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SUMMARY

UDP-glucuronosyltransferases are a superfamily of enzymes involved in Phase Il metabolism of
small lipophilic chemicals; by conjugating these chemicals with sugars, UGTs render them more
water soluble and readily eliminated. Human intestine is constantly exposed to lipophilic chemicals
ingested as part of the diet, or as supplements or drugs. These chemicals can have positive
bioactive effects or can potentially be toxic or carcinogenic. The activity of intestinal UGT enzymes
is crucial as the first line of defence rendering these substances more water soluble, thus,
facilitating their inactivation and excretion. The constitutive expression of different UGT genes is
regulated in a defined tissue-specific manner. In addition, their expression within specific tissues
can be induced by small molecules that include UGT substrates, allowing a feedback response. A
cluster of UGT genes, UGT1A8, -1A9, and -1A10, are highly expressed in the intestine. However;
while UGT1A8 and UGT1A10 are exclusively extrahepatic, UGT1A9 expressed in both liver and
intestine. With the evidence linking the risk of colorectal cancer with the level of intestinal UGT
activity, it is of particular importance to determine how the spatiotemporal regulation of intestinal
UGTs is mediated, both in terms of constitutive and inducible expression. CDX2 is an intestinal
master transcription factor which works in partnership with HNF4a to control gene expression
during intestinal development and intestinal epithelial renewal. In this study, we provided a defined
novel mechanism by which CDX2 and HNF4a control UGT1AS8, -1A9 and -1A10 expression at the
promoter level. Using a variety of molecular techniques, we showed that CDX2 and HNF4a
synergistically induce UGT1A8-1A10 intestinal expression via a conserved composite element of
12 nt located at the proximal promoter of the three genes. Moreover, this work identified the first
known functional CDX2 binding motif in UGT1A9 helping to explain its intestinal expression. We
also examined how HNF4a controls hepatic expression of UGT1A9 leading to a model in which
HNF4a acts via separate intestinal and hepatic regulatory modules in this gene. Overall our study
showed that the CDX2 /HNF4a. nexus that is critical in developmental patterning and maintenance

of intestine also defines UGT1A8, -1A9 and -1A10 expression.

Inducible regulation of UGTs in the intestine involves dietary constituents and products of
Xi



microbiota activity; reports show that the activation of UGTs by chemicals that are also UGT
substrates constitutes a feedback-regulatory mechanism. Using Caco-2 cells carrying an
integrated UGT1A8 promoter-reporter construct, we screened for chemicals that could induce
promoter activity. We identified genistein as a flavonoid that most potently induced the UGT1A8
promoter. The effect of genistein on UGT1A8 (as well as -1A9 and -1A10) expression was
enhanced synergistically by butyrate. Butyrate is a fermentation product of gut microbiota and is
well known as HDAC inhibitor. Via inducing chromatin remodelling, butyrate can promote access of
ligand-induced transcription factors to target genes. We assessed whether genistein might function
as ligand for various ligand-dependent transcription factors including PPAR. Our findings using
antagonist assays supported involvement of PPARY at the promoter and mRNA level. It is also
possible that PPARYy activity is regulated post-transcriptionally via genistein; moreover, we found
evidence that genistein can alter chromatin accessibility at the UGT1A8 promoter. These studies
define at least one pathway for inducible regulation of intestinal UGTs by flavonoids and butyrate;
given that UGT1A8 conjugates many carcinogenic compounds, this induction may be involved in

the protective effects of flavonoid and fibre rich diets on cancer risk.

To allow a better understanding of physiological aspects of constitutive and ligand-activated
regulation of intestinal UGT genes, we established an intestinal organoid culture system using
UGT1A8 promoter-reporter transgenic mice. This model more closely represents the heterogeneity
and structural features of normal intestine than cell line models but maintains benefits of cell lines
such as amenability to genetic manipulation. In Matrigel based culture containing appropriate
growth factors, spontaneous growth of enteroids or organoids from isolated intestinal crypts were
observed, and these could be maintained throughout several passages as well as frozen for long-
term storage. Although requiring further optimization, we found that genetic manipulation in
organoids is possible using DNA and RNA transfection. We also showed that expression of
UGT1A8 and its main developmental and inducible regulators (CDX2, HNF4o, PPAR) in intestinal
organoids is comparable to that in intact adult intestine. This preliminary exploration provides new

scope for studies using humanized mice and organoid technology.
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CHAPTER 1. INTRODUCTION

1.1 Glucuronidation and human UGTs

1.1.1 Glucuronidation

On a daily basis, humans are in contact with large numbers of foreign substances/xenobiotics,
such as environmental contaminants, ingested dietary constituents, and drugs. These xenobiotics
may be pharmacologically active or potentially toxic. Many are in the form of lipophilic compounds.
In addition, many endogenous lipophilic molecules such as bile acids, bilirubin and steroid
hormones are generated and used within the body as part of normal physiology, while others are
generated as by-products of metabolic processes. These lipophilic molecules cannot be easily
excreted from the body since they are not water soluble, and may hence accumulate in human

tissues and increase to toxic levels over time.

To facilitate their excretion, lipophilic molecules undergo biotransformation processes that enhance
their hydrophilicity. This process is mediated by drug/xenobiotic metabolising enzymes.
Traditionally, metabolism is classified into 2 major pathways: Phase | and Phase Il. This concept
was first introduced by (Williams, 1959). Phase | metabolic enzymes catalyse oxidation, reduction,
and hydrolysis, with the cytochrome P450s (CYP450s) being the major family of Phase | enzymes.
Metabolites of Phase | are substrates that are susceptible to be further metabolised by Phase Il
enzymes through conjugation reactions. Conjugation converts lipophilic compounds to more polar
molecules, enabling transport to a more aqueous compartment of the cell and enabling cellular
efflux and eventually elimination via urine or bile/faeces (Dutton, 1980, Mackenzie et al., 1997).
Phase Il enzymes include UDP-Glucuronosyltransferases (UGTSs), sulfotransferases, and
glutathione S-transferases. UGTs have been reported to be the most effective enzymes in
xenobiotic metabolism (Markey, 2002). They are responsible for catalysing 40-70% of all clinically

used drugs metabolised in Phase Il (Evans and Relling, 1999, Smith, 2013).

For some compounds, conjugation is the initial step in biotransformation. Hence conjugation

should not always be considered as a 'Phase II' metabolic process. For example, morphine is



directly glucuronidated; paracetamol is predominantly glucuronidated or conjugated with sulfate
(Anzenbacher and Zanger, 2012); and phenols, naphthols, alcohols, amines, and carboxylic acids
can be directly metabolised without first being subject to Phase | reactions (Sanchez and

Kauffman, 2010, Tephly and Burchell, 1990).

The majority of drug metabolites in bile and urine are glucuronides (Markey, 2002, Dutton, 1980).
This implies that glucuronidation is the principal pathway of Phase Il metabolism. Glucuronidation
generally renders drugs and other molecules biologically inactive as well as promoting their

excretion from the body (Mackenzie et al., 1997).

The glucuronidation reaction is catalysed by a large superfamily of UGT enzymes. This process
involves covalent addition of a hydrophilic sugar moiety (glucuronide) from the co-factor uridine
diphosphate glucuronic acid (UDPGA) to a nucleophilic group of the substrate (Mackenzie et al.,
2010a, Guillemette et al., 2010, Dutton, 1980, Rowland et al., 2013). UGT enzymes possess the
ability to catalyse the transfer of the glucuronic-acid moiety at many functional sites, such as
carbonyl, carboxyl, sulfuryl, hydroxyl (alcoholic, phenalic), and amine groups (primary, secondary,
or tertiary). In general each UGT has a broad substrate specificity, this together with the large
number of structurally divergent UGTs in the superfamily allows an extraordinarily large number of
molecules to be the target of glucuronidation (Radominska-Pandya et al., 1999, Tukey and
Strassburg, 2001, Dutton, 1980, Mackenzie et al., 1997). The glucuronidation reaction is depicted

in Figure 1.1.

Glucuronidation plays a significant role in the clearance of chemicals and biologically active toxins
from the body, and considering many drugs and their metabolites are conjugated, it also
contributes towards drug bioavailability (Miners et al., 2004). It is therefore very important to
improve our understanding and knowledge of the enzymes responsible for glucuronidation,

including the molecular mechanisms that control UGT expression.
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Figure 1.1. The glucuronidation mechanism.

Glucuronidation is a nucleophilic substitution facilitated by UDP-Glucuronosyltransferases. The nucleophilic
group of the aglycone (X) attacks the anomeric carbon atom of the glucuronic acid moiety of the co-substrate
UDPGA to form a glucuronide. This liberates the by-product, uridine diphosphate (UDP). Image is
reproduced from (Argikar, 2012), with permission from the American Society for Pharmacology and
Experimental Therapeutics (ASPET).

1.1.2 Human UDP-Glucuronosyltransferase (UGT) enzymes

The human UDP-Glucuronosyltransferases are a superfamily of enzymes comprising 22 members.
These enzymes are expressed in both hepatic and extrahepatic tissues (Guillemette et al., 2010).
Recent studies by Court et al identified at least 29 human tissues (from 26 adults and 3 foetal
samples) expressing UGTs at different mRNA levels. These were adult liver, foetal liver, salivary
gland, stomach, small intestine, pancreas, colon, trachea, lung, heart, bone marrow, spleen,
thymus, adrenal gland, thyroid, ovary, uterus, placenta, breast, testis, prostate, adipose, skeletal
muscle, foetal brain, cerebellum, adult nasal mucosa and foetal nasal mucosa. Consistent with
where most glucuronidation takes place, the liver is the tissue which expresses the highest overall

level of UGTs (Court et al., 2012).



As reviewed by (Wu et al., 2011), the UGT enzyme is localised in the membrane of the
endoplasmic reticulum (ER), with the active site facing the luminal side where the conjugation
reaction occurs. Figure 1.2 shows the topology of a UGT enzyme. A single UGT consists of two
domains- the N-terminal domain and the C-terminal domain. The N-terminal domain binds the
aglycone (lipophilic substrate) and the C-terminal domain binds the co-substrate UDPGA (Figure
1.2b). Several studies show that UGTs are able to form homo- or hetero-dimers or oligomers (Finel
and Kurkela, 2008, Radominska-Pandya et al., 2005, Bock and Kéhle, 2009). However, the nature
of their dimeric or oligomeric structures, as well as their functional implication, remain to be fully
understood. One of the key steps in glucuronidation is transporting UDPGA across the ER
membrane, from the cytosol to the lumen, to allow UDPGA to access the active site of the enzyme.
UDPGA is synthesized in the cytoplasm and transported into the ER by nucleotide sugar
transporters (NSTs). Several NSTs that can transport UDPGA have been identified and
characterised, with SLC35D1 (UGTrel7) displaying the highest activity (Kobayashi et al., 2006,
Muraoka et al., 2001). The function of NSTs require counter transport by exporting another
nucleotide sugar, UDP-N-acetyl glucosamine (UDPGIcNAC) out to the cytosol (Figure 1.2a).
Another important step in glucuronidation is transporting the glucuronides from the lumen of the ER
out to the cytosol, which is mediated by ER-localised organic anion transporters (Kardassis et al.)

(Csala et al., 2004) (Figure 1.2c).
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Figure 1.2. Model of UGT enzyme topology within the endoplasmic reticulum.

a) Transport of UDPGA by NSTs. b) Functional UGT with N- and C- terminal domains. c¢) Transport of
glucuronides by ATer via diffusion. R-OH, phenolics; R-OGA, glucuronide. Image is reproduced from (Wu et
al., 2011), with permission from Elseiver.

The subcellular location of UGTs gives direct access to products of Phase | reactions, bringing
advantages to their function as Phase Il metabolising enzymes (Kiang et al., 2005). However, the
fact that UGTSs are located within the ER contributes to the difficulties in identifying in vivo effects of
UGT enzymes, and is responsible for the phenomenon of "latent" enzyme activity (Kiang et al.,
2005). Dutton and co-workers (Dutton, 1980) were the first to reveal that little or no enzyme activity
could be observed unless membrane disrupting agents were added to the preparation of
microsomes, with an increase in UGT activity of around 20 fold seen when adding detergent

(Dutton, 1980).

1.1.3 The UGT gene super family

The UGT superfamily consists of four families, separated based on amino acid identity: UGT1,

UGT2, UGT3 and UGT8 (Mackenzie et al., 2005a). The UGT1 and UGT2 families mainly utilise



UDP-glucuronic acid as the glycosyl (sugar) donor, but may also use other UDP-sugars such as
UDP-glucose and UDP-xylose in some contexts. These families represent the earliest and most
extensively characterised UGT enzymes (Mackenzie et al., 2005a, Meech and Mackenzie, 2010).
Members of the UGT1 and UGT2 families were defined initially by their enzymatic activities and
subsequently purified to homogeneity. Later, the mMRNAs encoding these UGTs were identified by
sophisticated molecular cloning methods (Mackenzie et al., 1984). Once UGT mRNA sequences
were available, the families were expanded by use of molecular cloning tools to identify new

related genes.

hUGT8

750%4——— hUGT3AT
3 ' hUGT3A2

hUGT1A1
71%

hUGT1A4
93% hUGT1A3

66% 940L
hUGT1A5

hUGT1A6
pe hUGT1A10

= hUGT1A9
41%) 39% hUGT1A7
% hUGT1A8

hUGT2A3
%—i hUGT2AT
hUGT2A2
ses— hUGT2B15
hUGT2B17
hUGT2B4
s NUGT2B10
85% hUGT2B11

9%l — huGT2B28
hUGT2B7

59%

78%
2B

Figure 1.3. The phylogenetic tree of UGT1, UGT2, UGT3 and UGT8.

The amino acid sequence homology between enzymes is represented by percentage similarity values.
Information for the figure was collected from (Meech and Mackenzie, 2010, Gregory et al., 2004b,
Guillemette, 2003, Gregory, 2004).

A phylogenetic tree of the human UGTs is depicted in Figure 1.3. UGT1A and UGT2 families share
a similarity of 41% (Guillemette, 2003). UGT2A and UGT2B families share a 59% sequence

homology.



The UGT3 and UGTS8 families form a separate branch from the UGT1 and UGT2 families. A single
UGT1 locus on chromosome 2937 encodes all UGT1A enzymes. There are nine functional
isoforms of UGT1A (UGT1A1, UGT1A3-UGT1A10), while UGT1A2, UGT1A11, UGT1A12 and
UGT1A13 are considered pseudogenes. The UGT1A locus is comprised of multiple variants of
exon 1 located upstream of four common exons (termed exons 2-5). The different UGT1A isoforms
are formed through alternative splicing of a single exon 1 to the common exons (Mackenzie et al.,

2005a). Organisation of the UGT1A complex locus is depicted in Figure 1.4.
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Figure 1.4. The human UGT1 family complex locus.

The UGT1A family consists of 12 isoforms; 9 functional isoforms indicated with transcription arrows, and 4
pseudogenes labelled with p (2p, 11p, 12p, 13p). The positions and distances relative to exon 2-5 (striped
rectangle) and within exon 1 (black rectangle) is indicated. Exons 2-5 join exon 1 in the mature transcript.
The human UGT1A locus extends for 198,872 bp as calculated from the DNA sequence (Tukey and
Strassburg, 2001). Image is derived from (Tukey and Strassburg, 2001) with permission from The American
Society for Pharmacology and Experimental Therapeutics (ASPET).

Six UGT1A members are expressed in the liver, the main organ where glucuronidation occurs.
These are UGT1A1, UGT1A3, UGT1A4, UGT1A5, UGT1A6 and UGT1A9 (Tukey and Strassburg,
2000). Furthermore, a high degree of sequence homology (>80%) is observed within the UGT1A3-
1A5 cluster and within the UGT1A7-UGT1A10 cluster. UGT1A1, the UGT1A3-1A5 cluster, and
UGT1A®6 are mainly hepatically expressed. ldentification of UGT enzymes in non-liver tissues by

Strassburg et al revealed that UGT1A7 and UGT1A10 are not hepatically expressed, and both



enzymes are found specifically in the gastrointestinal tract (Strassburg et al., 1997). Later, the
same research group showed that UGT1AS8 is also extrahepatic, being expressed mainly in colon,
which brought attention to the importance of glucuronidation at the distal end of the digestive tract.
UGT1A9 is expressed in the gastrointestinal tract as well as in liver, thus UGT1A7-UGT1A10 is

commonly described as the gastrointestinal UGT cluster (Strassburg et al., 1998).

