) PrIITE cells (lacking CDX2), 712 genes expressed in LS174Twt were 4-fold down regulated
and after indCDX2 re-induction (+Dox) 349 of these genes were 2-fold upregulated and thus suggested to be CDX2 downstream target genes. (B) In
order to determine to what degree the genes identified represent direct CDX2 target genes, we included a LS174T ChIP-seq data set and secked for the
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indicated below the stippled line are listed in Supplementary Table SI.

regulated mucin genes MUC!I and MUC7 did not possess
any CDX2 binding elements and did not respond to CDX2
changes (Figure 5B and Supplementary Figure S6B). Previ-
ously, we have identified CDX2 as a regulator of glycosyl-
transferase encoded ST6GALNACI expression (45). How-
ever, in this study, no CDX2 binding elements were iden-
tified in the ST6GALNACI locus (Supplementary Figure
S6B), which suggests that CDX2 regulates the expression
of this gene by an indirect effect.

The results also show that several known CDX2 tar-
gets such as FUT?2 (46), B3GALTS (47), ALPI (48) and ST
(28) in LSCDX2 PrIITE cells were unaffected by CDX2
changes (Figure 5B and Supplementary Figure S7) and no-
tably, in the latter three cases these genes were shown not to
be expressed in LS174Twt cells. Of notice, the only glyco-
genes (49) otherwise affected by CDX2 were FUT3 and

GALNTI which in the latter case responded inversely to
CDX2 changes (Figure 5B).

In order to assess to what degree the global reversibil-
ity in gene expression for LSCDX2 PrlIITE cells was re-
tained, RPKM values from LS174Twt and LSCDX2 PrI-
ITE cells exposed to different Dox concentrations ranging
from 0 to 40 ng/ml were plotted and the regression line for
each data calculated (Figure 7 and Supplementary Figure
S8). The results show that global reversibility of CDX2 con-
trolled gene expression was profound, and in many cases
full reversibility was observed when the lowest 4 ng/ml
Dox concentration was used with CDX2~/~2XindCDX2
cells. Clearly, the combined RNA-seq and ChIPseq filter-
ing strategy employed improved the specificity in defining
true CDX2 regulated genes in our data set (Figure 7C). We
speculate, that the observed highest normalization levels of
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as TFF3 and MUC2, but novel targets were also identified including GP433 and LDLR. (B) Careful analysis of 208 glycogenes (49) controlling the cellular
glycophenotype and 23 mucin genes revealed that MUC5B, MUC6 and MUC5AC were controlled by CDX2, whereas MUCI and MUC7 did show no
correlation with CDX2 expression. No CDX2 correlation with FUT2 and B3GALTS could be demonstrated, which is in contrast with previous reports.
On the other hand, ST6GALNACI and - VI were shown to correlate with CDX2 expression although no CDX2 binding element could be identified within
the vicinity of the CDS of these genes. Interestingly, an inverse correlation was observed for GALNTI regulation similar to SOX2 (see Supplementary
Figure S7), with upregulation in the absence of CDX2 expression. Interestingly, the novel CDX2 target GPA33 gene product has been shown to be post
translationally modified by the GALNTI encoded enzyme. Genes with ChIP-seq identified CDX2 binding elements in the gene locus vicinity are indicated

by an *.

re-induced CDX2 for 4 ng/ml Dox may be due to the role
of CDX2 as a molecular rheostat potentially controlling: (i)
self-renewal as indicated in Figure 5 and/or (ii) regulated
expression of downstream target genes within discrete and
narrow CDX2 expression limits (50). Lastly, in order to de-
termine if the genetic manipulations had changed the dif-
ferentiation state and stemness of CDX2 PrlITE cells gen-
erated, we determined the expression profile of 24 marker
genes before and after genetic manipulation and/or CDX2
re-induction (Supplementary Figure S7). In all cases (ex-
cept for MUC6), the gene expression profiles of genetically
manipulated cells relative to LS174Twt was retained and
displayed a distinct intestinal expression pattern. Interest-
ingly, the stemness related gene, SOX2, is not expressed in
the wt cells, but strongly expressed upon CDX2 KO and
clearly decreased upon reinduction. This may suggest that
also stemness regulation is CDX2 dependent. The CDX2
targets identified in our data-set is to some extent in agree-
ment with previous findings in a related cellular background
(38) (Supplementary Table SI). Of note, the karyotype of the
LS174T cells used in our study was determined and found
to be in complete agreement with the originally near normal
published karyotype (41) (Supplementary Figure S9).

DISCUSSION

Gene regulatory mechanisms are complex and profit from
the development of systems in which gene and protein ex-
pression is tightly controlled. Tet-regulated expression sys-
tems have been widely used for inducible protein expression
in mammalian cells. However, current optimized Tet-on sys-
tems are still hampered by residual levels of gene expres-
sion in the uninduced state in both transiently and stably
transfected cells (18,21,22). We hereby demonstrate that the
PrIITE system resolves all issues related to leakiness and
importantly requires use of tetracycline dosages below cell
stress inducing concentrations (24). We first prove the Prl-
ITE concept using a Golgi targeted EYFP model reporter
(31). With this tightly controlled inducible reporter system
at hand, we were able to demonstrate, to the best of our
knowledge for the first time, that leakiness relates to in-
creased expression of the TET3G transactivator element
and not increased presence of the inducible GOI, in this
case the T2EYFP reporter, Supplementary Figure S10. We
furthermore show that stable random integrated pCM V-
TET3G transactivator elements causes leaky expression in
a substantial sub-population of the cells and we speculate
that this sub-population of cells enable uncontrolled Dox
induction levels beyond what is achievable in the tightly
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enhancer element identified in the GPA33 intron. pGL4-GPA33 and pGL4-GPA33enhancer represent the reporter plasmid without or with the enhancer
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controlled PrIITE cells generated, Supplementary Figure
S10B. We next exemplify the potential of the system by
clarifying the role of CDX2 in intestinal cells as a con-
sequence of controlled CDX2 expression. This model sys-
tem shows that CDX2 predominantly acts as a transcrip-
tional activator and only a limited number of genes seemed
to be repressed by CDX2 presence, SOX2 being an exam-
ple hereof (Supplementary Table SII). We had anticipated
that CDX2 targeting in LS174T cells could become prob-
lematic due to its proposed essential cellular function and
pre-designed our targeting strategy for dealing with essen-
tial genes. This was accomplished by incorporating a ‘land-