Together the UGT1A family members conjugate a very large number of small molecules. The
divergent substrate specificity of multiple UGT1A isoforms is determined by a substrate-binding
domain in the amino-terminal half of the protein that is encoded by exon 1. This substrate-binding
site is considered 'loose," which allows multiple substrates to bind to one isoform (Meech and
Mackenzie, 1997). The cofactor UDPGA on the other hand, binds to a region in the carboxyl half of
the UGT protein, which is identical in all UGT1A isoforms and is highly conserved (Tukey and
Strassburg, 2001). Both aglycone and UDPGA binding regions are presumed to cooperate for
transferring glucuronic acid to the substrate. The UDPGA-binding C-terminal regions of the UGT1
and UGT2 families are relatively more closely related than the N-terminal aglycone-binding regions

(Tukey and Strassburg, 2000).

The UGT2A and 2B subfamilies form a very large gene cluster located on chromosome 4q13.2.
The seven functional enzymes of the UGT2B family (2B4, 2B7, 2B10, 2B11, 2B15, 2B17 and
2B28) are encoded by individual unique genes, which consist of six exons each (Hu et al., 2014a).
All UGT2B enzymes are expressed in the liver (Tukey and Strassburg, 2000). The UGT2A1 and
UGT2A2 enzymes are generated by alternative splicing of a gene that has two variants of exonl
located upstream of five common exons (termed exons 2-6). Thus, they each have a unique first
exon but share the common exons. In contrast, the UGT2A3 enzyme is encoded by a single gene
containing six unique exons. UGT2A enzymes are expressed in the liver, small intestine, brain and

foetal lung (Guillemette, 2003).

There is a degree of overlap in the aglycone specificities of UGT1A and UGT2B enzymes. Indeed,
studies in UGT1A-deficient rats have shown that compensatory induction of UGT2B genes can

occur in the intestinal tract (Wang et al., 2009).



The UGT8 gene family only has one member, UGT8AL (usually abbreviated as UGT8), which is
encoded by a gene of five exons on chromosome 4q26 (Mackenzie et al., 2005a, Stahl et al.,
1994).The activity of the UGT8 enzyme was originally described in 1968 in embryonic chicken
brain; based on this activity the enzyme was named ceramide galactosyltransferase (CGT) (Basu
et al., 1968). The first human cDNA encoding CGT/UGT8 was isolated by (Ichikawa et al., 1996).
The UGT8 name was assigned by the Human UGT nomenclature committee (Mackenzie et al.,
2005a). The UGT8 enzyme uses UDP-galactose as the sugar donor and performs almost
exclusively conjugation of galactose to ceramide (Ichikawa et al., 1996). UGT8 is essential for
biosynthesis of glycosphingolipids, cerebrosides and sulfatides in the nervous system. Consistent
to its function, this enzyme is highly expressed in the nervous system, but is also found in
considerable levels in the gastrointestinal tract, kidney, thymus, and bone marrow (Meech et al.,
2015). Recently, its novel function as a regulator in homeostasis and signalling of bile acid was

discovered (Meech et al., 2015).

The UGTS3 family was the last UGT family to be identified in approximately the year 2000 based on
homology searches of the newly available complete human genome sequence. The UGT3 genes
were sufficiently dissimilar to the other known UGTs to be defined as a new family (< 50%
sequence homology) (Tukey and Strassburg, 2000). The UGT3 family is divided into two members,
namely UGT3A1 and UGT3A2, with the two genes located on chromosome 5p13.2. The functions
of the UGT3 enzymes remained elusive for some time as no activities could be identified using a
range of common UGT substrates and UDPGA as the sugar donor. Ultimately it was discovered
that neither UGT3 enzyme use UDPGA as co-substrate. UGT3A1 utilises UDP-N-
acetylglucosamine as the sugar donor (Meech and Mackenzie, 2010) with a variety of aglycone
substrates including ursodeoxycholic acid (UDCA), a molecule used for the treatment of
cholestasis. UGT3A2 utilises UDP-glucose and UDP-xylose as its sugar donors, with limited
activity with UDP-galactose (Meech and Mackenzie, 2010). The major UGT3A2 substrate identified
to date is 4-methylumbelliferone; it is also active with 1-hydroxypyrene, 7-hydroxycoumarin,
naringenin and genistein (MacKenzie et al., 2011). Gene expression analysis by reverse-

transcriptase-PCR (RT-PCR) showed that UGT3AL is mainly expressed in liver and kidney, and



also at a low level in stomach, duodenum, colon, and testes (Mackenzie et al., 2008). UGT3A2
MRNA expression was detected in thymus, testes and kidney but not liver (MacKenzie et al.,

2011).

1.2 Expression of UGT genes: general aspects

1.2.1 Tissue specific distribution of human UGTs

In humans, among the UGT families, the UGT1A and UGT2B families are thought to contribute
most significantly to Phase Il xenobiotic and endobiotic metabolism with UGT2A, UGT3 and UGT8
family enzymes playing more minor roles (Meech et al., 2012). Understanding the distribution of
UGT enzymes can help predict potential drug-drug interactions mediated by these enzymes (Kiang
et al., 2005). Thus, extensive information has been gathered detailing the distribution of the

UGT1A and UGT2Bs in human tissues.

Each UGT isoform is expressed in a tissue-specific manner, although their patterns are highly
overlapping. The liver is certainly the most important organ expressing the largest variety of UGT
enzymes; hence the greatest number of studies focus on UGTSs in this organ. Studies of UGT
MRNA expression show that all UGT1A genes (except UGT1A8) and all UGT2B genes are
expressed in the liver. However, the mRNA levels of UGT1A5, UGT1A7, UGT1A10 and UGT2B11
that were detected were extremely low, with disagreement between studies (Ohno and Nakajin,
2009, Court et al., 2012). Among the UGT1A family genes, UGT1A1 and UGT1A9 are the most
abundantly expressed in the liver. However, UGT2B genes are more abundant in the liver overall,

with UGT2B4 being reported as the highest hepatically expressed UGT (Wu et al., 2011).

Non-hepatic expression of UGTs was first addressed around two decades ago (Strassburg et al.,
1997, Strassburg et al., 1998), with evidence that small intestine and colon are major sites of
UGT1A and UGT2B glucuronidation activities (Ohno and Nakajin, 2009). Metabolism at the site of
absorption directly affects oral drug efficacy by limiting the level of active drug entering the
systemic circulation. In addition, UGT activities in the gastrointestinal tract affect the absorption of
dietary chemicals and may provide protection against ingested toxins and carcinogens. Thus,

gastrointestinal UGTs have been the subject of extensive studies acknowledging these significant
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functions. Section 1.3 details on our current understanding of the expression and activity of UGTs
in the gastrointestinal tract. Briefly however, the most important UGT isoforms in the small intestine
and colon are UGT1A1, UGT1A8, UGT1A9 and UGT1A10 (Wu et al., 2011). Among the UGT2B
genes, UGT2B7, UGT2B17 and UGT2B15 are the three most abundantly expressed in the small

intestine and colon (Wu et al., 2011).

Table 1.1 shows UGT mRNA expression in various human tissue samples, as assayed using real-
time reverse transcriptase-polymerase chain reaction (RT-PCR) (Court et al., 2012, Ohno and
Nakajin, 2009, Nakamura et al., 2008), as well as compiled data from (Gregory, 2004) and
(Guillemette et al., 2014) showing UGT expression in major glucuronidation tissues such as liver,
kidney, and gastrointestinal tract (oesophagus, stomach, small intestine, colon), as well as at other
extra-hepatic sites that will not be discussed here. In comparing these reports, differences are
observed regarding UGT expression in some tissues, which may be caused by large interindividual
variability, influenced by factors such as genetic polymorphism, ethnicity, age or gender. Moreover,
care must also be taken when correlating UGT mRNA levels to protein levels. A study (Izukawa et
al., 2009) in human liver found that not all hepatic UGT mRNA and protein levels are well

correlated; in general, further studies of protein levels are required for conclusive information.
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Table 1.1. mRNA expression of UGT1As and 2Bs in human tissues.
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(+) indicates that UGT mRNA transcript has been detected in the tissue, (-) indicates the absence
of mRNA transcript, (+/-) indicates discrepancies between studies, and NT indicates that the

presence of MRNA transcript has not been tested.

1.2.2 Constitutive and inducible regulation of UGTs

Regulation of UGTs at the transcriptional level has been the subject of many studies over the last
two decades, and we now have a relatively good, although still incomplete, understanding of
transcription factors that regulate UGT expression. There are two major aspects of UGT regulation
that are of interest: constitutive and inducible expression. These are discussed here in general

terms, and more specifically with respect to intestinal UGTs in section 1.4.

Studies of constitutive UGT expression generally examine the factors that determine tissue
specificity (for example liver vs intestine) and regional patterning (i.e. along the proxomodistal axis

of the gastrointestinal tract). They also examine mechanisms that control differential expression
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between progenitor cells and various differentiated cell types of the organ. These tissue-, region-,
and cell-type specific patterns are typically controlled by the same transcription factors that

underlie the development, patterning and regeneration of these tissues.

Studies into the regulation of the hepatically expressed rat Ugt2b1 gene were the first to reveal
tissue-specific transcription factors controlling UGT gene expression. Using functional and DNA
binding assays in HepG2 cells, two liver-enriched transcription factors namely hepatocyte nuclear
factor-1 alpha (HNF1a) and CAAT/enhancer binding protein-alpha (C/EBPa), were shown to bind
to the Ugt2b1 promoter region and induce its activity (Hansen et al., 1997, Hansen et al., 1998).
Many hepatic UGTs are now known to be controlled by HNF1a as well as another liver enriched

factor HNF4a, through direct binding of these factors to their gene promoters (Hu et al., 2014a).

Although HNF1a was initially considered to be the main transcriptional activator for liver specific
genes including UGTSs, its identification in non-hepatic tissue, particularly gastrointestinal tract in
mice (Kuo et al., 1990) and humans (Uhlén et al., 2015), suggested that it may also regulate the
expression of intestinal UGTs. This theory was confirmed by a study from our laboratory on the
intestinally expressed UGT1AS8, -1A9 and -1A10 genes as described in detail in section 1.4. Our
studies also identified a role for the intestine-specific transcription factor caudal-related
homeodomain protein 2 (CDX2) in regulation of these intestinal UGTs (Gregory et al., 2004a). In
many cases, there is a requirement for transcription factors to work in combination to define cell-
type specific expression (Verzi et al., 2013, Biggin, 2011, Davidson and Levine, 2008) and as

discussed further in section 1.4, this paradigm is applicable to intestinal UGT regulation.

Studies of the inducible expression of UGTs focus on their response to chemical inducers, which
may be endobiotics (i.e. signalling molecules such as steroids or bile acids) or xenobiotics such as
toxins, carcinogens, drugs, and other bioactive dietary and environmental chemicals. These
pathways are regulated by a number of transcription factor families but most prominent among
them are the nuclear receptor (NR) family. Nuclear receptors bind small molecules as ligands and
this induces their activation and often their translocation to the nucleus where they can regulate

target genes. This provides a critical feedback mechanism that senses levels of small molecules
13



and enables the cells to alter expression of genes that control the levels of these small molecules
(such as UGTs and other drug metabolism pathway genes) that help clear the small molecule.
Such feedback loops in regulatory circuits involving UGTs and their own substrates have recently
been reviewed (Bock, 2012). It should be noted that regulatory feedback can also involve
transcription factors other than nuclear receptors. For example, the cytotoxic anticancer drug
epirubicin, a substrate for UGT2B7, upregulates UGT2B7 via the p53 transcription factor (Hu et al.,

2014b).

Nuclear receptors can also contribute to the tissue specific expression pattern of UGTSs, particularly
when they respond to endogenous signalling molecules that are concentrated in specific tissues,
such as steroids (Hu et al., 2014a). Finally, polymorphisms in UGT gene promoters and other
regulatory regions may cause variations in UGT expression between individuals and this is
applicable to both constitutive and inducible expression paradigms (Hu et al., 2014a, Mackenzie et
al., 2010b, Gregory et al., 2004b, Gregory et al., 2004a). Table 1.2 summarises nuclear receptors
and their target UGTs. The roles of these factors in control of intestinal UGTs are described in

more detail in section 1.4.

Table 1.2. Nuclear receptors, ligands, and their target UGTs

Receptors Ligands Target UGTs

ERa 17-beta estradiol, Tamoxifen 1A4, 2B15, 2B17

. 1A1, 1A3, 2B10,
Testosterone, Dihydrotestosterone,

AR R1881, Flutamide ;:1;22?31255;

GR Cortisone, Dexamethasone 1A1
1,4-bis[2-(3,5-dichloropyridyloxy)]

CAR benzene (TCPOBOP), 3a,5a- 1AL, 2B7

androstenol, 3a,5a-androstanol,
Artemisinin

Chenodeoxycholic acid, Cholic
FXR acid, Deoxycholic acid, Z- 1A3, 2B4, 2B7
Guggulsterone

24(S)-Hydroxycholesterol,

LXR
24(S),25-Epoxycholesterol

1A3
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Clofibric acid, Gemfobrozil,
Bezafirate, GW 7647, 20-

PPARa hydroxyeicosatetraenoic acid(Siess
et al.), 11,12-epoxyeicosatrienoic
acid (EET)

1A3, 1A6, 1A9,
2B4

Ciglitazone, Troglitazone, 15-
PPARy Deoxy-D12, 14-prostaglandin J2, 1A9
GW 9662

Rifampicin, Lithocholic acid,
Hyperforin

25-Hydroxyvitamin D3, 1,25-
Dihydroxyvitamin D3

PXR 1A1

VDR 2B15, 2B17

Table is partly taken from review by (Hu et al., 2014a), available for thesis purposes from Taylor & Francis.

1.3 Intestinal UGT enzymes

1.3.1 Intestinal UGTs in phenolic compound glucuronidation

As mentioned, glucuronidation in the human gastrointestinal tract plays a critical role as the first
line of defence against potentially toxic and carcinogenic substances that are ingested. It also
controls the activity of some dietary nutrients and bioactive compounds, and controls efficacy and
potential toxicity of oral drugs, and intravenous drugs that reach the intestine following

enterohepatic circulation (Gregory et al., 2004b, Wu et al., 2011, Radominska-Pandya et al., 1998).

For numerous compounds, intestinal glucuronidation often serves as the major metabolic pathway
and most efficient elimination process. One of the most well studied groups is phenolic
compounds. These compounds are known to be efficiently glucuronidated along the
gastrointestinal tract, leading to a very poor oral bioavailability (Wu et al., 2011, Gao and Hu,
2010), with only 5% of dietary phenols reaching the plasma unchanged (Clifford, 2004). Dietary
polyphenols are naturally occurring and widely found in vegetables, fruits and herbs, and thus are
consumed regularly by humans; they include flavonoids (flavones, flavonols, flavanones,
isoflavones), stilbenes, quinones, and many more. Synthetic phenolic compounds are also found in
drugs, such as acetaminophen, raloxifene, tamoxifen, and mycophenolic acid. Table 1.3 shows
examples of phenolic compounds predominantly metabolised by UGTs expressed in colon. Some

of the compounds have been reviewed in (Wu et al., 2011).
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In addition to being extensively metabolised by intestinal UGTSs, flavonoids can induce endogenous
UGT gene expression in vivo and in vitro (Petri et al., 2003, Galijatovic et al., 2001). Petri et al
reported that in humans, acute ingestion of quercetin, a flavonoid abundant in capers and
coriander (Bhagwat et al., 2014), increased UGT1A1 mRNA by 2.4 fold in enterocytes. An increase
in UGT1A1 expression was also seen in an in vitro experiment using the colon cancer cell line
Caco-2: chrysin, (a flavonoid found in honey and propolis (Siess et al., 1996)), at a concentration of
25 pM, significantly induced UGT1A1 without affecting UGT1A6, -1A9 and -2B7 levels. The result
also showed that an increase in UGT1A1 expression increased glucuronidation of N-hydroxy-PhlP,
a mutagen, by 10 fold (Galijatovic et al., 2001). These findings suggest that modification of
intestinal UGT expression by regular dietary constituents can help prevent carcinogenesis by

enhancing the intestinal capability to metabolise carcinogens.

The role of UGTs in cancer of the gastrointestinal tract is likely to be complex. In humans most
cancers occur in colon (rarely in small intestine). In normal colonic mucosa UGT1A enzymes are
continuously expressed at a high level; this expression is reduced significantly in adenocarcinoma
tissues (Wang et al., 2012). This is consistent with the relatively less differentiated state of
carcinoma cells but also suggests that UGT1A expression may play a role in the progression of
colon carcinogenesis. In support of the latter idea, a recent study (Liu et al., 2016) demonstrated
that deletion of the UGTL1 locus in the intestinal crypt in mice causes a reduction in active p53 and
leads to repression of apoptosis. Moreover, when colon cancer was induced in the UGT1A null
mice, the number and size of tumours was greater than in wildtype mice (Liu et al., 2016). Exactly

how loss of UGT1A1 promotes colon cancer progression is unclear.
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Table 1.3. Phenolic compounds metabolised by intestinal UGTSs.

Phenolic compounds
Flavones

Apigenin
Chrysin

Baicalein

Wogonin
Oroxylin A

Isoflavones

Genistein
Daidzein
Glycitein
Formonentin
Biochanin A

Flavonols

Kaempferol
Quercetin

Chalcones
Xanthohumol

Stilbenes
Resveratrol

Combretastatin

Coumarins
4-methylumbelliferone

Daphnetin

Phenolic drugs
Entacapone
Mycophenolic acid
Tamoxifene
Raloxifene
Propofol

Irinotecan

Metabolised by UGT

UGT1A6
UGTI1AS, 1A9

UGT1A7, 1A8, 1A9, 1A10

UGTI1AL1, 1A8, 1A9, 1A10

UGT1A9

UGT1A8,1A9, 1A10, 1A1, 1A7, 2B7

UGT1A1, 1A8, 1A9, 1A10

UGT1A9

UGT1AG6, 1A7, 1A10

UGT1A9, 1A6

UGT1A7, 1A10

UGTI1AS, 1A10

UGT1AS8, 1A10, 2B7
UGTI1A1, 1A8

UGT1A7, 1A8, 1A10, 1A9
UGT1Al

Reference

(Liu et al., 2007)
(Zhang et al., 2007)

(Zhou et al., 2010)

(Tang et al., 2009)

(Oliveira and Watson, 2000)

(Ruefer et al., 2005)

(Brill et al., 2006, Miksits et al.,
2010, Iwuchukwu et al., 2011)

(Aprile et al., 2010)

(Uchaipichat et al., 2004,
Antonio et al., 2003)

(Liang et al., 2010)

(Luukkanen et al., 2005)
(Mackenzie, 2000)

(Sun et al., 2007)

(Mizuma, 2009)

(Court et al., 2012)

(O'dwyer and Catalano, 2006)
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1.3.2 Intestinal microbiota and UGT activities

The intestine is home to most of the human microbiota; interaction of Phase | and Phase Il
metabolic enzymes with microbiota activity is likely to play an important role in maintaining
intestinal homeostasis. Studies to understand the mechanisms by which microbiota regulate drug
and xenobiotic metabolism are relatively recent (Swanson, 2015). Claus et al demonstrated that
the “xenobiotic sensor” transcription factors constitutive androstane receptor (CAR) and PXR
(regulators of several CYP and UGT genes) were significantly increased in the gut of germ-free
mice. The endogenous levels of CYP enzymes were also altered in the germ-free mice (Claus et
al., 2011). Another study reported upregulation of the Phase Il biotransformation enzymes
glutathione S-transferases (GSTs) by butyrate in primary human colon tissue and colon cancer cell
lines (HT29 and LT97) (Pool-Zobel et al., 2005). Butyrate is generated by gut microbiota as
discussed further below. Overall, current data suggests a potential function of microbiota metabolic

products in the regulation of intestinal metabolic enzymes.

Butyrate is a short chain fatty acid (SCFA) produced from the fermentation of dietary fibre by the
intestinal microbiota (Mclintyre et al., 1993, VanHook, 2015). High levels of dietary fibre are usually
found in plant-based food, which also contain high level of polyphenols that can also give rise to
butyrate in the intestine (Blaut et al., 2003). Butyrate provides a main energy source for intestinal
epithelial cells and plays an important role in the regulation of many intestinal functions. It is
associated with intestinal barrier protection and integrity (Kelly et al., 2015), is a modulator of
intestinal inflammatory processes related to metabolic diseases (Chang et al., 2014, Puddu et al.,
2014, Brahe et al., 2013), and may even be neuroprotective due to the gut-brain axis (Bourassa et

al., 2016).

Many studies have implicated high fibre diets with polyphenol rich constituents in lowering the risk
of cancer. For example, dark green vegetable consumption was reported to be related to a lower
risk of Barrett's oesophagus (Jiao et al., 2013), while colorectal cancer is associated with a low
intake of fruit and vegetables (Terry et al., 2001, Pericleous et al., 2013). Since the risk of

carcinogenesis is also associated with the level of UGT activity (Wallig, 2004), it is important to
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gain an understanding of the interplay between intestinal microbiota-producing butyrate, phenolic
compound intake and regulatory mechanisms of intestinal UGT expression. One of the goals of
this project was to better understand regulatory mechanisms of intestinal UGTSs, including the roles

of dietary bioflavones and butyrate (see section 1.2).

1.3.3 Expression of intestinal UGTs

As the main organ system in drug metabolism after liver, the gastrointestinal tract (oesophagus,
stomach, small intestine, and colon) expresses UGTs at high levels, although the diversity of
isoforms expressed is much lower than in liver. As discussed in detail in section 1.4, the innermost
layer of the intestinal tract is the mucosal layer in which absorptive and secretory functions are
carried out. Very early work indicated that the UGT1 subfamily plays a greater role in intestinal
glucuronidation than UGT2, with its activity around 6 fold higher overall (Dubey and Singh, 1988).
Furthermore, UGT1A expression was shown to be localised in the epithelial cells of the mucosa,
and not in deeper submucosa or muscularis layers of the intestine. This is in accordance with UGT

function, as expression in the mucosal epithelial cells allows direct contact with xenobiotics.

In the last two decades, the differential patterns of UGT1A isoforms along the gastrointestinal tract
from the upper (proximal) to the lower (distal) end has been defined (Gregory et al., 2004b).
Strassburg et al examined a set of human tissues and concluded that UGT1A7 is expressed in the
upper Gl tract, mainly in the stomach, and UGT1A8 is most highly expressed in the lower part of Gl
tract, e.g. colon (Strassburg et al., 1998). UGT1A10 appears to be expressed throughout small and
large intestine (Gregory et al., 2004b). Expression of UGT1A8 in the colon may be important for
metabolism of substances which are not glucuronidated in the upper regions of the gastrointestinal
tract, and the prolonged exposure time of colon mucosa to the substances may lead to potential

interplay of the conjugating activities with intestinal microbiota (Strassburg et al., 1998).

Zhou et al and Tang et al found that the correlation between glucuronidation rates (in heterologous
expression systems and human tissue microsomes) and UGT expression levels in tissues is able
to predict tissue-specific UGT activity profiles. In particular, tissue-specific glucuronidation of

phenolic compounds (i.e. bioflavones) was predicted using microsomes from human liver and
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intestine, suggesting that in liver UGT1A1 and UGT1A9 are likely to be most important for this
metabolism while UGT1A8 and UGT1A10 play the major role in intestine (Zhou et al., 2010, Tang

et al., 2010).

The mechanisms that regulate UGT expression in the intestine are complex and involve both
constitutive and inducible factors as introduced in section 1.2.2. In order to explain the
mechanisms of constitutive UGT regulation in intestine, it is critical to first describe the structure
and development of the intestine, and the key factors that are involved in its development and

turnover. This discussion is provided in the next section.

1.4 Intestinal development and homeostasis

1.4.1 Intestinal development is critically regulated by homeobox factors including
the master regulator CDX2

During embryogenesis, the intestine is developed from the endoderm layer that formed at the end
of gastrulation. The endodermal sheets have anterior (anterior intestinal portal) and posterior
(caudal intestinal portal) ends. These endodermal formations are determined and patterned by the
expression of developmental regulators. For example, studies in mice show that the anterior
endoderm is mainly patterned by the expression of Sox2 and the homeobox protein Hhex, and
gives rise to foregut structures, e.g. stomach. The posterior endoderm will give rise to the small
and large intestines, and activity of the homeobox factor Cdx2 is essential in their formation (Noah

et al., 2011).

Cdx2 is a member of the caudal-related homeobox family. Homeobox genes are key factors in
controlling normal embryonic development particularly anterior-posterior patterning (McGinnis and
Krumlauf, 1992). In the mouse blastocyst, Cdx2 is initially expressed specifically in the
trophectoderm that gives rise to extraembryonic membrane (Beck et al., 1995). Ralston and
Rossant showed that Cdx2 drives trophectoderm commitment into maturation by negatively
regulating pluripotency factors octamer-binding transcription factor 4 (Oct4) and Nanog genes in
the trophectoderm. They also positively regulate trophectoderm lineage markers, like
eomesodermin (Eomes) and Keratin 8 (Krt8) (Ralston and Rossant, 2008). Mouse embryos with
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genetic deletion of Cdx2 (Cdx2 null) show disruption of trophoectoderm formation leading to pre-
implantation death. Figure 1.5 illustrates the trophectoderm maturation and the role of Cdx2 in the

lineage-specific regulatory mechanism (Ralston and Rossant, 2008).

The role of Cdx2 in development of the inner cell mass can be assessed by rescuing the
trophectoderm (and hence implantation) defect by tetraploid fusion. In these rescued embryos, it is
evident that Cdx2 is necessary for the normal progression of the blastocyst through the
gastrulation and tail bud elongation stages. Cdx2 expression becomes restricted to posterior gut
endoderm at about day 12.5 post coitum in mice (around halfway through development).
Consistent with this expression pattern, Cdx2 null mice have posterior truncations of embryonic
structures showing that Cdx2 controls anterior-posterior patterning (Chawengsaksophak et al.,

2004). Moreover, the intestinal tissue is transformed to a foregut phenotype.

Trophectoderm formation (position — regulated TF expression)
. : Cdx2
Oct4 Eomes
Nanog Krti8

Figure 1.5. lllustration of trophectoderm developmental fate, as regulated by CDX2.

The image is reproduced from (Ralston and Rossant, 2008), with permission from © Elseiver.

As well as being important for early specification of gut structures, Cdx2 is also important for the
differentiation of intestinal cell types. In mouse, the level of Cdx2 increases 6 to 7 fold during
development of the intestinal epithelium (James et al., 1994). Cdx2 has also been shown to
continue to express at a high level in the adult stage, and shown to remain exclusively expressed
in the intestinal tract, with no detectable Cdx2 transcripts in other tissues, such as stomach, liver,
brain, lung, pancreas, testis, skeletal muscle, heart, spleen and kidney (Suh et al., 1994). The
germline Cdx2 null mouse model shows embryonic lethality, therefore, conditional transgenic Cdx2
null mice have been generated to examine the importance of Cdx2 in controlling intestinal identity

at early developmental stages and also in adults. The study of conditional Cdx2 null mice showed
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failure in colon formation and severely abnormal intestinal cell differentiation at every stage (Gao et
al., 2009), thus highlighting Cdx2 as the key factor in regulating intestinal homeostasis, both during
development and throughout life. Additional studies confirm that in adults, Cdx2 is the key player in
the maintenance of intestinal epithelial continuous renewal, by regulating cellular proliferation and
differentiation as discussed further below (Suh and Traber, 1996, Silberg et al., 2000, Beck et al.,
1999).

1.4.2 The intestine is maintained by continual epithelial turnover that is controlled
by developmental regulators.

The mammalian intestinal epithelium continuously undergoes a dynamic process of cell renewal,
and these cells are counted as the most rapidly turned over in the human body. This turnover
involves the continual activity of an anatomically defined stem cell compartment as discussed more

in this section.

The small intestine epithelium is comprised of columnar epithelial cells (enterocytes) arranged into
a series of villi. These villi increase the area for absorption, each enterocyte also has microvilli and
this further increases the absorptive surface area. Other rarer cell types found in the epithelial layer
have secretory functions such as goblet cells or enteroendocrine functions. In the colon, the
epithelium is also simple columnar but lacks villi. In both small intestine and colon, the epithelium

forms invaginations called crypts which contain the stem cell niche compartment.
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Figure 1.6. Intestinal epithelial self-renewal.

The crypt base is rich with highly proliferating progenitor of transit-amplifying (TA) cells, derived from Leu-rich
repeat-containing G protein-coupled receptor 5-expressing (LGR5+) cells at the stem cell niche. These then
migrate and differentiate into various mature cells. a) In the small intestine, the differentiated cells populate the
intestinal villi, with the differentiated cell compartment making up more than half of the crypt. Paneth cells in the
intestinal crypt are supplied every 3-6 weeks from the TA cells. b) In the colon the composition of differentiated
cells occupy only one third, whereas the remaining two thirds are the crypt cells. The differentiation hierarchy
and variants of lineage cells is described in the right panel. Images a and b are reproduced from (Barker,
2014), with permission from © Nature Publishing Group.

During turnover of the epithelium, stem cells in the crypt give rise to proliferative transit-amplifying
(TA) cells that migrate up to the surface and subsequently differentiate into various functional
mature cells (Barker, 2014). The turnover time for ileum epithelial cells of the small intestine is 3 to
5 days, whereas for colon cells it is 1 to 2 days. The shorter time for colon cell turnover might be
related to the shorter distance of the colon crypt to migrate and differentiate on the luminal surface
(Creamer et al., 1961). Figure 1.6 shows the structural compartments of the small intestine and
colon epithelium; the TA cells can be seen to span the length of the proliferation compartment of
the crypt while stem cells defines by the marker Leu-rich repeat-containing G protein-coupled

receptor 5 (LGR5) are located at the base of the crypt. In the small intestine, Paneth cells are
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located adjacent to the stem cells in the crypt base; moreover a second stem cell type called the

plus-four (+4) cell based on its location is also described (reviewed in (Olsen et al., 2012).

The developmental regulator Cdx2 plays a critical role in adult intestinal turnover. Since Cdx2 was
first shown to be responsible for transcriptional activation of sucrose-isomaltase (Sl), which is
exclusively expressed in mature intestinal epithelial cells (Suh et al., 1994), many other studies
have also described Cdx2 as having a role in transcriptional control of multiple intestinal specific
genes in adult (reviewed in (Olsen et al., 2012)). The networks that it controls can be partly inferred
from its distribution in the intestinal epithelium. In the mature intestine, Cdx2 and HNF1a are highly
expressed at the villus tips and decrease towards the crypt, whereas GATA-4 is only observed in
the villus and not expressed in the crypt, and HNF4a expression is evenly distributed along the
crypt-villus axis (reviewed in (Olsen et al., 2012)). The increased expression of Cdx2 in the villus
cells (relative to the crypt cells) suggests a greater role in differentiation than in proliferation as will
be discussed further below in the context of its target gene networks. Figure 1.7 shows the
distribution of the major transcription factors controlling proliferation and differentiation of the

intestinal epithelium.
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Figure 1.7. Graphical overview of major transcription factors involved in intestinal epithelial
regulatory networks.

Along the villus-crypt axis, the cell types and location are indicated, and the expression levels of
transcription factors Cdx2, HNF4a, HNF1a and GATA-4 are depicted. Image is reproduced partly from
(Olsen et al., 2012), which is available for reproduction in the thesis without permission.

HNF4a is well known as a master regulator of hepatic gene expression, and it is essential in
hepatocyte development and differentiation (Parviz et al., 2003). However, HNF4a is also
expressed in the intestine (Duncan et al., 1994), kidney, and pancreas from early embryonic
stages (Taraviras et al., 1994). HNF4a-null mice show embryonic lethality with abnormal
gastrulation (Chen et al., 1994). HNF4 a is reported to regulate the development visceral

endoderm during embryonic development and thus the formation of the intestinal tract (Duncan et

al., 1997).

HNF4a is expressed in the small and large intestine, from the crypt to villus. A study in a foetal
mouse model, modified using Cre-loxP technology to remove HNF4a from the colon epithelium,
demonstrated that HNF4a plays a significant role in controlling normal colon development, function

and differentiation. In the HNF4a-null colon, colon crypt development failed to occur, goblet-cell
25



maturation was disturbed, and this consequentially disrupted expression of multiple HNF4a-site
containing genes (Garrison et al., 2006). Using a similar Cre-loxP technique to generate HNF4a
loss in the small intestinal epithelium, Cattin et al reported that HNF4a controls normal function,
stability and homeostasis between proliferation and differentiation of intestinal epithelial cells.
HNF4a loss impaired maturation of enterocyte and endocrine cells, and increased the number of

crypt and goblet cells (Cattin et al., 2009).

Large scale transcriptomic and epigenomic studies have been performed to understand the
transcriptional networks controlled by factors such as Cdx2 and HNF4 in mouse intestinal
development and homeostasis, and in some cases also in human-derived intestinal models.
Epigenomic analysis has examined genome-wide DNA-protein binding sites for these factors using
techniques such as ChIP-chip analysis, (a coupled protocol of chromatin immunoprecipitation
(ChIP) and a hybridisation genome microarray (Ren et al., 2000)), or ChiP-seq (ChIP coupled with

massively multiparallel sequencing).