ing pad’ in the EPB71 AAVSI donor integration vector, just
downstream of the inducible gene of interest (Supplemen-
tary Figure S11). The ‘landing pad’ encodes the Safe Har-
bor #1 (SH1) sequence derived from the CHO genome, that
has successfully been utilized by us (51) and others (52) for
ZFN mediated target integration in CHO cells and thus rep-
resents a unique site when integrated in human cells devoid
of this sequence. This allows for subsequent donor target in-
tegration into the SHI site. Establishment of a PrIITE cell
model for an essential gene can thus be accomplished, by
targeting of both the TET3G transactivator and inducible
pTRE3G codon optimized GOI transcriptional elements to
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RPKM values for the novel CDX2 target gene, LDLR. Representative genes for which complete reversibility was observed are indicated by arrow heads.
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binding element/peak in the gene locus. Note the unordered dispersed display of RPKMs relative to the LS174Twt regression line, suggesting that a large

proportion of the CDX2 target genes only based on RNA-seq data are not direct targets of CDX2.

the AAVSI locus, ex. by AAVSI targeting of the former gene
followed by SHI targeting of the later gene. Hereafter, pre-
cise target inactivation of the endogenous gene of interest in
the presence of Dox would ensure continued expression of
the inducible codon optimized version of the essential GOI.
In this project, we did not take advantage of this option,
since in the LS174T cellular model CDX2 has not proven
to act as a lineage-survival oncogene in contrast to what is
observed in other cell line models (40).

Our results also show that LS174T cells have a poor ca-
pacity to integrate homology arm flanked donor templates,
which is likely attributed to the lacking HR capacity of
these and other cell lines used (53-55). In general, precise
donor integration remains a challenge in the field and in
spite of the fact that CRISPR efficiently induces double
stranded breaks, CRISPR mediated donor integration im-
portantly comes at the expense of: (i) 3-20-fold higher indel
formation rates at the non-targeted allele (56,57) and (ii)
significant off-target/random integration frequencies (58).
These concerns were evident in a recent in vivo study based
on CRISPR target integration of inducible TRE3G pro-

moter elements, where ‘leaky’ expression in 33% of clones
analyzed was identified (59). In light of these CRISPR re-
lated issues, the ObLiGaRe targeting strategy by Marcello
Maresca et al. remains to be an efficient and reliable tar-
get integration strategy for most cells (60-63), including HR
compromised cells such as CHO cells (64,65) and colorec-
tal cancer lines as described in this study and by Marcello
Maresca et al.

A whole set of novel genes, including GPA33 (44), LDLR
(66), MUC6, MUC5B and MUC5AC were identified as
CDX2 targets. To our knowledge, this has not previously
been demonstrated and suggests CDX2 as a locus control
gene of the 11p15 mucin gene cluster (67-69) that includes
MUC2, MUC6, MUC5B and MUC5AC. In this respect,
a recent study of 295 gastric adenocarcinomas has shown
that GPA33, MUC6 and MUC2 were among the 10 most
abundant differentially regulated genes in 295 analyzed mi-
crosatellite instable (MSI) colorectal adenocarcinomas (70).
Although CDX?2 profiling was not evident in this study it
is stimulating to assume that MSI has impacted on CDX2
expression in the tumors studied. Furthermore, GPA33 is



expressed in cancer of the gastrointestinal tract, namely in
over 95% of human colon cancers and has thus been sug-
gested as an attractive novel colorectal carcinoma therapeu-
tic target (71,72). Of particular notice, GPA33 gene product
has been shown to be post translationally modified by the
GALNTI encoded GalNAc-transferase 1 enzyme (73,74),
that we here show is inversely influenced by CDX2 (Fig-
ure 5B). Our finding that LDLR is a major direct CDX2
target gene is surprising since LDLR has been primarily
found to be regulated by sterol regulated element-binding
proteins (SREBPs) (75,76). We speculate that CDX2 plays
novel roles in the co-regulated appearance of these novel
gene targets.

In summary, we hereby describe a novel approach for
generating an inducible ‘non leaky’ isogenic knockout-
rescue system. The principle is based on precise genome in-
tegration of defined copies of third generation Tet-On ele-
ments, which enables for an ‘all or none’ context for study-
ing the mechanism by which a given gene works in a cell. We
exemplify the utility of the system by establishing a colonic
CDX2 PrlITE cell system that uncovered novel molecular
interactions governed by CDX2.

MATERIALS & CORRESPONDENCE

All reagents and cell lines used in the study are available
upon request for research purposes under a material trans-
fer agreement, except for TRE3G and TET3G contain-
ing plasmids, due to restrictions over distribution of plas-
mids containing the TRE3G promoter or TET3G ORF.
The RNA-seq and ChIP-seq data shown has been uploaded
at the NIH GEO server: http://www.ncbi.nlm.nih.gov/geo/
and is accessible using the following accession number
GSE97273. Plasmids described are available from Addgene
(https://www.addgene.org/). All correspondence should be
addressed to Eric P. Bennett.