Transcriptome data from mouse intestinal cells revealed that genes containing a HNF4a binding
site in their promoter are upregulated during development of the intestine, and also in intestinal
cells as they migrate from crypt to villus and differentiate (Stegmann et al., 2006). Subsequently,
Boyd et al used ChIP-chip to show the direct binding of the HNF4a protein to the promoters of
target genes involved in intestinal development and differentiation. These targets included the
Cdx2 promoter indicating that HNF4a plays a role in regulation of Cdx2. Interestingly, binding of
Cdx2 protein to the Cdx2 promoter was also found (Boyd et al., 2009), and another study later

confirmed a Cdx2 positive autoregulation mechanism in the intestine (Barros et al., 2011).

Two more recent epigenomic studies revealed that Cdx2 dynamically co-occupies target sites with
different transcription factors in progenitor and mature intestinal cells. In progenitor cells, Cdx2
partners with GATA-6 and GATA-4, whereas during differentiation, Cdx2 relocates and partners

with HNF4a. The interaction of HNF4a and Cdx2 is considered critical in regulating the genes

expressed during cell differentiation (Verzi et al., 2010, San Roman et al., 2015).
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Using a mouse model, Verzi et al investigated the functional interaction of Cdx2 and HNF4a and
how their ability to occupy binding elements leads to regulation of specific gene expression. They
observed joint co-occupancy of Cdx2 and HNF4a at specific regions in the intestinal cell genome.
The co-occupancies were found within 300 bp of a cis-element or most often closer, demonstrating

that the joint occupancies of Cdx2 and HNF4a potentially activate genes through functional
enhancers. Using conditional double mutant Cdx2 and HNF4a knock out mice, the cooperation of
Cdx2 and HNF4a in stimulating transcription was confirmed. Moreover, Verzi et al elucidated that
the interaction between Cdx2 and HNF4a is controlled epigenetically, with the chromatin
accessibility maintained by Cdx2. They found that the loss of Cdx2 compromises chromatin

configuration and severely affects HNF4a binding, as well as disrupting proximal gene expression,

whereas HNF4a loss does not affect Cdx2 occupancy (Verzi et al., 2013).

1.4.3 Constitutive regulation of intestinal UGTs by CDX2 and its partners

As early as 1988, both Phase | and Phase Il metabolic enzymes were found to be distributed in the
same fashion from the crypt to villus surface of the small intestine, where the mature villus
expresses higher level of metabolic enzymes, whilst this declines toward crypt cells. Interestingly
expression of Phase Il enzymes is higher than Phase | enzymes suggesting that, unlike in liver,

Phase Il activity is dominant in intestine.

In 1988, Dubey and Singh showed the presence of UGT1 and UGT?2 in the crypt as well as the villi,
with UGT1 expression greater than UGT2. UGT expression in undifferentiated crypt cells is about 4
fold lower than in the differentiated villus cells, which is consistent with the high need for
detoxifying metabolic functions in active absorptive cells. Moreover, cells in the crypt become
progressively more differentiated as they migrate up towards the lumen/villi and
immunofluorescence staining of UGT1A protein in the small intestine crypts has shown that it is
concentrated in the apical region towards the lumen (Strassburg et al., 2000) (see Figure 1.8).
Hence overall it appears that UGT expression is associated with a differentiated phenotype.
However, it seems likely that that cells at every stage of intestinal lineage progression require at

least some degree of protection from toxic insults including undifferentiated dividing crypt cells, and
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the presence of UGTs at moderate levels in TA cells suggests a role in this protection against
harmful chemicals. In support of this idea, UGT activity in the crypt was shown to provide
protection against genotoxic compounds during regeneration (Patel et al., 1997). Moreover,
although the level of UGT expression is higher in cells of the luminal surface/villi than crypt cells, it
may be highly responsive to induction in crypt cells. For example, rat UGT1 activity in the
replicating (TA) crypt cells was found to be 4 fold more responsive to 3-methylcholanthrene (3MC)

than that in the differentiated villus cells (Dubey and Singh, 1988).

Figure 1.8. Detection of UGT1A protein in the human intestine.

A) Localisation of UGT1A protein in the epithelial cell layer and crypt of ileum at 40x magnification showing
homogenous staining of villi and ring pattern of crypt. B) Higher magnification of UGT1A protein in vili (400x).
The protein is confirmed as not being expressed in submucosa. C) UGT1A expression in the cross-section of
crypt is shown concentrated in crypt enterocyte towards the lumen (400x). The figure is reproduced from
(Strassburg et al., 2000), with permission from The American Society for Biochemistry and Molecular
Biology, Inc.
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Figure 1.9. Immunofluorescence staining showing UGT localization in mouse blastocyst.

Pan-specific antibody against UGT1 and UGT2B were used for staining, with DAPI for nuclear staining. Only

UGT1 signal is shown in high intensity throughout blastocyst, with negative from control. Image is reproduced
from (Collier et al., 2014), with permission from © The American Society for Pharmacology and Experimental

Therapeultics.

The developmental regulation of UGT expression is a poor studied topic. This is partly because
phase Il detoxification activities are considered to be generally low in embryonic/fetal stages.
Indeed Court et al reported that the total UGT mRNA level in human fetal liver is approximately
three times less than in the adult (Court et al., 2012). Moreover, the lack of conservation between
human and rodent UGT genes renders the mouse, which is widely used to study embryonic
development, a poor model to understand human UGT regulation. Regardless, UGT expression
has been demonstrated in embryonic and foetal development (Strassburg et al., 2002) and some
UGTs may be expressed even in very early embryos. Indeed the mouse pre-implantation
blastocyst shows expression of Ugtl, but not Ugt2 enzymes (Figure 1.9), although their functions

in this context are unknown (Collier et al., 2014).

While little is known about how UGT expression is regulated at early stages of intestinal

development, it might be inferred that factors that control UGT expression during adult intestinal
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turnover are also involved in their expression during intestinal development. In this regard it is
relevant that previous work from our laboratory showed that human CDX2 binds and regulates the
UGT1AS8, and -1A10 promoters in the Caco-2 cell line (used as a model of intestinal epithelial cells)
(Gregory et al., 2004a). Interestingly, these studies suggested that CDX2 may not be able to bind
to an equivalent site in the UGT1A9 promoter. In addition, our group has shown that HNF1a
synergises with CDX2 to regulate UGT1A8 and-1A10 promoters in these cells (Gregory et al.,
20044a). The details of this regulation are provided in section 1.1.6 which focusses on the functions
and regulation of the prototypical intestinal UGT isoform UGT1A8. However, briefly, these studies
were interpreted as indicating that CDX2 plays a key role in restricting the expression of these two

extrahepatic genes (UGT1A8, -1A10) to the intestine (Gregory et al., 2004a).

Despite the central role that HNF4a plays in controlling intestinal gene expression in cooperation
with Cdx2 in mice, to date there have been no studies investigating the role of HNF4a
transcriptional regulation of UGTs in an intestinal context. However, consistent with its role as
constitutive regulator of hepatic genes (Gonzalez, 2008), HNF4a was shown to regulate hepatic
UGT1A9 expression (Barbier et al., 2005). As discussed previously, UGT1A9 is expressed in the
liver and intestine, whereas UGT1A7, -1A8, and -1A10 are extrahepatic. The main

HNF4a response element (HNF4aRE) identified in the promoter of UGT1A9 by Barbier et al was
shown to be only partially conserved in the UGT1A7, -1A8, and -1A10 genes (Barbier et al., 2005).
They concluded that the sequences differences in the HNF4a motifs in the extrahepatic UGT
genes prevented their regulation by HNF4a and thus contributed to their lack of hepatic
expression, This work was complemented by findings that HNF1a and HNF4a are both required for

hepatic regulation of UGT1A9 expression (Gardner-Stephen and Mackenzie, 2007).

Unresolved by these previous studies were two questions: firstly, whether HNF4a plays any role in
the intestinal expression of the extrahepatic UGTs and if so through what elements; secondly what
directs UGT1A9 expression to the intestine given that no functional CDX2 binding site has been

identified in this gene. Gaining a better understanding of UGT regulation in the intestine in general,

and answering these two questions in particular, were some of the goals of this project.
30



1.5 In vitro models for intestinal UGT studies

1.5.1 Caco-2 as a model for enterocytes

The Cancer coli-2 (Caco-2) cell line originally developed from a human colorectal adenocarcinoma
by Jorgen Fogh (Fogh et al., 1977) (Memorial Sloan-Kettering Cancer Center, New York), has
been utilised for many years as a model to study intestinal epithelial cell functions, including
studies of UGT function and regulation. Many studies investigating how flavonoids control UGT
expression have used Caco-2 as a model, such as those showing the induction of UGT1A1l by
guercetin (Petri et al., 2003), chrysin, resveratrol, and curcumin (Galijatovic et al., 2001,
Iwuchukwu et al., 2011). Studies into the transcriptional regulation of UGT1A8-1A10 genes by
Gregory et al were also conducted in Caco-2 (Gregory et al., 2004a, Gregory et al., 2004b), and
CDX2 has been the most investigated differentiation-related transcription factor studied in this

context (reviewed in (Olsen et al., 2012)).

When properly cultured, the Caco-2 cell line is able to provide a reasonable model of the biological
and biochemical characteristics of the intestinal epithelium. Caco-2 is the only intestinal cell line
that possesses the ability to spontaneously differentiate in vitro into polarised enterocyte
monolayers under normal growing conditions without any inducers. This is a condition that cannot
be achieved by other intestinal cell line models, for example HT-29, which requires specific
inducers for differentiation (Rousset, 1986). Relative to non-immortal human primary enterocytes
that can only be maintained for a short period in culture, it has the advantages of simplicity and

reproducibility.

Full differentiation of Caco-2 cells is well characterised, and structurally and functionally resembles
formation of an intestinal epithelium. The development of microvilli, tight junctions between
adjacent cells and dome formation indicates structural characteristics of differentiated and
polarised cells, whereas expression of brush border associated enzymes and other intestinal
specific enzymes such as alkaline phosphatase, sucrase-isomaltase, lactase and aminopeptidase,
characterise the typical intestinal function (Pinto et al., 1983). Characteristics of colon cells

(colonocytes) are progressively lost during Caco-2 cell transformation into enterocytes. Engle et al
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reported that characteristics of both colonocytes and enterocytes are present in Caco-2 cells
immediately once the cells are confluent. Over subsequent weeks of post-confluent culture, there
is spontaneous transformation into the enterocyte phenotype in which colonocyte specific-proteins
decrease and those of enterocytes increase, transforming Caco-2 into a model of the small

intestine that is particularly useful for applications such as drug screening (Engle et al., 1998).

Despite the great potential provided by Caco-2 cells to model the intestinal epithelium, the culture
protocol to differentiate Caco-2 cells is considered time consuming (requiring 21 days), and labour
intensive. To overcome these concerns, Yamashita et al developed a short 5 day culture protocol
involving butyrate supplementation in medium containing 10% serum. Although the monolayer
integrity is less stable and decreases after 5-6 days, this short protocol provides broadly equivalent

intestinal properties to the traditional methods of the 21 day protocol (Yamashita et al., 2002).

While differentiated Caco-2 cells have a gene expression profile comparable to what is found in
differentiated cells of the normal intestinal epithelium, proliferating Caco-2 cells have only minimal
similarity to the normal intestinal proliferating crypt cells (Tremblay et al., 2006). Engle et al has
reported that Caco-2 cells share more features of the differentiated foetal intestine than with the
adult crypt phenotype (Engle et al., 1998). A major limitation of the Caco-2 cell system is that if
does not reproduce the heterogeneity of cell types seen in the normal intestine. These limitations
of Caco-2 cells compared to normal intestinal epithelium indicate that caution should be taken

when extrapolating from in vitro data to the in vivo state.

1.5.2 The intestinal organoid model

Cell line and in vivo (usually mouse) models have advantages as well as limitations in studies of
the intestine, including those related to drug and xenobiotic metabolism. Alternative models that
marry the convenience and long-term culture of immortal cell lines with the physiological relevance
of animal models would be a powerful tool for intestinal research. Within the last few years, such
an ex vivo model has been developed for the 3 dimensional (3D) culture of isolated primary
intestinal tissue. This model called the ‘organoid’ or sometimes ‘mini-gut’, was developed largely by

Sato et al. (Sato et al., 2009, Sato et al., 2011). Both small intestinal and colonic organoids can be
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made by appropriate culture of intestinal stem cells present at the bottom of the intestinal crypt.
These stem cells can give rise to a self-organising structure with similar crypt-villus architecture,
diversity of cell types, and physiology to normal intestine. Importantly this organoid culture can also

be expanded continuously (Sato et al., 2009).

A nomenclature for organoid terminology has been proposed as follows (Stelzner et al., 2012). The
term organoid or sometimes ‘reconstituted organoid’ is suggested to be applied when the culture
contains a combination of the epithelial cells (colon or small intestinal derived) with another cell
type, e.g. fibroblasts, whereas a culture system which is derived from crypt or a single stem cell
without a mesenchymal component is termed an enteroid (if derived from intestine) or colonoid (if
derived from colon). However, in practice the generic term organoid is often applied to all of these

different culture types.

As previously discussed, the intestinal crypt contains cycling LGR5+ stem cells that can give rise to
all epithelial lineages (Barker et al., 2007). Sato et al. (Sato et al., 2009) found that a single crypt
containing LGR5+ cells, or even a single sorted LGR5+ cell could give rise to an enteroid culture.
The culture method of Sato et al. places isolated intestinal crypts or sorted LGR5+ cells into a
extracellular matrix mixture called Matrigel and cultures them in media supplemented with growth
factors which reproduce the niche signals produced by the bottom of the crypt. These factors are
roof plate-specific spondin 1 (R-spondinl), epidermal growth factor (EGF), the bone
morphogenetic protein inhibitor Noggin, and a Notch ligand. In addition, Sato et al. found that to
increase survival of single cells, a ROCK inhibitor reagent is required to prevent anoikis (e.g Y-

27632) (Sato et al., 2009).

Colonoid culture has also been successfully developed by adapting the method for culturing
enteroids (Sato et al., 2011). However, to grow colonoids, Sato et al found that Wnt3A is required
to be added to the combination of growth factors, suggesting differences between the signals
produced by the small intestine and colon stem cell niche. Moreover, long-term enteroid and
colonoid culture has been found to require the addition of nicotinamide, as well as a small molecule
inhibitor of Alk, and p38 inhibitor (Sato et al., 2011). Figure 1.10 illustrates the method of enteroid

culture system from isolated crypts.
33



Since enteroids/organoids resemble intestinal epithelium much better than cell line cultures,
organoids are considered an excellent model for pharmacologic, immunologic, pathologic and
genetic studies of the intestinal tract (Sato et al., 2009). In the last few years, organoids have been
widely used for both basic and clinical applications. These include investigations into the molecular
regulation of intestinal stem cell self-renewal, proliferation, and differentiation (Sato and Clevers,
2013, Barker, 2014, Sato et al., 2011), pathological mechanisms of intestinal epithelial dysfunction
(Gunther et al., 2011), development of gene therapy, drug development and toxicity (Grabinger et
al., 2014, Ranga et al., 2014), and many more (reviewed in (Meneses et al., 2016)). However, this
new technology is only just now being applied to studies of drug and xenobiotic metabolic
enzymes. This year, Lu et al reported the first use of the organoid model to study the function of

UGTs in the intestine (Lu et al., 2017).
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Figure 1.10. lllustration of enteroid culture.

The diagram shows the isolation of crypts from the luminal surface of the intestinal wall. Upon culture these
crypts grow through the self-renewal of stem cells and expansion of the TA population that gives rise to
differentiated cell types. The structure usually forms a closed sphere with buds that represent the newly
formed crypt-villus structures. The image is adapted from (Leushacke and Barker, 2014), with permission
from BMJ Publishing Group Ltd.

1.5.3 ‘Humanised’ UGT transgenic mouse models

As mentioned previously, studies of UGT function and regulation in mice are difficult because the

UGT gene loci are not well conserved between humans and rodents. Likely mouse homologs can
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only be identified for a few of the human UGT genes, and there are no clear homologues of the
intestinal UGT1A8-1A10 gene cluster (mice do have intestinal Ugts, but their sequence and
function have diverged greatly during evolution). This limitation and the desire to study UGTs in a
whole animal system has led to the development of so called ‘humanised’ mice that carry the
human UGT genes. In particular, a mouse has been developed in which the mouse Ugtl locus has
been deleted and the entire human UGT1 gene locus has been inserted (Chen et al., 2005). These
mice allow the expression and functions of human UGT genes to be studies in vivo (Cai et al.,

2010).

Another approach to study UGT regulation in vivo is to generate transgenic mice carrying just the
regulatory regions of relevant UGT genes. In our laboratory we previously developed a mouse that
carries a 13kb segment of the UGT1A8 promoter linked a luciferase reporter gene, thus enabling
bioluminescence detection of promoter activity in vivo. This UGT1A8 humanised mouse displays a

distinct pattern of promoter activity in the mouse gastrointestinal tract, as shown in Figure 1.11.

Figure 1.11. Representative images of human UGT1A8 promoter activity identification in transgenic
mouse by bioluminescence assay.

The ‘humanised’ transgenic mice carrying 13k-UGT1A8 promoter linked to luciferase reporter was
developed previously. Real-time imaging of bioluminescence assay at exposure time of 15 minutes shows
the presence of human UGT1A8 promoter activity localised in the mouse abdomen. Isolation of intestinal
tract showed expression of human-UGT1AS8 in the intestine with activation shown in the colon.
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In this thesis project we originally proposed to use this UGT1A8-luciferase transgenic mouse
model in a number of aspects of studies; however as described in Chapter 5, due to time
constraints we reduced the scope of these plans. Ultimately, these mice were used to develop the
enteroid/organoid model to provide a novel tool for the study of intestinal-specific UGT expression

with specific focus on UGT1A8 as described in detail in Chapter 5.

1.6 UGT1A8 is the prototypical intestinal-specific UGT gene

1.6.1 UGT1A8 expression, activities and substrates

As previously discussed, several UGT genes are expressed in the intestine, however of those only
UGT1A8 and UGT1A10 show exclusively extrahepatic expression. The UGT1A8 gene has become
the model of choice to study intestinal-specific regulatory mechanisms of UGTs. Strassburg et al,
initially isolated the UGT1A8 cDNA from human colon tissue (Strassburg et al., 1998). UGT1A8
shares 94% sequence homology to UGT1A10 and 90% to UGT1A7 (Mojarrabi and Mackenzie,
1998). The expression of these UGTs vary from the proximal to the distal ends of the Gl tract;
UGT1A10 is expressed throughout the Gl tract and in the bile ducts; UGT1A7 is expressed
proximally in oesophagus and stomach, ; and UGT1A8 is mainly expressed distally in the

duodenum and colon (reviewed in (Gregory et al., 2004b)).

The initial studies of Strassburg et al did not detect any activities for UGT1A8; However later
studies, including from our laboratory, showed that UGT1A8 has high catalytic activity with multiple
substrates, mainly flavonoids and other phenolic substrates. UGT1A8 substrates reported by
Cheng et al are dietary phenols such as 7-hydroxyflavone, chrysin, apigenin, fisetin, quercetin,
naringenin, the isoflavone genistein, coumarin rings of scopoletin, 4-hydroxycoumarin,
umbelliferone, 4-methylumbelliferone, esculetin, phenolic drugs and xenobiotics such as p-
nitrophenol, eugenol, 1-naphthol, propofol, carvacrol, 4-hydroxybiphenil, 2-hydroxybiphenyl and

mycophenolic acid (MPA) (Cheng et al., 1999).

Flavonoids, which are the largest subclass of polyphenols, are widely consumed by humans, with

an estimated 428+49 mg of flavonoids consumed by European adults daily (Vogiatzoglou et al.,
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2015). Many flavonoids have anti-cancer properties and are considered beneficial components of
plant-rich diets. The high capacity of UGT1A8 in metabolising dietary phenols, especially
flavonoids, contributes significantly their low (around %5) bioavailability in the body (Clifford, 2004).
While UGT1AS8 is responsible for eliminating flavonoids that may have anticancer activities,
UGT1A8 may also play a role in cancer prevention by metabolising carcinogens as described

below.

UGT1AS8 conjugates carcinogenic metabolites of benzo(a)pyrene, 2-acetylaminofluorene
(Mojarrabi and Mackenzie, 1998), primary amines of 2-aminobiphenyl, 4-aminobiphenyl, and the
secondary amine of diphenylamine (Cheng et al., 1998), a heterocyclic aromatic amine contained
in cooked meats, 2-hydroxyamino-1-methyl-6-phenylimidazo[4,5-b]pyridine (N-OH-PhIP) (Nowell
et al., 1999) and a toxic metabolite of antineoplastic agent irinotecan, 7-ethyl-10-
hydroxycamptothecin (SN-38) (Gagné et al., 2002). UGT1AS8 is also active towards hydroxylated
estrogens (including estrone, 2-hydroxyesterone, 4-hydroxyestrone, 2-hydrocyestradiol, 4-
hydroxyestradiol, diethylstilbestrol, 17a-ethynyl estradiol) and androgens (testosterone,
dihydrotestosterone, 5a-androstane-3a, 17B-diol, epitestosterone) (Cheng et al., 1998, Cheng et
al., 1999). Consistent to the pattern of UGT1AS8 expression, glucuronidation of steroids is reported
to occur significantly along the intestinal tract, with the highest activity at the end of the ileum and
colon (Radominska-Pandya et al., 1998). Some of the steroids conjugated by UGT1A8 also have
carcinogenic properties such as 4-hydroxycatecholestrogen (Lépine et al., 2004), which is

associated with breast and uterine carcinogenesis (Jefcoate et al., 2000, Zhu and Conney, 1998)

UGT1AS also conjugates a large number of clinically used drugs. Cheng et al found that UGT1AS8,
and not UGT1A10, is capable of metabolising opioids (buprenorphine, morphine, naltrexone,
naloxone, and nalorphine), bile acids, fatty acids, retinoids and drugs including ciprofibrate,
furosemide, diflunisal, 4-hydroxytamoxifen, phenolphthalein, and hexafluoro-2-propanol (Cheng et
al., 1999). Triglitazone, an antidiabetic agent, is also metabolised by UGT1A8 (Watanabe et al.,
2002), and recently UGT1A8 was shown to play the major role in intestinal glucuronidation of a

new antineoplastic agent in clinical trials OST167 (Ramirez et al., 2015). Overall, these data

37



suggest that UGT1A8 has considerable relevance for metabolism of a subset of drugs in the
intestine (Cheng et al., 1999). Where the clearance effect is significant (Williams et al., 2004),

UGT1A8 polymorphisms might be clinically important in the modulation of therapeutic outcome.

1.6.2 UGT1A8 polymorphisms in drug metabolism and cancer risk

Naturally occurring UGT1A8 genetic polymorphisms have been reported. Huang et al (Huang et
al., 2002) identified four variants in Caucasian, African-American and Asian populations.
UGT1A8*1 is the wild type allele. The UGT1A8*2 and UGT1A8*3 alleles create amino acid
substitutions, and thus generate variant UGT1A8 proteins. The nucleotide change for UGT1A8*2 is
at position 518 (518 C>G), and creates a protein change at the position 173 (A"3G), whereas the
nucleotide change for UGT1A8*3 is at position 830 (830 G>A), and creates a protein change at the
position 277 (C?77Y). The allelic frequencies showed that UGT1A8*1a > UGT1A8*2 > UGT1A8*3.
Indeed UGT1A8*3 is the rarest variant with only 2.2% of the total population displaying this

polymorphism in studies by (Huang et al., 2002) and (Wang et al., 2013).

An in vitro study found that UGT1A8*3 has significantly lower activity than UGT1A8*1 towards
various substrates, namely 4-methylumbelliferone, octylgallate, hydroxy-2-acetylaminofluorenes
and hydroxylbenzo[a]pyrenes. In contrast, UGT1A8*2 showed activity comparable to UGT1A8*1
(Huang et al., 2002). The activity of the UGT1A8 allelic variants towards mycophenolic acid (MPA)
has also been extensively studied (Bernard et al., 2006, Bernard and Guillemette, 2004, Xie et al.,
2015, L’Aurelle et al., 2008, Levesque et al., 2007). MPA is an active substance of mycophenolate
mofetil (MMF), an approved immunosuppressant used to prevent rejection after organ
transplantation. In the body, MPA is rapidly transformed by glucuronidation to inactive and readily
excreted 7-O-MPA-glucuronide (MPAG) (Shaw and Nowak, 1995). Extrahepatic metabolism of
MPA to MPAG is performed by UGT1A8 (Mackenzie, 2000, Cheng et al., 1999). An in vitro study
showed that UGT1A8*3 has substantially decreased MPAG formation activity along with later
discovered variants *5, *7, *8, and *9. Those variants occurred in 2.8% of Caucasians and 4.8% of
African Americans. Modest reduction in MPA glucuronidation was also found to be caused by the
UGT1A8*2 variant (Bernard and Guillemette, 2004, Bernard et al., 2006) and this may be relevant

in renal transplant patients (Xie et al., 2015).
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The second generation selective estrogen receptor modulator (SERM), raloxifene, has low
bioavailability due to extensive metabolism in the intestine by UGT1A1, UGT1A8, UGT1A9 and
UGT1A10 (Figure 1.12) (Kemp et al., 2002). The role of UGT1AS8 in raloxifene glucuronidation is
more prominent than that of the intestinal specific UGT1A10 (Mizuma, 2009), even though
UGT1AS8 is less abundant than UGT1A10 in the intestine (Ohno and Nakajin, 2009). An in vitro
study showed that, compared to wild-type UGT1A8, raloxifene glucuronidation by UGT1A8*3 to
both its metabolites (6- and 4’-glucuronide) is significantly lower. UGT1A8*2 also showed lower
activity in raloxifene 4’-glucuronidation, (Kokawa et al., 2013). These findings have been confirmed

by another study (Sun et al., 2013).
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Figure 1.12 Raloxifene glucuronidation by UGT enzymes.

Image is reproduced from (Kokawa et al., 2013) with permission from Elseiver.

As well as drug disposition, UGT1A8 polymorphisms are involved in cancer risk. Thibaudeau et al
reported that UGT1A8*3 is associated with a 12 fold reduction in carcinogenic 4-hydroxy-
catecholestrogen metabolism (Thibaudeau et al., 2006). Their findings suggest that the presence
of UGT1AS8 variants may result in a differential response to carcinogenic exposure, and may
modulate the risk of cancer. Consistent with this idea, Wang et al found a high incidence of
UGT1A8 polymorphism in colorectal cancer patients and established that the UGT1A8*3 allele is a

risk factor for colorectal cancer (Wang et al., 2013) .In addition, in a case-controlled study, high
39



activity UGT1AS8 variants were found less frequently in patients with oesophageal squamous cell
carcinoma (Dura et al., 2012). Overall, these studies suggest that UGT1A8 plays a protective role

against carcinogenesis.

1.6.3 UGT1A8 gene regulation

A number of studies have examined the constitutive and inducible regulation of UGT1A8
expression by tissue-specific and ligand activated transcription factors. Kalthoff et al. showed that
coffee, a flavonoid rich beverage, is able to induce endogenous UGT1A8 expression significantly in
Caco-2 and KYSET70 cells (Kalthoff et al., 2010a). The mechanism of action appeared to involve
the ligand activated transcription factors AhR (aryl hydrocarbon receptor) and Nrf2 (nuclear factor
erythroid-related factor 2) acting via Xenobiotic (XRE) and antioxidant (ARE) response elements in
the proximal UGT1A8 promoter (Kalthoff et al., 2010a) (Figure 1.13). Another study by the same
group showed synergistic transcriptional regulation of UGT1A8 by AhR and Nrf2 (Kalthoff et al.,
2010b) in response to 2,3,7,8-tetrachlordibenzo-p-dioxin (TCDD) (a highly toxic organic pollutant)
(Pelclova et al., 2006), and tert-butylhydroguinone (tBHQ) (a potential carcinogen of synthetic
antioxidant) (Gharavi and El-Kadi, 2005). These studies suggest that UGT1A8 may be induced by

its own substrates as part of a feedback response.

Studies of the constitutive regulation of UGT1A8 have been performed mainly by our laboratory.
Our group has characterized the proximal promoter structure, as well as distal regulatory
regions/enhancers (reviewed in (Hu et al., 2014a)). The transcription start site (Uhlén et al.) in the
UGT1A8 promoter was initially thought to occur in a series of 14 consecutive thymidines (T-box)
located at approximately 120 bp from the initiator codon, which act as a TATA Box (Gong et al.,
2001). However, promoter analysis by Gregory et al reported that UGT1A8 promoter activity is
driven not by the T-box, but instead by an overlapping Spl/ initiator-like region which binds
Specificity protein 1 (Spl) and initiator-like protein and transcription starts at -48 bp from the ATG
translation initiation codon. In Caco-2 cells, where the UGT1A8 promoter is highly active, mutating
the Spl site decreased the promoter activity to near background levels (Gregory et al., 2004b).

Mutation of the T-box showed that it does not function as TSS, and a similar result was found the
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T-box was mutated in the highly conserved UGT1A9 and UGT1A10 promoters (Mackenzie et al.,

2005b).

Studies by Gregory et al (Gregory et al., 2004a) identified adjacent binding sites for CDX2 and
HNF1a within the proximal UGT1A8 promoter. They used promoter-reporter analysis to
demonstrate that constitutive activity of the UGT1A8 promoter is regulated by CDX2 in Caco-2
cells. Moreover, they showed that CDX2 also controls expression of other intestinal UGTs, such as
UGT1A10 and UGT2B7 (Gregory et al., 2004b, Gregory et al., 2004a). Consistent with their
adjacent binding sites, CDX2 and HNF1a were found to co-regulate the UGT1A8 promoter. In
particular, when both CDX2 and HNF1a binding sites were mutated the promoter activity was
decreased in Caco-2 cells, whereas mutation of only one site was able to be compensated for by
the other. Overexpression of CDX2 or HNF1a alone induced UGT1A8 promoter activity, and when
both factors were simultaneously overexpressed, a greater than additive effect was observed. This
synergistic action required the presence of the HNF1a binding site but not the CDX2 site,
suggesting that HNF1a might bind and recruit CDX2 to the UGT1A8 promoter (Gregory et al.,
2004a). Furthermore, Mackenzie et al (Mackenzie et al., 2005b) reported that two polymorphisms
in the CDX2 binding element in the UGT1A8 promoter that were detected in colon tumour tissue
(Wicking et al., 1998) did not alter the ability of CDX2 to regulate the UGT1A8 promoter
(Mackenzie et al., 2005b).The physical interaction between Cdx2 and HNF1a has been previously
reported (MITCHELMORE et al., 2000) supporting a co-recruitment model to explain the apparent

redundancy of the CDX2 binding site for regulation of UGT1A8 by CDX2.
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-381 GACAGAGAGTATTTGGTTGGCTAAAGTTAAAATCTAAATTTTGCTTTGGGATGAATTCCA

HNF4o

-321 AAAATATTAGCTTTATTCAAATTTACTTTCACTTTATCTTTCTGAATCTTCAAGGTCCTA

-261 AAGCATTGCTTAGTAATTTTGTTTCTAAACTCACGTTACAGCACTGGGCATGATCTGTCC

5’-GATA

|
-201 AAGGCAGAGACTATAAGCTACTCTTATAGTACTCTTATGAGATACATACAAGTAGGTATC

3'-GATA ARE
-141 TCAAAAAATGATAC#CATGTATTCCTGTTCTTATGAGTAAATCATTGGCAGTGAGTGTGA

HNFlo S'XRE
Cdx2 5-Spl

-81 TTTTTTTTTTTTTTATGACAGGATAAATACACGCCdTCTATTGGGGTCAGGTTTTGTGCC
3’-XRE

3’-Sp1l
-21 TGTAGTTCTICCGCCTACTGTATCATAGCAGCTTAGAATCCCAGCTGCTGGCTCGGGCTG

Initiator

+39 CAGTTCTCTCATG

Figure 1.13. Identified transcription factors (TFs) and their cognate cis-regulatory elements (CRES) in
the proximal promoter of UGT1AS8.

The translation initiation ATG codon is 48 base pairs downstream of the transcription start site. ARE,
antioxidant response element; Cdx2, caudal-related homeodomain protein 2; HNF1a, hepatocyte nuclear
factor 1 alpha; HNF4a, hepatocyte nuclear factor 4 alpha; Sp1l, the specificity protein 1; XRE, xenobiotic
response element.

The physical interaction of CDX2 and HNF1a, which also involves interaction with GATA factors,
has been reported as playing a role in regulating other intestinal expressed genes, such as
claudin-2 (CLDN2), sucrase-isomaltase, and lactase-phlorizin hydrolase (LPH) (Boudreau et al.,
2002, MITCHELMORE et al., 2000). Furthermore, transcriptional regulation by a combinatorial
mechanism of Cdx2, GATA and HNF4a is reported to maintain intestinal homeostasis in mouse
(San Roman et al., 2015). This group of intestinal expressed transcription factors potentially
assemble at tissue-specific cis-regulatory sites where they may physically interact to regulate

intestinal-specific gene expression.
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As shown in Figure 1.13, the UGT1A8 proximal promoter contains GATA binding sites adjacent to
Cdx2 and HNF1a binding sites (Gregory, 2004). In the study by (Gregory, 2004), the GATA
factors, namely GATA-4, -5 and -6, were reported as being able to bind to their cognate sites in the
UGT1A8 promoter. However, none of the GATA factors tested in their study were able to activate
the promoter, either alone or in combination with Cdx2 or HNF1a. This study suggested that the
presence of GATA sites may not be required for UGT1A8 promoter activation, nor do they facilitate

interaction with HNF1a or Cdx2 under the examined conditions.