NOTE ADDED IN PROOF

Extended experiments conducted during proofs of this
manuscript revealed that the GPA33 promoter described
in Figure 6 possess bi-directional transcriptional activity,
likely mediated through presence of multiple LINEs con-
tained within the 1KBp GPA33 promoter analyzed. LINEs
have been shown to mediate bi-directional expression (Trin-
klein, N.D., Aldred, S.F., Hartman, S.J., Schroeder, D.I.,
Otillar, R.P. and Myers, R.M. (2004) An abundance of
bidirectional promoters in the human genome. Genome
Res.14:62-66; Core, L.J., Waterfall, J.J. and Core, J.T. (2008)
Nascent RNA sequencing reveals widespread pausing and
divergent initiation at human promoters. Science, 322:1845—
1848) potentially affecting 4% of all human genes (Speek,
M. (2001) Antisense promoter of human L1 retrotranspo-
son drives transcription of adjacent cellular genes. Mol.
Cell. Biol. 2001, 1973-1985; Criscione, S.W., Theodosakis,
N., Micevic, G., Cornish, T.C., Burns, K.H., Neretti, N.,
and Rodi¢, N. (2016) Genome-wide characterization of hu-
manL1 antisense promoter-driven transcripts. BMC Ge-
nomics, 17:463).
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LS174T T2EYFP PrIITE Cells
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Supplementary video material
24h Time-lapse video showing T2EYFP expression in CDX27-2XindT2EYFP clone upon induction
with 0.5ug/mL of doxycycline.
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Supplementary Figure 1

Target integration of tetracycline responsive transactivator (TET3G) donor elements into CDX2 exon 1. A. Schematic diagram of the pCMV-Tet3G targeting construct, with the
regulatory elements controlling constitutive Tet3G expression, targeted to CDX2 exonl. Forward and reverse primers used for determining proper target integration at the
CDX2 locus are shown (CF and CR respectively). B. Correct integration was detected by successful amplification of a 1.3 kb product (5'-junction PCR). Furthermore,
amplification with primers flanking the CDX2 ZFN target site would detect wild type (wt) allele presence, while lack of successful amplification would indicate correct targeting
due to amplification settings chosen, not allowing for amplification across the integrated donor target sequence (data not shown). Asterix indicates clones included in this
study. LS174T and CDX2KO bulk represent untransfected and 2 days post electroporation transfected cells respectively. No positive signal could be detected on bulk by target
integration using homologous recombination and 800bp homology flanking donor arms on donor construct, data not shown. C. Western blot detection of CDX2, Tet3G and
MUC2 in LS174Twt, CDX2*/-or CDX2/ cells. Monoclonals against CDX2, Tet3G, MUC2 and a-actin (control) show, that CDX2 protein is only expressed in wt and CDX2*/- cells
and absent in CDX2- cells. 104 clones were analyzed in total and copy number dependent Tet3G expression was detected in the respective PrIITE cells and MUC2 protein was
clearly decrease in expression in the cells shown. a-actin control is shown below. D. Western blot analysis of LS174Twt cells and bi-allelic targeted 3D6 clone (CDX27) in the
latter case after prolonged passage (P2, P3 and P4) and freeze/thawing cycle. Stable Tet3G expression was observed and absence of CDX2 maintained.
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Supplementary Figure 2

Target integration of T2EYFP “proof of principle” reporter donor elements to AAVSI intron 1. A. Schematic illustration
of pAAVS1-TRE3G-T2EYFP targeted to AAVSLI intron 1 locus. Position of the genetic primers used for determining
correct targeting are shown with arrows above the Tet3G responsive elements/TRE3G promoter and SV40 3'UTR,
AF1/2 and AR1/2. B. Junction PCR showing correct integration of donor construct at the AAVSI target site. Asterix
indicates clones included in this study. CDX27/- and T2EYFP KI bulk represent untransfected and 2day post transfection
controls. C. Detection of wild type allele by IDAA assay*°. Presence of detected amplicon/peak represents untargeted
wild type allele while lack of peak represents bi-allelic target integration of pAAVS1-TRE3G-T2EYFP donor construct.
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Supplementary Figure 3
Validating the lack of functional CDX2 expression in the CDX27- 3D6 clone. Using known
CDX2 dependent enhancer elements®, promoter analysis was conducted in LS174T cells and
3D6 cells and the relative fluorescence units normalized to levels observed in LS174Twt cells.
Most prominent >95% repressed expression was observed for the HEPH reporter, clearly
demonstrating the lack of functional CDX2 in the 3D6 cells.
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Supplementary Figure 4

Target integration of Tet3G inducible codon optimized CDX2 donor elements to AAVSI intron 1. A. Schematic illustration of the pAAVS1-TRE3G-
CDX2opt donor construct targeted to AAVSI intron 1. Position of the genetic primers used for determining correct targeting are shown with arrows
above the Tet3G responsive element/TRE3G promoter and flanking the SV40 3'UTR, AF1, AR1/2. B. Junction PCR showing correct target integration
in CDX27- cells (LSPX2-/-#1). Clone 6D6 was used for further analyses in this study, indicated by an asterix. C. Detection of wild type AAVSI allele by
IDAA assay®0. Presence of detected amplicon/peak represents untargeted wild type allele presence and thus integration of only one copy of
PAAVS1-TRE3G-CDX20pt donor construct (CDX27-1XindCDX2 (7D9)). D. Lack of peak represents bi-allelic target integration and thus integration of
2 copies of pAAVS1-TRE3G-CDX2opt donor construct (CDX27-2XindCDX2 (6D6)). E. Western blot analysis for CDX2 expression in LS174Twt and
PrIITE cells (LS CDX27/-1XindCDX2 or LS CDX27/2XindCDX2) with or without variable Dox concentrations. Equal amounts of total protein (10ug) were
loaded on the primary CDX2-88 anti-body probed Westerns shown. Lower panels illustrate loading control probings with anti GAPDH (Fitzgerald
Industries International, USA, cat#10R-G109a) or anti Vinculin (Abcam, EPR8185) respectively. For clarity results were quantified by densitometry
using ImageJ) 1.51j8 software (https://imagej.nih.gov/ij/download.html) and presented as fold difference relative to CDX2 levels detected in
LS174Twt cells.
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Supplementary Figure 5
Detailed insight of the LS-PrIITE cell derived RNA-seq transcriptome data set. A. Upper panel depicts the CDXZ2 locus, the direction of transcription is indicated by an arrow.

Sequence fragments/read densities for LS174Twt, COX27- (3D6) and CDX2*/ (5B5) are shown across the locus as red lines and below each RNA-seq panel the exon read densities
are indicated with red profiles in the ligth blue shaded panels. The total number of locus reads is indicated to the right of each panel. An expanded view of the pCMV-Tet3G donor
integration targeted site within CDX2 exon 1 is shown below the three upper RNA-seq panels. Note the lack of reads in the CDX2/- 3D6 clone at the exact sites of biallelic pCMV-
Tet3G integration and that in spite of this, CDX2 locus specific transcripts are detectable but at *25% abundance relative to LS174Twt levels. B. Detailed insight into un-mapped
reads of RNAseq sequences that could not be matched to sequences in the hgl9 database. Since codon optimized CDX2 and T7et3G transactivator encoded donor integration
elements were used, transcripts from these respective transcription units were not identified in the hgl9 mapped reads data set. Upper empty light blue panel depicts the complete
absence of inducible codon optimized CDX2 transcripts in uninduced CDX27/-2XindCDX2 6D6 cells. Lower panel depicts the abundant reads identified for the constitutively
expressed Tet3G transactivator in CDX27/- 3D6 cells that found the basis for most of the cells included in this study. Number of reads are indicated to the right of the panels.



R Pinto et al. Supplementary Fig.6

A MUC2 locus, 11p15

[ ChriipIssy f=saenw-c omesoseer Do e

[N

, i._u gl 4L M._J.L.Jul et e L ul gl JL Ll |

DT 1IN DI e WDl | SEEIMDISEN S (O | UM I WEIE RN ARTEN N D B

ChiPSeq
(RPM)
wwmw E’TW
oy —— ) e - E‘: T | 57
w1 B e Wl | P59
B ST6GALNACL locus, 1725 MUC1 locus, 122
- tered reads
'.T?!T“‘"?"‘II". i Dl o [ DMl “ﬂ"ﬂﬁl"‘ﬂwﬂw ‘T
m""‘m“'wrr*m-l vy s PR op poy e

Input il
it o i b R e T o e

- A | OEE (W0 BRI (i (LSindCDX2opt+Dox| | mmmmmE 11 | W 1 T 10 W R -
- | - mm I LsindCDX20pt -Dox I——— ] )
I L] | mEm— W) X

Ftrem—— .

Supplementary Figure 6
RNA-seq and ChIPSeq identified primary CDX2 target genes. A. Panel shows chromosome 11 coverage of CDX2IP (CDX2 ChlIPseq) reads. Coverage was determined as described

in Fig.6. Major CDX2 binding sites (peaks) are shown with indication of the MUC211p15 mucin gene locus framed in red box. Expanded display of the 11p15 mucin gene locus,
showing detailed identification of CDX2 ChIP-Seq (CDX2IP) and control (Input) peaks in both LS174Twt samples. The major MUCZ CDX2 binding element is indicated by red
triangle (CDX2 peak). Lower RNA-seq panels display the density of individual reads in CDX27/-2XindCDX2 cells with or without Dox induction (4ng or Ong respectively) and
LS174Twt cells. RefSeq gene panel displays the genomic organization of genes within the 11p15 locus. Notably, the major peak (CDX2 enhancer element) was positioned in the
intergenic MUC6 and MUCZ region. The deleted region shown in panel is due to an unannotated region in the hgl9 genome reference data base used for the analysis. B.
Chromosome 17 and 1 diplays with zoom in panels shown below, displaying absence of CDX2 peaks in the ST6GALNACI and MUCI respective loci. The former locus has
previously been suggested to be regulated by CDX234, whereas the latter locus has not been linked to CDX2 regulation.
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Supplementary Figure 7

Lineage and stemness gene expression profiles for LS-CDX2 PrIITE cells. RPKMs for selected epithelial marker genes and others are shown for LS174Twt (dark
blue), CDX27-2XindCDX2 without induction (red), CDX27/-2XindCDX2 with 40ng/ml Dox induction (green), CDX272XindCDX2 with 4ng/ml Dox induction
(purple) and CDX27/-1XindCDX2 with 4ng/ml Dox induction (light blue). RNA-seq expression patterns of intestinal and gastric specific marker genes in both
LS174Twt and PrIITE cells, with or without induction were highly similar. Clearly the cells used and generated in this study displayed a mixed goblet, epithelial
and stemcell expression profile, but notably lacked complete expression of the SI and ALPI enterocyte markers. Of notice, the gastric specific marker gene
MUC6 was also found to be expressed in LS174Twt cells, in contrast SOX2was only found to be expressed in the CDX2/- PrIITE cells generated.
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Supplementary Figure 8