As discussed previously, HNF4a was shown to physically interact with Cdx2 in mouse intestine in
vivo (Verzi et al., 2013), and combinatorial activities of HNF4a and Cdx2 were shown to regulate
cell maturation and a cohort of functional enterocyte genes (San Roman et al., 2015). To date the
role of HNF4a in regulating intestinal UGT expression has not been studied, although it has been
studied in hepatic expression. Using promoter analysis in HepG2 cells, Barbier et al (Barbier et al.,
2005) demonstrated that HNF4a plays a key role in regulating UGT1A9 expression in the liver.
Moreover, despite high sequence similarity of the UGT1A7-UGT1A10 promoters, minor base-pair
differences in the analogous HNF4a binding sites in the UGT1A7, -1A8 and -1A10 promoters
renders them non-functional, which may provide an explanation for the absence of expression of
these genes in the liver. It is notable that the HNF4a binding site(s) that are involved in hepatic
expression of UGT1A9, and that were shown to be non-functional in the UGT1A7, -1A8 and -1A10
promoters are located at a considerable distance from the CDX2 and HNF1a binding elements in
the proximal promoter (Figure 1.13). It is possible that more proximal HNF4a binding elements that
function in the intestine are yet to be discovered and this possibility was addressed in this thesis

project.
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1.7 Project overview and experimental aims

Current knowledge suggests that CDX2 is involved in controlling intestinal UGT expression
consistent with its role in intestinal development and the maintenance of intestinal adult epithelium
particularly through control of cell differentiation. Currently however, we do not know whether
HNF4a (and the coordinated activities of Cdx2 with HNF4a) direct intestinal UGT expression as
they do the expression of other intestinal genes. In addition, it remains unclear how UGT1A9
expression is directed to the intestine in the absence of any known functional CDX2 binding site in

its promoter.

UGT1AS8 is possibly the most important UGT for the metabolism of endo- and xenobiotic
compounds in the Gl tract, particularly in the lower end of the intestinal tract, and a high level of
UGT1A8 may prevent colorectal carcinogenesis. The induction of UGT1A8 expression may be
controlled by its own substrates such as dietary flavonoids and steroid compounds; however, the
range of substrates that can induce UGT1A8, and the mechanisms of their action are not well
characterised. In addition, it is unknown how the activity of intestinal microbiota might influence

UGT1A8 expression.

Studies of UGT gene regulation and function would be advanced by the application of models that
represent the intestine better than cancer cell lines such as Caco-2. Models such as intestinal 3-D
organoid culture and ‘humanized’ transgenic mice provide such an opportunity but have not been

well developed in terms of intestinal UGTs.

These considerations have led to our aims presented below and illustrated schematically in Figure

1.14.
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Figure 1.14. Schematic of the project.

The project integrates studies of constitutive/developmental regulation of intestinal UGTs with studies of their
inducible regulation by dietary chemicals focussed on UGT1A8. To facilitate future extension of these
studies, an organoid culture model is developed using UGT1A8 transgenic mice.

Project aims:

1. To investigate the potential interplay of intestinal developmental factors CDX2 and HNF4a
in the transcriptional regulation of the intestinally expressed UGT1A8 and -1A10 genes and
the intestinal/hepatic expressed UGT1A9 gene.

2. Toidentify flavonoids and steroids that can induce UGT1A8 expression and determine their
mechanism of regulation, including their interaction with the microbial metabolite butyrate.

3. To establish an organoid model from the intestines of UGT1A8 transgenic mice and

develop protocols to manipulate gene expression in this model.
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CHAPTER 2. MATERIALS AND GENERAL METHODS

This chapter presents general methods and materials that were used in all experimental chapters
of this thesis (Chapter 3, 4 and 5). Each experimental chapter also includes a sub-section of
Methods that were specific to the studies therein; these specific methods subsections are 3.2, 4.2

and 5.2.

2.1 Materials

2.1.1 Chemicals, reagents and buffers

The standard purity grade of chemicals used in experimental procedures of this research project
was analytical grade. The list of chemicals and reagents and suppliers are categorised and

presented in Appendix 1. Preparations of buffers used during this study are listed in Appendix 2.

2.1.2 Mammalian cell lines

The Caco-2 (ATCC HTB-37), HepG2 and COS-7 cell lines were obtained from The American Type
Culture Collection (Manassas, VA). HCT-116, SW-480 cell lines were obtained from Dr. Dong Gui
Hu (Department of Clinical Pharmacology, Flinders University), and HT-29 was obtained from Dr.

Michael Michael (Flinders Centre for Innovation in Cancer, South Australia).

2.1.3 Expression vectors and reporters

The details of expression vectors used in this study, including generation of specific plasmid
constructs, are described in each Chapter of this thesis. Control vector pPCMX was purchased from

Addgene and pcDNAS3 from Invitrogen.

The promoter-reporter constructs containing UGT1A8, -1A9 and -1A10 promoter regions linked to
the firefly luciferase reporter gene in pGL3-Basic were made previously in our laboratory by Dr.
Philip Gregory. The control reporter vectors pGL3-Basic and pRL-null (expressing Renilla

luciferase) were purchased from Promega.
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2.1.4 Oligonucleotides

Oligonucleotides used in this study are listed in each Chapter of this thesis. Oligonucleotide
primers and siRNAs were from the following suppliers: Geneworks (Hindmarsh, SA, Australia),
Integrated DNA Technology (IDT, Coralville, lowa, USA), Sigma-Aldrich Australia (Merck KGaA,
Darmstadt, Germany), GenePharma (Shanghai, China) and Macrogen (Seoul, Korea). All primers

were of standard purification quality (desalted).

2.2 Methods

2.2.1 Mammalian cell culture, maintenance and stocks

The cell lines used throughout this study were cultured in complete high-glucose Dulbecco's
modified Eagle's medium (DMEM); complete DMEM media was prepared by adding 1 uM sodium
pyruvate, and supplemented with 1% non-essential amino acids and 10% foetal bovine serum
(FBS). The cell culture was maintained in a humidified incubator at 5% CO,, at 37°C. Carryover
cells were cultured in T75 flasks; media were replaced every two days between subculturing.
When reaching ~80% confluency, the cells were ready for either subculturing or harvesting for

experiments.

2.2.2 Bacterial culture and stocks

The bacterial strain used for cloning purposes was E. coli DH5a™. Bacteria were either cultured on
Luria-Bertani (LB) agar or in LB broth containing the appropriate antibiotic for selection of bacteria
carrying transformed plasmids (100 ug/mL ampicillin or 30 ug/mL kanamycin). The agar cultures
were incubated for 16-20 hours in a Shimaden (Scientifc Equipment Manufacturer) incubator at
37°C. The broth cultures were grown in 50-100 mL volume in an Innova 4330 incubator shaker at

37°C and 220 rpm.

2.2.3 Cryopreservation of cells (freezing stocks)

2.2.3.1 Freezing of mammalian cell stocks

Mammalian cell line stocks were made to maintain the availability of early passage cell lines for
later use. To prepare the stocks, cells were harvested by trypsinisation and resuspended in

complete DMEM media. Cells were then pelleted by centrifugation for 5 minutes at 1000 rpm at
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room temperature (RT) followed by resuspension in FBS containing 10% dimethylsulfoxide
(DMSO), transferred into Nunc cryotube vials and stored at -80°C for temporary storage, or in
liquid nitrogen for long-term storage. To recover cells, vials were thawed rapidly in a 37°C water
bath for less than 1 minute, to avoid a toxic effect of DMSO on the cells. Prewarmed complete
DMEM media was used to dilute the thawed cells and they were then transferred to T25 or T75

flasks. After 24 hours, the media was replaced to remove residual DMSO.

2.2.3.2 Bacterial glycerol stocks
Bacterial stocks were prepared by combining 250 uL of bacterial broth culture with 250 uL of 50%

glycerol and stored at -80°C. To ensure the viability of stocks was maintained; upon use the frozen

tubes were kept on ice to minimize thawing.

2.2.4 Polymerase chain reaction (PCR) amplification

The PCR products for qualitative analytical or preparative purposes were generated by
amplification using a BioRad iCycler™ thermal cycler (Waukegan, IL, USA), whereas the
guantitative real-time PCR (gRT-PCR) reactions were performed using a Rotorgene™ 3000

(Corbett Life Science, Mortlake, NSW, Australia).

2.2.4.1 PCR for plasmid DNA construction and screening
Preparative polymerase chain reaction (PCR) was performed to generate DNA fragments that

were ligated into plasmid vectors. These reactions were performed using Phusion Hot Start Il High-
Fidelity PCR Master Mix (Thermo Fisher Scientific) according to instructions in the manual.
Analytical PCR was performed to screen bacterial colonies for the presence of correct plasmid
transformants using Phire Hot Start enzyme according to the manufacturer’s protocols (Thermo
Fisher Scientific). Optimal PCR annealing temperature was calculated based on the primer

melting temperature (Tm).

2.2.4.2 Site-directed mutagenesis

Mutations were introduced into target regulatory elements within the various promoter-reporter
constructs via the in vitro site-directed mutagenesis (SDM) method using the QuikChange® Site-

Directed Mutagenesis System with PfuTurbo® polymerase (Stratagene, La Jolla, CA) and primers
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containing the desired mutation. Primers used for site-directed mutagenesis are listed in the
relevant Chapter of this thesis. All primers for SDM were purified by polyacrylamide gel
electrophoresis (PAGE) prior to use to increase mutation efficiency. The SDM amplification
reaction was performed using the following cycling parameters: 1 cycle of 30 seconds at 95°C for
initial denaturation; 18 cycles of 30 second denaturation at 95°C, 1 minute annealing at 55°C and 7
minutes extension at 68°C. The PCR products were then incubated with Dpnl restriction enzyme
for 2 hours to digest the plasmid template and transformed into DH5a E. coli competent cells.
Colonies were selected and cultured overnight in LB media before preparation of plasmid DNA as

in section 2.2.10. Mutant plasmids were identified by Sanger sequencing as in section 2.2.12.

2.2.4.3 Quantitative reverse transcriptase PCR (qQRT-PCR)
The gRT-PCR analysis was performed to assess the level of mMRNA expression. The first step in

gRT-PCR was cDNA synthesis by reverse transcription (RT) as described in section 2.2.6. For the
PCR step, 2 uL of cDNA was used in a 20uL reaction containing 1 x GoTag PCR Master Mix
(Promega) and 0.5 uM each of the forward and reverse primers for relevant target gene. The qRT-
PCR was performed using a RotorGene 3000 instrument (Corbett Research, NSW, Australia) under
the following cycling conditions: 95°C for 15 min, followed by 40 cycles of 10 s at 95°C, 15 s at 56°C
to 60°C, and 20 s at 72°C. gqRT-PCR primers that were used in this study are listed in the
corresponding Chapters. Each sample for gRT-PCR analysis was amplified in duplicate. The relative
abundance of the target mRNA (i.e. UGT1AS8, -1A9, -1A10, CDX2 and HNF4a) was calculated using
the 2-2*“'method (Livak and Schmittgen, 2001) and normalised to the reference gene 18s rRNA. For
induction or inhibition studies, the expression data was generally presented relative to the control

(mock treated) condition with the Student's t-test used to assess significance.

2.2.5 Total RNA extraction

2.2.5.1 RNA extraction from monolayer cells

Total RNA was extracted from cells using TRIzol® Reagent. One mL of TRIzol® Reagent was
added directly to the cell culture well containing 1 x 10%7 cells and incubated at room temperature

for 5 minutes to allow complete cell dissociation (lysis). The cell lysates were transferred into
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microtubes and 200 puL chloroform was added. RNA in the reaction mixture was partitioned by
centrifugation at 12,000 x g for 15 minutes at 4°C. The upper aqueous phase produced after
centrifugation was transferred into a new tube and the RNA precipitated by adding 500 uL
isopropanol, and incubated for 10 minutes at room temperature. To pellet the RNA, the tubes were
centrifuged at 12,000 x g at 4°C. RNA pellets were air-dried and resuspended in 20 uL nuclease-

fee water. All RNA samples were kept at -80°C for long-term storage.

2.2.5.2 RNA extraction from tissues
Total RNA from UGT1A8-transgenic mouse tissues were harvested using TRIzol® Reagent with

the same methods as described previously; however, mouse tissue samples were prepared by

homogenisation using a micro-pestle prior to lysis with TRIzol® Reagent.

2.2.6 cDNA synthesis

To generate cDNA, 2 ug of RNA was treated with DNAsel and incubated at 37°C in a thermal
block. Following the reaction, EDTA at a final concentration of 2.5 mM was added and the reaction
was heated to 75°C for 5 minutes to inactivate the DNAsel. An 8 puL aliquot of the DNAse-reaction
(containing 1 ug of RNA) was combined with 1 puL of 10 mM dNTPs and 1 uL of 53 ng/uL random
primers (New England Biolabs) and incubated at 65°C for 5 minutes, then placed on ice for 2
minutes. The cDNA was synthesised by adding 2 uL 10 x reverse transcriptase buffer, 50 units of
NxGen M-MuLV RT (Lucigen) and RNAse inhibitor (Lucigen) and nuclease free water up to 20 pulL.
The reaction was incubated at 42°C for 60 minutes and then at 90°C for 10 minutes. The resulting

cDNA was diluted 1:5 in nuclease free water (Promega).

2.2.7 Quantification of nucleic acid (DNA or RNA)

The concentration of DNA or RNA was measured using a NanoDrop™ 2000 (Thermo Fisher
Scientific) spectrophotometer using the manufacturer’s protocol. One uL of DNA or RNA sample
was placed onto the pedestal and absorbance measured at 260 nm. Concentration was calculated
using the formula: dsDNA concentration = 50 pg/mL x OD260 x dilution factor; RNA concentration
= 40 pg/mL x OD260 x dilution factor. Purity was assessed via the 260/280 ratio (nucleic

acid/protein) with 1.8 — 2.0 considered to represent good quality.
50



2.2.8 Molecular cloning using restriction enzymes

2.2.8.1 Restriction digestion
Restriction enzymes used for cloning in this study were all purchased from New England Biolabs

(Mackenzie et al.). Restriction digestion of vector or insert DNA (including PCR products — see
section 2.2.4.1) was performed in a 30-50 uL digestion reaction containing 1-3 pg DNA, 1 ul of
each restriction enzyme, 1x appropriate enzyme buffer in nuclease-free water. The reaction was
incubated at 37°C for 1 hour to overnight. Subsequently the digested DNA fragments were purified

either using the QIAquick PCR purification kit or by gel extraction protocol (QIAGEN).

2.2.8.2 Ligation
Cloning of insert DNA into the vector was performed using the Quick Ligation™ Kit (Mackenzie et

al.) following the manufacturer’s protocol. Briefly, 20-100 ng of the purified insert and vector DNA
were combined with 1 uL of Quick Ligase and 5 uL of 2x Quick Ligase Reaction Buffer and
nuclease free water to 10 ulL final volume. The reaction was incubated for 5 minutes at room
temperature (25°C), and chilled on ice for 2-5 minutes. The ligation products (2 uL) were then

transformed into DH5a E. coli competent cells or stored at -20°C until ready for transformation.

2.2.8.3 Transformation

The DH5a E. coli competent cells were used to transform plasmids including molecular cloning
ligation products. Fifty uL of competent cells were thawed and kept on ice, and 0.1-5 ng of plasmid
(or 2 uL of ligation mixture) was added to the competent cells and mixed gently by flicking the tube,
and then incubated on ice for 30 minutes. The cells were heat-shocked at 42°C for 30 seconds and
returned to ice for 2 minutes. LB media containing no antibiotic, or super optimal (SOC) media (950
uL) was added to the transformation mixture and incubated in a shaker incubator at 37°C for 1
hour. Fifty to 200 uL of the transformation mixture was spread onto a pre-warmed LB-agar plate
with appropriate antibiotic. The plate was incubated for 16 to 20 hours in a 37°C incubator to allow

the growth of bacterial colonies.

2.2.9 Competent cell preparation

The protocol to prepare DH5a E.coli competent cells was modified from (Hanahan et al., 1991).
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Briefly, 1 mL of overnight DH5a culture was inoculated into 100 mL LB media without any
antibiotic, and incubated in a shaker incubator at 37°C until the culture density reached an ODgg Of
0.25 — 0.3. The culture was transferred into falcon tubes and centrifuged at 3,000 x g at 4°C for 10
minutes and the bacterial pellet resuspended in 32 mL of cold CCMB80 buffer (80 mL CaCl,, 20
mL MnCl,, 10 mM MgCl,, 10 mM KOAc pH 7.0, 10% glycerol, pH was adjusted to 6.4). The tubes
were centrifuged for 10 minutes and the pellet resuspended in 4 mL of cold CCMB80 buffer. In the
cold room with microtubes kept on ice, the 4 mL DH5a in CCMB80 was divided into 50 uL aliquots

and stored at -80°C until required.