Low and medium expressed LS174T genes regulated by CDX2. Targets genes downstream of CDX2 expressed at 50>RKPM>1 were analyzed based on the RNA-seq and
ChIPSeq criterions 4X reduced and 2X increased RPKM in the respective uninduced and induced state and with CDX2 ChIPSeq peak in locus. The reversibility profiles for the
genes in the respective PrIITE cells is similar as for the genes profiles displayed for highly expressed genes (RKPMs>50) shown in Figure 7, showing that 2XindCDX2 cells
responded better than 1XindCDX2 cells. List of CDX2 regulated genes with 1>RKPMs >0 is given Supplementary Table III. A. Profiles for genes expressed with RPKMs
between 10 and 50. B. Profiles for genes expressed with RPKMs between 10 and 1. C. Global Dox induction reversibility of the PrIITE cells relative to LS174Twt cells for low and
medium level expressed genes (1<RPKM<50). Data analysis conditions as described in Fig.7, RNA-seq data (RPKM) from wildtype LS174T was plotted against RPKM values
from uninduced CDX27/-2XindCDX2 cells without CDX2 expression (blue dotted line, 2XindCDX Ong/ml DOX) and under different conditions of CDX2/Dox induction (ng/ml)
(green dotted line, 2XindCDX2 4ng/ml DOX; purple dotted line, 1XindCDX2 4ng/ml DOX; red dotted line, 2XindCDX2 40ng/ml DOX). The regression line for each data set is
plotted. The dark blue solid line represents the expression levels in LS174Twt cells. Representative examples for genes displaying near full reversibility are indicated with arrow
heads. The data shows, that the induction profiles for low and medium expressed genes are similar to the global profiles shown in Fig.7.
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Supplemantary Figure 9

Karyogram of LS174T. The LS174T cell line used in this study was karyotyped using standard Giemsa-banding and karyotyping methods
with slight modifications. Cells were treated with colcemid (0.004% w/v) for 1.5 hrs and trypsinized for 3-5 minutes before harvesting. All 25
cells analyzed from both the wild type and the modified cell line showed a 45,X karyotype with occasional 16q abnormality which was in
agreement with the karyotype of the published LS174T cell line originating from a female adenocarcinoma (LP Rutzky et al, Cancer
Research, 1980) displaying a near normal karyotype. The loci targeted in this study are indicated on the relevant chromosomes.
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Supplementary Figure 10

Effect of increased expression and stable random integration on “leaky expression” of Tet3G inducible elements. A. LS174T PrIITE cells with defined precise targeted
copies of TET3G and pTRE3G T2EYFP used as proof of principle, were transfected with either pCMVTet3G (left two panels) or pTRE3G-T2EYFP (right two panels) and
the transiently transfected cell pools, 2 days post transfection, were analyzed by FACS for detection of potential “leaky” T2EYFP expression in the absence of Dox
induction. Overlays of FACS analysis of non-transfected and transfected cells clearly showed, that transient overexpression of pCMVTet3G transactivator gave rise to
two distinct population of cells; (I) a non fluorescent population identical to non transfected cells and (II) a population with increased leaky expression of T2EYFP
distinct from the non-transfected cells. Transient over expression of the inducible pTRE3G-T2EYFP plasmid did not seem to give rise to leaky T2EYFP expression. B.
Stable cell pools of the pCMVTet3G transfected cells analyzed in panel A, were obtained after up to 45 days G418 selection, followed by FACS analysis. Left panel
shows that CDX2-/-1XT2EYFP cells do not display leaky expression as a consequence of increased expression of randomly integrated pCMVTE3G expression. Middle
panel clearly shows that a 4.11% sub-population of cells (see side scatter insert for clarity) maintain substantial leaky T2EYFP expression in CDX2-/-2XT2EYFP cells at
levels similar to 24h 40ng/ml Dox induction levels (right panel). Note, that the induction potential is increased in a stable randomly integrated pCMVTET3G sub-
population of cells II). We speculated that these cells represent the cells with leaky expression in the non-induced state.
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Supplementary Figure 11
Vector maps of the plasmid constructs used in this study. All plasmids used available from Addgene (Cambridge, USA). A. Plasmid maps for the target integration
constructs used for establishing the various PrIITE cells. EPB58 (Addgene ID#90016) was used for insertion of TRE3G codon optimized CDX2 establishing pAAVSI-TRE3G-
CDX2opt ObLiGaRe-donor vector. EPB64 (Addgene ID#90017) represents was used for inserting Tet3G transactivator into donor vector targeting the CDX2 exon 1 locus.
EPB71 (Addgene ID#90018) used for establishing the T2EYFP AAVS1 donor integration vector pAAVS1-TRE3G-T2EYFP ObLiGaRe-donor vector shown. B. Vector maps for
reporter plasmids used for promoter analysis of the various enhancer elements tested /in vitro. Position of the CHO Safe Harbor #1 (SH1) “landing pad” is marked by an
asterix.



Supplementary information:

Supplementary Table I. CDX2 as an activator*

Gene LS174Twt CDX2*/* | CDX27-2XindCDX2 CDX27-2XindCDX2 CDX27-2XindCDX2 CDX2*1XindCDX2 >4 fold down >2 fold up
(rpkm) 0,00pg/ml dox 0,04pg/ml dox 0,004pg/ml dox 0,004pg/ml dox
TFF3 789,43 59,77 40,37 125,21 124,79 13,21 2,09
GPA33° 317,18 21,29 44,15 109,84 95,37 14,90 5,16
Muc2° 249,49 1,15 1,58 22,00 8,52 217,63 19,19
ETV4 164,05 22,13 45,55 89,86 64,74 7,41 4,06
ETHEL 110,69 25,75 40,56 71,57 65,55 4,30 2,78
LDLR 78,65 12,33 27,87 45,34 20,50 6,38 3,68
CDC42EPS 29,63 4,84 2,03 10,56 14,73 6,13 2,18
TMPRSS2 21,46 4,91 14,26 25,05 14,64 4,37 5,10
DFNB31 17,79 0,97 8,44 7,71 2,47 18,42 7,98
IRS2 11,67 2,32 5,38 19,35 10,03 5,02 8,32
TRIOBP 8,60 1,41 2,42 3,34 2,54 6,10 2,37
CALCA 7,09 0,69 4,00 5,80 0,79 10,22 8,35
ABCB1 6,57 0,22 3,89 2,11 1,83 30,38 9,78
CORO2A 6,20 1,08 5,23 5,72 2,61 5,77 5,31
PTK2B° 6,01 1,14 15,76 4,04 2,21 5,29 3,56
SLC6A20 5,53 0,59 2,67 8,73 6,97 9,42 14,86
SHH® 4,97 0,84 0,62 2,06 1,43 5,94 2,46
EGF 3,53 0,16 0,18 0,35 0,24 21,96 2,17




VPS37D 3,53 0,13 1,68 1,44 0,32 26,62 10,90
PDE9A® 2,66 0,17 0,33 0,80 0,64 15,69 4,71
THSD4 2,22 0,16 0,42 0,63 0,46 13,88 3,92
ATXN1 2,13 0,24 3,30 0,87 0,44 8,78 3,58
PTPRO 1,94 0,03 0,03 0,14 0,23 59,17 4,12
ARL14 1,58 0,36 6,91 3,87 1,74 4,42 10,78
BAGALNT3 1,48 0,26 1,16 1,58 0,75 5,79 6,15
LTBP1 1,46 0,10 0,59 0,42 0,28 13,88 3,96
KRT20 1,41 0,02 0,52 4,33 3,67 84,16 258,23
RBP3 1,20 0,04 0,01 0,26 0,10 27,75 6,06
CRB2 1,19 0,18 0,32 1,11 0,43 6,63 6,19
AOAH 1,15 0,01 0,63 1,15 0,22 133,41 132,89
CNBD1 1,01 0,01 0,02 0,19 0,15 83,96 15,82

*4xin KO, 2x 1M +Dox (0.004ug/ml), CDX2 ChIP-seq peak in locus
° CDX2 targets previously identified in CaCo2 cells*




Supplementary Tablell. CDX2 as a repressor*

Name LS174Twt CDX2*/* CDX272XindCDX2 CDX27-2XindCDX2 CDX27-2XindCDX2 CDX271XindCDX2
(rpkm) 0,00pug/ml dox 0,04pg/ml dox 0,004pg/ml dox 0,004pg/ml dox
C4orfas 0 0,042776646 0 0 0,0242754
CD84 0 0,013292883 0,0094436 0,0075729 0,0037718
CFHR2 0 0,025168911 0 0 0,0285663
HOXA4 0 0,035210542 0,0166763 0 0,0199817
HOXCS 0 0,340791232 0,177545 0,0388293 0
IL17A 0 0,016544599 0 0 0
LIX1 0 0,022439014 0 0 0,0594251
MGAT4C 0 0,006539742 0,0123893 0 0
MORC1 0 0,008171203 0,00774 0 0,0092742
OR10V1 0 0,029516707 0 0 0
PTPRC 0 0,003615424 0,0205479 0 0,0041034
RPS6KA6 0 0,063854136 0,0302424 0 0,0362367
SLAMF6 0 0,302411884 0 0,0893313 0,3305203
TACR3 0 0,011852181 0,0112268 0,0067521 0
TEKT2 0 0,031098492 0,0441863 0 0

*Genes not expressed in LS174Twt, 4x P in KO, 2x |,+DOX (0.004ug/ml), CDX2 ChIP seq peak in locus




Supplementary Table 111. CDX2 as an activator*>

Name LS174Twt CDX2*/* CDX27-2XindCDX2 CDX27-2XindCDX2 CDX27-2XindCDX2 CDX271XindCDX2
(rpkm) 0,00pg/ml dox 0,04pg/ml dox 0,004pg/ml dox 0,004pg dox
ANGPT1 0,7900189 5,5272512 3,9543323 4,6432396 1,9913809
Clorf21 0,7876576 3,2099251 1,9464836 3,0472531 3,4268473
AMACR 0,6386579 5,4593419 0,9981764 2,0324455 4,5895585
C90rf156 0,5126537 2,5889785 2,1962671 2,0630245 2,2875263
CABLES1 0,4026463 3,0876587 4,4746709 5,255985 3,3103341

*Low expressed genes 0<RPKM<1, 4x<, in KO, 2x P +Dox induction (0,004pug/ml), CDX2 ChIP-seq peak in locus




Supplementary Table IV

Sequence (5°->3")

Junction PCR

CDX2 locus:

CF: GGG CTC TCT GCT TGT CAC CTA CCA GG
CR: CAC GCC CAT TGA TGT ACT GCC

AAVS1 locus:

AF1: GCCCTC TAACGC TGC CGT CTC

AR2: TAT AGG CGC CCA CCG TAC ACG CC
AF2: CACACCTCCCCCTGAACCTGA

AR2: CGT AAG CAAACCTTAGAG GTTCTG G

IDAA analysis

CDX2 locus :

CDX2S: AGC TGA CCG GCA GCAAAATTG GAC GTG AGC ATG TACCCT AGC TC
CDX2AS: CTG CGC GCT GTC CAAGTT CGC TG

AAVS1 locus:

AAVS1S: AGC TGA CCG GCA GCA AAATTG CCT TACCTC TCT AGT CTG TGC TAG
AR2: CGT AAG CAAACCTTAGAGGTT CTG G

FAMF: FAM-AGC TGA CCG GCA GCA AAATTG




DISCUSSION

3 Discussion

Maintaining the homeostasis in the colonic epithelium is important to avoid the
development and exacerbation of IBD and CRC. The transcription factor network and
the signalling pathways in the colon are crucial for maintaining the homeostasis. CDX2
is @ main component of the transcription factor network. CDX2 interacts with both the
Wnt and Hippo pathways to regulate target genes important for differentiation and
homeostasis. Even though many of its target genes have been identified, it is still unclear
how CDX2 affects colonic homeostasis and what its role is in diseases like IBD and
CRC. Several studies have demonstrated that dysregulation of CDX2 is a factor in the
development and severity of CRC and also to some extent in IBD (Calon et al., 2007;
Coskun, 2014; Testa et al., 2018; Toth et al., 2018). The action of CDX2 is determined
by its transcriptional regulation of genes, so knowing the target genes of CDX2 and how
they are regulated improves the understanding of CDX2s role.