2.2.10 Plasmid DNA extraction

The plasmid DNA from bacterial cultures was isolated using a commercial extraction kit from
QIAGEN. For small scale bacterial culture of 1-5 mL, QlAprep Spin Miniprep Kit was used,
whereas QIAGEN® Plasmid midi kit was used for a large scale bacterial cultures of up to 100 mL.
The protocols were carried out as per the manufacturer’s instruction manual. The concentration of

isolated plasmids was measured using NanoDrop™ 2000 spectrophotometer.

2.2.11 Agarose gel electrophoresis

Agarose gel electrophoresis was performed to analyse products of PCR amplification, restriction
digest or plasmid preparation. Agarose gels (at 1-2%) were made in TAE buffer, and ethidium
bromide as added to a final concentration of 0.2 — 0.5 ug/mL (2-3 uL of the lab stock) to allow
visualisation of DNA under ultra violet (UV) light. The DNA samples were mixed with glycerol or
dye containing glycerol prior to loading them on to the gel. Standard DNA ladders (Mackenzie et
al.) in the 1kilo base pair (bp) or 100 bp range were used to track the size of the DNA samples.
Electrophoresis was performed at 80-120 V, at constant ampere in a Bio-Rad Mini-Sub Gel GT
electrophoresis system. The DNA in the gel was visualized and documented in a GeneGenius bio-
imaging system apparatus (Syngene, Cambridge, England) using GeneSnap version 6.04
software. For isolating DNA from the gel, QlAquick Gel Extraction kit was used according to the

manufacturer’s instructions.
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2.2.12 DNA Sequencing

DNA sequencing was performed to confirm the sequence of inserted DNA following plasmid
construction or to confirm the occurrence of mutations following SDM. Sequencing procedures
were conducted by DNA Sequencing Service Facility (SA Pathology, Flinders Medical Centre,
South Australia) using an ABI 3130xI Genetic Analyser Sequencer and Big Dye Terminator Cycle
Sequencing Version 3.1 Chemistry (Applied Biosystem, Foster City, CA). The National Center for
Biotechnology Information (NCBI) sequence nucleotide BLAST was used to analyse the

sequencing data.

2.2.13 Plasmid-DNA transfection

2.2.131 Lipofectamine® 2000 protocol
Transient transfections were performed in various cell lines including Caco-2, HT-29 and HepG2

cells to study UGT gene expression and regulation. Caco-2 cells were used most extensively.
Transfections of luciferase promoter-reporter vectors together with various expression vectors
(effectors) were performed in a 48-well plate format. For each well, 7.5 x 10* cells were co-
transfected with 250 ng promoter-reporter constructs (pGL3-Basic, wild type or mutant UGT
promoter: UGT1AS8, -1A9 or -1A10), 5 ng of internal control pRL-null vector and 250 ng of each
effector construct (e.g. empty vector pCMX, CDX2, HNF4a). Plasmids were diluted in serum free
media and incubated with 1.25 uL Lipofectamine® 2000 reagent (ratio of DNA: Lipofectamine was
1:2.5). The total amount of DNA was kept constant at 0.5 ug per well using additional pCMX
plasmid as filler’. All transfections were carried out using the reverse transfection method by
mixing the cell and pre-incubated DNA-Lipofectamine® 2000 complex in the tube before plating.
Incubation time and reaction volume were as per the manufacturer's protocol. The cells were
harvested 48 hours post-transfection in 1x Passive Lysis Buffer (Promega) for subsequent

luciferase assays.

Transfection of SIRNAs was performed in 48-well plates using the same number of cells. Five pmol
of SIRNA (CDX2-siRNA, HNF4a-siRNA or negative control siRNA) diluted in serum free media was

pre-incubated with 1.25 ulL Lipofectamine® 2000 and combined with the media containing cells
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and plated into 48-well plates. After 24 hours, transfection was repeated by removing media and
replacing with fresh media containing siRNA-Lipofectamine® 2000 complex. Forty-eight hours after
the first transfection, cells were harvested in TRIzol® Reagent for preparation of total RNA and
subsequent gRT-PCR analysis of target gene expression. All experiments were performed in

duplicate or triplicate and repeated independently three to nine times.

2.2.13.2 Lipofectamine® LTX protocol

Lipofectamine® LTX was also used for transient transfection of cells with expression plasmids,
particularly when analysis of endogenous target gene expression was to be performed, because of
its better efficiency relative to Lipofectamine® 2000. The cell number, DNA amount and well plate
format were as described above for the Lipofectamine® 2000 protocol. Transfection was carried
out as per manufacturer’s instructions. Briefly, a total of 1 ug DNA was diluted into 100 puL of serum
free media and 1 uLPLUS™ reagent (1:1 ratio DNA to PLUS) was added directly to the DNA
dilution, and the mixture was incubated for 15 minutes at room temperature. Following incubation,
2.5 pL Lipofectamine® LTX was added to the diluted DNA mixture and incubated for an additional
30 minutes to allow formation of DNA-Lipofectamine® LTX complexes. The mixture was added to
400 pL cell suspension and mixed by inverting the tube gently several times, before plating into the
well of a 48-well plate. Cell culture was incubated in a CO. incubator at 37°C for 48 hours without

changing the media before harvest for gene expression analysis.

2.2.14 Luciferase reporter assays

Transfected cells in 48-well plates were washed once with phosphate-buffered saline (containing
137 mM NacCl, 10 mM phosphate, 2.7 mM KCl, in a pH of 7.4) and lysed by adding 75 uL of 1 x
Passive Lysis Buffer (Promega), followed by gentle rocking for 1 hour at room temperature. The
lysate was then either be stored at -20°C or directly assayed. To measure the firefly and Renilla
luciferase activities, 20 puL of lysate was assayed using the Dual-Luciferase Reporter Assay
System and a Packard TopCount luminescence and scintillation counter (PerkinElmer Life and
Analytical Sciences, Waltham, MA) as per manufacturers’ instructions. The activities of promoter-
reporter vectors were normalised to that of empty pGL3-Basic vector. Induction or inhibition of
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promoter activities as a result of co-transfection with expression vectors was represented as fold-
change relative to co-transfection with empty expression vector (i.e. pCMX). A two-tailed Student's

t-test used to determine statistical significance

2.2.15 Chromatin Immunoprecipitation (ChIP) assays

ChIP was used to detect HNF4a binding to the UGT1A8-1A10 proximal promoters. The protocol
was adapted from the pChlP method by (Dahl and Collas, 2008). Briefly, 7.5 x 10® Caco-2 cells
were reverse transfected with 20 ug HNF4o and pCMX control using 100 ulL Lipofectamine® 2000
reagent and plated in T75 flasks. Forty-eight hours post-transfection, formaldehyde was added to
media to 1% final concentration and incubated for 30 minutes at room temperature to crosslink
interacting proteins and DNA in the cells. Subsequently 125 mM glycine was added to stop the
reaction. Cells were collected by centrifugation, washed and resuspended in ChIP lysis buffer and
the chromatin was fragmented by sonication (Sonics Vibracell VCX130, John Morris Scientific) for
20 seconds ON and 30 seconds OFF pulse at 25% amplitude, for a total of 12-18 bursts to
generate DNA fragments of around 0.2-1 kb in size. The fragmented chromatin was diluted with
ChIP dilution buffer and pre-cleared using Protein G ChIP-grade magnetic beads (Cell Signaling
Technology). Chromatin was divided into three aliquots: input (total chromatin), IgG (normal rabbit
IgG added, sc-2027, Santa Cruz Biotechnology) and HNF4a (rabbit HNF4a antibody added, sc-
6556, Santa Cruz Biotechnology). Two micrograms of antibody was used per aliquot and incubated
overnight at 4°C on a gentle rotator. Inmunocomplexes were captured using Protein-G magnetic
beads for two hours followed by extensive washing as in the original protocol. After the final wash
of the beads, reversal of DNA/protein complex crosslinking was achieved by heating to 75 °C for 4
hours and then incubating with proteinase-K for 1 hour. Released genomic DNA was purified using
PCR-purification kits (QIAGEN) and analysed by quantitative genomic PCR with primers designed
for target (UGT1AS8, -1A9 and 1A10 proximal promoters) and control loci, and quantified by the 2-
AsCtmethod (Livak and Schmittgen, 2001). Primers used for ChIP assay are listed in the

corresponding Chapters.
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2.2.16 Electrophoretic mobility shift assay (EMSA)

2.2.16.1 Preparation of nuclear extract
Nuclear extract was prepared freshly from transfected Caco-2 cells. Transfection was performed in

T75 flasks in the same manner as for ChIP. Cells were harvested 48 hours after transfection. Cells
were scraped and lysed in hypotonic lysis buffer containing 20 mM Tris pH 7.5, 10 nM MgCl,, 2
mM EDTA, 1% Triton-X, 10% glycerol, 10 mM KCI, 1 mM dTT (dithiothreitol). The nuclear pellet
was collected from centrifugation for 10 minutes at 14,000 rpm, at 4°C and resuspended in nuclear
buffer containing 50 mM Tris-HCI, pH 7.9, 500 mM KCI, 2 mM DTT, 5 mM MgCl;, 0.1 mM EDTA,

10% sucrose, 20% glycerol and 1x complete protease inhibitor cocktail.

2.2.16.2 Non-radioactive EMSA assays

The nuclear extract was used immediately for EMSA or stored at -80°C for use within 1 week. The
EMSA protocol was modified from the LUEGO method (Jullien and Herman, 2011) that generates
tripartite fluorescently labelled DNA probes. The LUEGO Tag oligonucleotide (5'-gtgccctggtctgg-3')
was labelled with fluorophore Cy5. Oligonucleotide probes corresponding to the target element
were designed such that one included a terminal segment complementary to the LUEGO Tag
sequence. EMSA probe oligonucleotides and the labelled LUEGO Tag oligonucleotide were
purchased from Integrated DNA Technologies. Oligonucleotide probes were annealed using
Thermocycler (Bio-Rad) with the following program: 94°C for 2 minutes, cooling down at
2°C/second to 70°C and cooling down at 0.1°C/second to 18°C. Annealing reaction was composed

of 2.5 uL LUEGO Tag oligonucleotide, 2.5 uL top strand oligonucleotide (100 uM), 1 uL bottom

strand oligonucleotide (100 uM), in a total volume of 100 uL in annealing buffer with 50 mM NacCl.

EMSA reactions for DNA-protein complexes consisted of 15 pg nuclear extract, 2 uL EMSA
binding buffer (25 mM Tris-HCI, pH 7.6, 100 mM KCI, 5 mM MgCl,, 0.5 mM dithiothreitol, 0.5 mM
EDTA, and 10% glycerol), 2 uL of probe (1 uM), 2 uL poly (deoxyinosinic-deoxycytidylic) (0.1
ug/ul) and water to a total volume of 10 uL per reaction. Incubation for EMSA reaction was 20
minutes at room temperature immediately after adding the probes. Following incubation, for

supershift assays, 0.4 ug antibody was added to the reaction and incubated for a further 20
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minutes. For competition assays, unlabelled wild-type competitor oligonucleotide (100-fold excess
concentration) were added prior addition of probes. After incubation, the complexes were loaded
into a 4% non-denaturing polyacrylamide gel prepared with 0.5x TBE (Tris borate-EDTA) that had
been pre-electrophoresed (1 hour at 50V, 4°C in 0.5x TBE). The gel was electrophoresed for an
additional 1 hour 45 minutes at 50 V and 4°C. Visualisation of the gel was performed using a

Typhoon 9400 Scanner (GE Healthcare Life Science).

2.2.17 Western blotting

Western blotting was performed to assess the CDX2 protein expression level in Caco-2 cells
following drug (BI6015) treatment. Treated cells in 6-well plates were harvested by scraping cells
after 3 washes with cold PBS, and cells were gently pelleted at 1,500 rpm for 5 minutes. One mL
radioimmunoprecipitation assay (Chen et al.) buffer (50 mM Tris-HCI, pH 8.0, 150 mL NaCl, 1%
Nonidet P-40, 0.5% sodium deoxycholate, 0.1% sodium deodecyl sulphate (SDS)) containing 1x
Protease inhibitors was added to lyse the cell pellet; to aid lysis, cells in RIPA buffer were passed
through a syringe. The lysate was centrifuged at 13,000 rpm for 10 minutes at 4°C and the

supernatant was transferred to a new tube and stored at -20°C.

The protein concentration of lysate was determined by spectrophotometry, before. For each
sample, 20 ug of protein was diluted in a 1:1 ratio with 2 x Laemmli sample loading buffer and
heated at 95°C for 5 minutes. Samples were separated by SDS-polyacrylamide gel electrophoresis
(SDS-PAGE) along with molecular weight markers (Precision Plus Protein™ WesternC™
Standards, Bio-Rad). Electrophoresis conditions were 70 V through the stacking gel and 120 V
through the resolving gel for 1-hour. Proteins were transferred onto a nitrocellulose membrane
(Trans-blot nitrocellulose, Bio-Rad) by assembling a transfer sandwich of gel and membrane and
placing in the cassette in a cooled Mini Trans-Blot cell (Bio-Rad) tank. Transfer occurred at 25
Volts, constant current of 10 mAmps, overnight at 4°C. Following transfer, the membrane was
rinsed with TBST (Tris-buffered saline with 0.2% Tween-20), and blocked in 3% (w/v) of non-fat
milk in TBST (blocking buffer) for 90 minutes at room temperature. The membrane was washed 3

times with TBST following milk blocking for further blocking in 1% blocking buffer solution
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containing primary antibody (CDX2) at 1:5000 dilution overnight at 4°C on a gentle rocking
platform. Following primary antibody blocking, the membrane was washed 3 times with TBST and
incubated in the HRP-conjugated secondary antibody solution of 1% blocking buffer (1:2000) for 1-
hour at RT. Finally, the membrane was rinsed 3 times with TBST and detection performed by
adding chemiluminescence substrate (enhanced SuperSignal West Pico chemiluminescent (ECL)
HRP substrate) according to the manufacturer’s instructions and imaging on an ImageQuant LAS

4000 (GE Healthcare Life Science).

2.2.18 Cell imaging (EVOS® FL)

To analyse transfection efficiency, and capture cell images or organoid images for morphological
analysis, imaging was performed using an EVOS® FL Cell Imaging System microscope (Thermo

Fisher Scientific, USA).

2.2.19 Statistics

All graphs in this study were generated using Microsoft Excel 2010 software, data significances were

analysed using Student’s t test or one-way ANOVA using Tukey’s post-hoc test.
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CHAPTER 3. REGULATION OF INTESTINAL UGTs BY A
COMBINATORIAL MECHANISM OF CDX2 AND
HNF4a

3.1 Introduction

Identification and characterisation of the UGT1A family shows that expression and distribution of
these enzymes are spatiotemporally and tissue-specifically regulated beginning in the early
embryo and continuing in adult (Collier et al., 2014, Dubey and Singh, 1988, Strassburg et al.,
1997, Strassburg et al., 1998). Although glucuronidation activity is considered to mainly occur in
the liver, the expression of UGT1A enzymes in the gastrointestinal tract (GIT) reflects the
importance of this organ in metabolising a diverse range of ingested substances, which includes
nutrients, as well as potentially toxic and carcinogenic chemicals. The UGT1A7-1A10 gene cluster,
which share high similarity in their first exon sequences (>70%) are considered to be (with the
exception of UGT1A9) extrahepatic, with expression almost exclusively in GIT. UGT1A7 is mainly
expressed in the upper GIT (stomach) and is absent in the intestine and colon, UGT1A10
expressed along the GIT from oesophagus to colon, whereas UGT1A8 and UGT1A9 are
expressed in the intestine and colon, but absent in the stomach (Gregory et al., 2004b, Strassburg

et al., 1997, Strassburg et al., 1998).