The starting point of this thesis work was bioinformatic analyses of CDX2
chromatin immunoprecipitated DNA from the colon epithelial cell lines Caco-2 and
LS174T, which revealed gene regulatory elements within the YAP1 and 1L33 genes with
potential CDX2 binding sites. The roles of YAPL and IL-33 in cell-proliferation and
immune reactions are well studied, but their role in the colonic homeostasis and in IBD
and CRC are still debated. Both genes are widely expressed in many tissues, but their
regulation by an intestinal-specific transcription factor such as CDX2 indicate that they
also could have intestinal-specific roles.

As a main downstream effector of the Hippo pathway, YAP1 modulates
cell proliferation and organ size through its transcriptional co-activator effect and by its
direct interaction with proteins of other signalling pathways in the colon. YAPL has so
far been demonstrated to have mostly oncogenic but also some tumour suppressor
characteristics (Zygulska et al., 2017). The causes of its oncogenic properties are yet to
be determined, but since YAP1 is involved in remodelling of the intestinal barrier and
limiting of cell proliferation, these are areas of obvious interest. Defects in the colonic
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epithelial barrier function is a characteristic feature of IBD (Antoni, Nuding, Wehkamp,
& Stange, 2014). Upon intestinal tissue damage, it was found that YAP1 inhibits the
Wnt homeostatic program while activating gene proliferation and that this can be a driver
of cancer initiation (Gregorieff, Liu, Inanlou, Khomchuk, & Wrana, 2015). The role of
IL-33 during colonic tissue damage remains unclear, but several studies have suggested
that it may have a protective role as a transcription factor, by suppressing inflammation
through inhibiting NF-«xB signalling and the production of pro-inflammatory cytokines
like IL-6 (Ali et al., 2011; Shao et al., 2014). This is in contrast to the well-known role
of 1L-33, where an intracellular IL-33 pool constitutes a store of alarmins that can be
released during damage or inflammation of the intestinal barrier (Martin & Martin,
2016). In paper 1, we showed that the amount of IL-33 protein in the media of LS174T
colonic epithelial cells induced to express varying amounts of CDX2, was undetectable.
No released IL-33 protein was detected even during high CDX2 levels and
correspondingly high IL33 mRNA levels. This suggests that 1L-33 could be transported
to the nucleus to act as a transcription factor, instead of being gathered in vesicles for
release. However, the protein level was only measured in media from a monoculture of
sterile and undamaged LS174T colon epithelial cells. Thus, it is possible that IL-33
protein could be released if the cells were damaged, co-cultured with pro-inflammatory
immune cells, or stimulated with a secondary danger signal as is required for release of
some other IL-1 family cytokines.

In paper I, the YAP1 gene was investigated as a candidate CDX2 target
gene in the colon. Bioinformatic analysis of CDX2 chromatin immunoprecipitated DNA
from Caco-2 colon cells indicated that CDX2 binds to the YAPL promoter and to an
intragenic regulatory element. Several CDX2 binding sites were identified in the
promoter and intragenic element, and CDX2 binding to the sites was validated using RT-
PCR quantification of Caco-2 ChIP DNA and EMSAs. Furthermore, transfections with
YAP1-promoter reporter plasmids revealed the intragenic element to be a powerful
enhancer that was able to activate expression from the YAP1 promoter. The analyses also
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showed that the enhancer activity was affected by the mutation of the CDX2 binding
sites and that HNF4A is a powerful activator of the YAP1 promoter activity.
Interestingly, the protein expression analysis using the genetically engineered CDX2
inducible LS174TCPX>" colon cell model developed in Paper Il showed that
overexpressing CDX2 increased the YAP1 protein level. As expected, it also showed
that YAPL expression was present, as it is in most tissues, without CDX2 induction.

These results clearly demonstrate that CDX2 is able to regulate
expression of the YAP1 promoter and that the intragenic enhancer is important for YAP1
expression. It was also shown that the CDX2 and HNF4A binding sites were important
for the enhancers ability to upregulate YAP1 promoter expression in Caco-2 cells and
that CDX2 overexpression upregulates YAPL expression. Given the role of CDX2 in
YAP1 regulation, it can be hypothesized that it confers an intestinal- or colon specific
regulation of YAP1 expression. This specificity allows the YAP1 expression pattern to
be tailored to the needs of colonic cells.

The investigated YAPL enhancer is inactive in LS174T cells, yet the
CDX2 protein induction leads to increased YAP1 level. This suggests that other
regulatory elements on the YAP1 gene might be responsible for this increase in
expression caused by CDX2 induction. Indeed, two additional potential regulatory
elements were detected in the ChIP-Seq data, one in intron 1 and one in intron 4 (Paper
I, Figure 1). It is plausible that these elements contribute to the effect of CDX2 in
regulating YAPL1 expression in colon cells.

Paper Il describes the development of an LS174T colonic epithelial cell line
genetically modified to contain a Tet3G-inducible system for the induction of CDX2.
This model provides a way to investigate the effector functions of essential genes like
CDX2 and to assess the dose-dependent effect of gene expression in a non-leaky system.
The great value of this model system is the ability to have a relatively precise control
over CDX2 expression. This is a clear advantage over other known colon cell lines such
as Caco-2. The initial experimental work described in this thesis was performed using
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Caco-2 cells. The reason for this was partly due to their capacity to differentiate in vitro
and partly because many well-established CDX2 target genes have been identified and
characterized using this cell line. However, CDX2 is essential for Caco-2 cell survival,
and attempts at CDX2 knockdown by siRNA or lentiviral delivered shRNAs have been
problematic in our hands. However, how LS174T cells have become viable without
CDX2 expression is still unknown, and this advantage of the LS174T cells should entail
some caution about the conclusions reached about the effector functions of re-introduced
CDX2.

Understanding how molecular mechanisms, like transcriptional
regulation, are controlled in the intestines is of great importance. For this purpose model
systems are a crucial tool, as they can be manipulated and outcomes measured under
strict laboratory conditions. Both Caco-2 and LS174T used in this thesis are well-
established colonic epithelial cell lines that have been used to investigate intestinal
regulation and cancer development for many years. However, these models are derived
from colon cancer cells and thus contain numerous genetic alterations that allow them to
survive in vitro. Even though most of these mutations have been identified, it is near
impossible to predict the exact effect of these changes to the complex signalling
pathways and resulting homeostasis of the cells, compared to healthy intestinal cells. To
alleviate this problem other model systems have been developed. Another model to
investigate colonic regulation could be to employ the recently developed colonic
organoid model. Colonic organoids are three-dimensional in vitro cell models that
incorporate many of the physiologically relevant features of the in vivo intestinal tissue.
They can be isolated, grown, and expanded from intestinal tissue or they can be induced
from pluripotent stem cells (Crespo et al., 2017; Munera et al., 2017; Sato et al., 2011).
One of the advantages of using organoids instead of colon cancer cell lines is the ability
to investigate the interaction of the different types of epithelial cells found in the crypts.
However, this heterogeneity might also decrease the experimental specificity. Another
disadvantage is that organoids still require a substantial effort, both time-wise and
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monetary, over conventional cell lines. This might change, as they become a more

established and widespread model system.
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4 Conclusion

This thesis investigated the intestinal transcription factor CDX2s regulation of YAP1 and
IL33 in colonic epithelial cells.

The first specific aim was to investigate whether the expression of YAP1
is regulated by CDX2 in colonic epithelial cells, and to describe the mechanism of
regulation. In paper I, a novel enhancer of YAP1 expression was identified in Caco-2
cells. CDX2 was found to bind to the promoter and enhancer of YAP1 and be important,
for its expression. This is the first time that a mechanism of transcriptional regulation of
YAP1 has been described in colonic epithelial cells.

The second specific aim was to investigate whether the expression of IL33
is regulated by CDX2 in colonic epithelial cells, and to describe the mechanism of
regulation. In paper Il, an intronic enhancer of IL33 gene expression in LS174T colon
epithelial cells was identified. Furthermore, CDX2 was found to be necessary for
intestinal L33 expression and was found to up-regulate IL33 expression when
overexpressed in LS174T colonic epithelial cells.

The third specific aim was to develop a cell model that can be used to
investigate the effects of varying CDX2 levels on target gene expression in colonic
epithelial cells. Paper IIlI describes how the precise integration of inducible
transcriptional elements (PrlITE) method can be used to develop a CDX2 inducible
LS174T colonic epithelial cell line. The LS174TCP*?" cells were shown to lack
endogenous CDX2 expression until induced with doxycycline, showing no leakiness.
Doxycycline stimulation was shown to induce CDX2 expression in a dose-dependent
manner up to levels much higher than endogenous expression.

The overall aim of this thesis was to add new information about CDX2s
regulation of colonic genes and to hypothesize about the potential effect of this
regulation on homeostasis and diseases of the colon. The results presented in this thesis
provides the first evidence that the intestinal specific transcription factor CDX2 regulates

the expression of YAP1 and IL33 in colonic epithelial cells, thus adding novel
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information about the role of CDX2 in the regulation of colonic genes. Together, the
results discussed in this thesis brings us closer to understanding the role of CDX2, IL-

33, and YAP1 in colon homeostasis and diseases of the colon.
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5 Future perspectives

Most of the experiments included in the papers of this thesis were performed using
LS174T and Caco-2 colon cancer epithelial cell lines. In paper 11, it was shown that I1L33
mRNA level was significantly increased by induction of CDX2 in LS174T<P*%" cells
and that no detectable level of IL-33 protein was released to the media. Detecting
intracellular levels of accumulating 1L-33 protein by either immunoblotting or
immunostaining would support the hypothesis of 1L-33 acting as a transcription factor
in the homeostatic regulation of the intestinal epithelium. Furthermore, it could be
interesting to test whether the colon epithelial cells release 1L-33 in response to cell
damage, co-culturing with immune cells, or direct stimulation with cytokines in the
media.

The results from paper | demonstrated that the YAP1 enhancer is active
in Caco-2 cells but has no effect in LS174T cells. The reason behind this apparent cell-
specific activity is unclear and worth investigating. It would be interesting to investigate
the enhancer activity in several other colonic and intestinal cell lines. Additionally, the
results show CDX2-dependent up-regulation of YAPL protein in LS174T cells where
the enhancer seems inactive. It would be relevant to determine if the two additional
potential regulatory elements that were detected in the CDX2 ChlP-Seq data of paper |
in intron 1 and 4 of YAP1 could account for this up-regulation. This could be done by
cloning the elements into promoter-reporter constructs and testing their effect on the
YAP1 promoter activity in CDX2 inducible LS174T¢P%%" cells. Furthermore, it could be
interesting to test the hypothesis that the YAPL upregulation is caused by CDX2
regulating other transcription factors important for the activity of the enhancer. This
could be accomplished by performing, for example, RNA-Seq or Chip-Seq on CDX2
induced and non-induced LS174T ©P*% cells and assessing differences in known
transcription factors that are important for the colon homeostasis, like the HNF or GATA

families.
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