In considering what regulatory factors might restrict expression of these genes to the GIT, early
work focussed in the intestinal specific regulator CDX2. CDX2 is considered a key player in
intestinal development and in maintenance of adult intestinal homeostasis by modulating
intestinally expressed genes associated with both the proliferation and differentiation of intestinal
cells (Suh and Traber, 1996, Gao et al., 2009). Recent work has expanded our understanding of
the regulatory networks important in initiating and maintaining intestinal epithelial differentiation.
HNF1a and HNF4o are two transcription factors that, although not intestinal-specific, are critically
involved with CDX2 in the regulatory network in differentiated intestinal epithelial cells (IECs). As
previously discussed (Chapter 1) CDX2 expression levels increase in IECs as they migrate toward

the villus tips and mature, HNF1o expression is also highest in the villus, while the level of HNF4a
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is similar from crypt to villus (Olsen et al., 2012). These factors function together in transcriptional
complexes, and also regulate one another’s expression. In particular, CDX2 regulates its own
promoter via autoregulation, and also binds to the promoters of HNF1« and HNF4« to activate
these genes. HNF4a is also able to activate CDX2 and HNF1a expression. Furthermore, in liver
cells HNF1a binds to the promoter and regulates HNF4a (Olsen et al., 2012). Figure 3.1 shows a
model of regulatory network interactions between CDX2, HNF1a and HNF4a in the intestine based

on ChlP-seq and ChIP-chip analysis (Olsen et al., 2012).
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Figure 3.1. Model of intestinal regulatory networking in differentiated IECs involving CDX2, HNFla
and HNF4a.

Image is reused from (Olsen et al., 2012). The publisher, the American Physiological Society, allows content
to be reused in a thesis without formal permission.
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During differentiation of IEC it is proposed that HNF4a and/or HNF1o partner with CDX2 to
regulate target genes (Verzi et al., 2010, San Roman et al., 2015, Boudreau et al., 2002, Benoit et
al., 2010). In addition to CDX2 selective co-regulation, CDX2 would pair with different partners
during intestinal progenitor cell proliferation. GATA factors such as GATA-6 are reported to co-
occupy with CDX2 in these proliferating cells, and expression of genes associated with

differentiation/maturation are not activated in these cells (Verzi et al., 2010).

Intestinal UGT1As are known to be most highly expressed in the differentiated epithelial cells of the
lumen where contact with substrates occurs (Strassburg et al., 2000, Dubey and Singh, 1988,
Mariadason et al., 2002). Previously in our laboratory, Gregory et al. reported that CDX2 and

HNF1a bind to cognate response element within the proximal promoters of UGT1A8 and -1A10
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and synergistically induce their activity in Caco-2 cells (Gregory et al., 2004a). Moreover, previous
investigation by Gregory (Gregory, 2004) identified at least two GATA motifs within the proximal
~200 bp of the UGT1A8 promoter (Figure 1.13 in Chapter 1). However, binding of these GATA
factors (GATA-4, -5 and -6) to their cognate response elements was unable to induce UGT1A8
promoter activity, and the same result was shown when GATA factors were in combination with
CDX2 or HNF1a. Overall, these findings are consistent with the reports that CDX2 - HNFla
cooperation is involved in the up-regulation of genes associated with the differentiated phenotype
(such as UGTs) and that CDX2 - GATA partnership is more important for regulation of proliferation-
associated genes. Although present in relatively low levels, UGT1A expression in the crypt
compartment might also play a role in protection of progenitor and stem cells against genotoxic

insults (Patel et al., 1997); however, it is unclear how this may be regulated at present.

The promoter regions spanning up to -1kb from the transcription start sites of UGT1A8-1A10, are
highly homologous at >75% identity (Gregory et al., 2003) but they show much lower homology
with other UGT1A genes. This suggests the importance of these promoter regions in controlling
UGT1A8-10 expression in the Gl tract. A phylogenetic tree generated using the -1k-promoter

sequences of all UGT1A genes is shown in Figure 3.2.

0.32 UGT1A1l
0.31 UGT1A6
0.04 UGT1A3
0.04 UGT1A4
0.02 UGT1A5
0.24 UGT1A7
I 0.11 UGT1A9

_1_— 0.04 UGT1AS8

0.05 UGT1A10

Figure 3.2. Phylogenetic analysis of ~1k-proximal promoter regions of UGT1A genes

The number at each terminal branch represent the distance/ between each UGT and its nearest neighbour.
The Clustal Omega multiple sequence alignment program was utilized to generate this phylogenetic tree.
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Although the proximal promoter regions of UGT1A8-1A10 are very similar, there are small
sequence differences in the predicted binding element for CDX2 in the UGT1A9 promoter relative
to the UGT1A8 and UGT1A10 promoters. These differences were proposed to explain the
observations from mutational analyses that the putative CDX2 regulatory element is not functional

in the UGT1A9 promoter (Gregory et al., 2004a).

This study aimed to enhance our understanding of intestinal UGT (UGT1A8, 1A9 and -1A10)
regulation by CDX2 and other intestinal factors. Recent work in mouse using genome-wide ChlP-
Seq profiling has shown that Cdx2 and HNF4o co-occupy adjacent sequence elements of
promoter regulatory regions and activate the genes responsible for epithelial maturity, survival and
intestinal function such as brush border formation, and absorption (Verzi et al., 2013). Although
several HNF4a motifs have been identified within the UGT1A8, 1A9 and -1A10 promoters, the role
of HNF4a in regulation of these UGTs in an intestinal cell context had never been studied. HNF4a
is expressed in liver as well as intestine, and previous findings in our laboratory showed that
HNF4a could activate the UGT1A9 promoter, but not the UGT1A8 and -1A10 promoters in liver
cells (Gardner-Stephen and Mackenzie, 2008) and this has been proposed as at least partial
explanation for the presence of UGT1A9, and absence of UGT1A8 and -1A10, in liver. This study
hoped to better explain mechanisms underlying the intestinal specific UGT1A8 and -1A10, and

hepatic/intestinal expression patterns of UGT1A9.

Using Caco-2 cells, the specific aims of this study are:

1. To investigate potential interaction of CDX2 and HNF4a. in the regulation of UGT1AS8 at
the promoter and mRNA level.

2. To identify the binding motif that mediates regulation of UGT1A8 by CDX2 and HNF4a.

3. To identify role of the CDX2 and HNF4a partnership in the regulation of UGT1A9 and -
1A10.

4. To understand the transcriptional mechanism that defines the hepatic/extrahepatic

expression pattern of UGT1A8, -1A9 and -1A10 involving specific regulatory modules.
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Note that data and text in this Chapter is published in part in “Cooperative regulation of intestinal
UDP-glucuronosyltransferases by CDX2 and HNF4a is mediated by a novel composite regulatory
element” Authors: Siti Nurul Mubarokah, JulieAnn Hulin, Peter | Mackenzie, Ross A McKinnon, Alex

Z Haines, Dong Gui Hu, and Robyn Meech; Molecular Pharmacology (see Appendix 3).

3.2 Methods

3.2.1 Plasmids

3.2.1.1 Promoter luciferase constructs
All of the wild-type UGT1A8, -1A9 and -1A10 promoter-reporter constructs in pGL3-Basic were

previously made in our laboratory by Dr. Philip Gregory as described in (Gregory et al., 2003).

3.2.1.2 Expression vectors
The HNF4a-pCMX expression plasmid was previously cloned by Dr. Dione A. Gardner-Stephen in

our laboratory, and the CDX2 expression plasmid was a kind gift from Dr. Cathy Mitchelmore
(University of Copenhagen, Copenhagen, Denmark). The Barx2-pcDNA3 expression plasmid was

cloned by Mr. Lizhe Zhuang in our laboratory.

3.2.2 Mutagenesis of binding sites in UGT1A8, -1A9 and -1A10 promoter constructs

Mutation of desired nucleotides within the response elements of the UGT promoter-reporter
constructs was achieved by in vitro site-directed mutagenesis (SDM) method using the
QuikChange® Site-Directed Mutagenesis System with PfuTurbo® polymerase (Stratagene, La
Jolla, CA), and primers containing the desired mutation (Integrated DNA Technologies, CA) as
described in Chapter 2. All oligonucleotides are listed in Table 3.1. Promoter-reporter constructs
containing the correct mutations were identified by sequencing (DNA Sequencing Service, SA
Pathology, South Australia). The mutations that were introduced are as follows: 1) in the -1kb-
UGT1A8 promoter region the HNF4a response element (RE) at -811bp to -798bpwas mutated
from "TGACCTCAGGGAG" to "TGATTTCAGGGAG"; 2) in the UGT1AS8, -1A9,-1A10 promoter
regions (-1kb- and -0.19kb) the HNF4aRE at -44bp to -32bp was mutated from
"TCTATTGGGGTCA" to "TCTATTGGAATCA”; 3) in the 0.19kb UGT1A8 promoter region the

HNF4oRE at -44bp to -32bp was mutated from "TCTATTGGGGTCA" to "TCTATCCGGGTCA" (i.e.
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a different mutation). In addition, we used a variant of the UGT1A8 promoter construct carrying a
mutation in the CDX2RE at location -70bp to -66bp, and a variant carrying a mutation of the
Sp1/initiator-likeRE at location -15bp to -5bp, that were made previously by Dr. Philip Gregory

(Gregory et al., 2003).

3.2.3 Transfections of CDX2 and HNF4a expression vectors

Expression vectors for CDX2 and HNF4a, were transfected into Caco-2 cells using Lipofectamine®
LTX as described in Chapter 2, Section 2.2.13.2. Endogenous UGT mRNA levels were analysed

by gRT-PCR. All primers are listed in Table 3.1.

3.2.4 Chromatin Immunoprecipitation (ChIP) assays in Caco-2 cells

ChIP assay was performed as described in Chapter 2, Section 2.2.15. qPCR analysis was
performed following ChlIP protocols to detect HNF4a binding to DNA sequences in the proximal
promoters of the UGT1AS8, -1A9 and -1A10 genes, and at a control non-target locus, using primers

listed in Table 3.1.

3.2.5 Non-radioactive EMSA assays in Caco-2 cells

Nuclear extract was prepared from Caco-2 cells transfected with HNF4o and CDX2 expression
plasmids and EMSA assay was performed as described in Chapter 2, Section 2.2.16. For
supershift analysis to confirm complex specificity, 1 ug of HNF4a (sc-6556; Santa Cruz
Biotechnology) or Cdx2 (Biogenex, San Ramon, CA) antibody was included per binding reaction.

Probes for detecting protein-DNA complexes in the reaction are shown in Table 3.1.

3.2.6 CDX2 and HNF4a siRNA design and transfection

CDX2 and HNF4a siRNAs (GenePharma, Shanghai, China) were reverse transfected in triplicate
wells of a 48-well plate using Lipofectamine® 2000 in 48-well plates as described in Chapter 2.
The transfection was repeated after 24 hours to enhance target gene knockdown efficacy. Forty-
eight hours after the first transfection, cells were harvested for gRT-PCR analysis as in Chapter 2.

Primers used for gRT-PCR assay are listed in Table 3.1.
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3.2.7 Transcriptomic data profiling of Colon Adenocarcinoma (COAD) from The
Cancer Genome Atlas (TCGA)

Analysis of RNA sequencing (RNAseq) transcriptomic data from Colon Adenocarcinoma (COAD)
was conducted by Dr. Dong Gui Hu and Dr. Robyn Meech; data were downloaded from The

Cancer Genome Atlas (TCGA) (https://gdc-portal.nci.nih.gov/). The COAD RNAseq expression

data from 41 normal colon samples and 480 colon adenocarcinoma samples were represented in
the form of high-throughput sequencing counts. Genes (protein coding and noncoding) with a
mean of less than 10 counts were discarded; the counts of the remaining genes were normalised
using the upper quantile normalisation method. Spearman’s correlation analyses between the
expression levels of two UGT genes (e.g. UGT1A8, -1A10) and two transcription factors (CDX2,
HNF4a) in a cohort of either 41 normal tissues or 480 cancerous tissues were conducted and
graphed using GraphPad Prism 7.03 software (GraphPad Inc., La Jolla, CA). A p value of 0.05 was

considered statistically significant.

3.2.8 Oligonucleotides

Table 3.1 shows oligonucleotides used in this Chapter, the mutated bases are indicated by bold

letters.
Table 3.1. List of oligonucleotides used in studies described in Chapter 3.

Name Sequence (5’ 2> 3)

Quantitative real time PCR

| 18srRNA-Forward CGATGCTCTTAGCTGAGTGT
18srRNA-Reverse GGTCCAAGAATTTCACCTCT
UGT1A8-Forward CTGCTGACCTGTGGCTTTGCT
UGT1A8-Reverse CCATTGAGCATCGGCGAAAT
UGT21A9-Forward GAGGAACATTTATTATGCCACCG
UGT1A9-Reverse GCAACAACCAAATTGATGTGT
UGT1A10-Forward CCTCTTTCCTATGTCCCCAATGA
UGT1A10-Reverse GCAACAACCAAATTGATGTGTG
CDX2-Forward ATCACCATCCGGAGGAAAG
CDX2-Reverse TGCGGTTCTGAAACCAGATT
HNF4a-Forward CAGCACTCGAAGGTCAAGCTA
HNF4a-Reverse ACGGGGGAGGTGATCTGT
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Site directed mutagenesis (SDM) of promoter reporter

UGT1A8 -811HNF4amutFor
UGT1AS8 -811HNF4amut Rev
UGT1AS8 -44HNF4amutFor
UGT1A8 -44HNF4amut Rev

UGT1A8 -44CrypticCDX2-
composite mutFor

UGT1A8 -44CrypticCDX2-
composite mut Rev

EMSA

CATCATTACTGATTTCAGGGAGTGCCCAG
CCCTGAAATCAGTAATGATGTCATCTTTGTGT
ATTGGAATCAGGTTTTGTGCCTGTAGTTC
CCTGATTCCAATAGAGGGCGTGTATTTATCCTG

CCTCTATCCGGGTCAGGTTTTGTGCCTGTAGTT

GACCCGGATAGAGGGCGTGTATTTATCCTGTCA

LUEGO-Tag

Consensus HNF4 from
apoCIIIAPF1

UGT1A8Cdx2 -70 wt Top

UGT1A8/-1A9/-1A10HNF4a half
cons/ Cryptic CDX2-composite wt
Top

UGT1A8/-1A9/-1A10HNF4a half
cons-composite m Top

UGT1A8/-1A9/-1A10 Cryptic
CDX2-composite m | Top

UGT1A8/-1A9/-1A10 Cryptic
CDX2-composite m |l Top

ChIP-gPCR

GTGCCCTGGTCTGG

GTGCCCTGGTCTGGCGCTGGGCAAAGGTCACCTGC

GTGCCCTGGTCTGGTTTTTTTTATGACAGGATA

GTGCCCTGGTCTGGCGCCCTCTATTGGGGTCAGGTTTT

GTGCCCTGGTCTGGCGCCCTCTATTGAAGTCAGGTTTT

GTGCCCTGGTCTGGCGCCCTCTATCCGGGTCAGGTTTT

GTGCCCTGGTCTGGCGCCCTCTATCCCGGTCAGGTTTT

ChIP negative control locus For
ChIP negative control locus Rev
UGT1A8 -44HNF4a locus For
UGT1A8 -44HNF4a locus Rev
UGT1A9 -57HNF4a locus For
UGT1A9 -57HNF4a locus Rev
UGT1A10 -47HNF4a locus For
UGT1A10 -47HNF4a locus Rev

ACATACTCAGATGGAAATGAGAA
AGCTCAACATTCTGCTGAAC
TTTTGGTACCTCAAAAAATGATACTC
AGCCACGCGTGAACTGCAGCCCGAGC
TATGGATGGGGGCAGTC
CTCCTATGATACAGTAGGTGGG
AGTAGGTACCTCAGCAAATGATACTC
CCACCCCGGGCGAGCCATGAGAGAACTG

SiRNA
hHNF4a siRNA CGUCAAGGAUGCGUAUGGACACCCGGC
hCDX2 siRNA AACCAGGACGAAAGACAAAUA

human neg control siRNA

UUCUCCGAACGUGUCACGU
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3.3 Results and Discussion

3.3.1 CDX2 synergistically interacts with HNF4a to further induce UGT1A8
promoter activity

As described in the introduction, a functional CDX2 motif was previously identified in the UGT1A8
and -1A10 promoters, but the equivalent motif was non-functional in the UGT1A9 promoter
(Gregory et al., 2004a), leaving unresolved the question of how CDX2 may control the intestinal
expression of UGT1A9. CDX2 and HNF4a are known to act in combinatorial manner during
intestinal development and differentiation (Verzi et al., 2010, San Roman et al., 2015). Numerous
HNF4a binding motifs are predicted within the proximal promoters of UGT1A8-1A10 based on
bioinformatic analysis. In addition, previous studies of the UGT1A9 promoter identified HNF4a.
motifs that function in a liver cell context (Gardner-Stephen and Mackenzie, 2007). However,

HNF4a has not been previously examined as a regulator of any UGT in an intestinal context.

To investigate whether CDX2 and HNF4a may regulate intestinal UGTs in a combinatorial manner,
we began by examining UGT1A8, the prototypical intestinal-specific UGT. Within the proximal 190
bp length of the UGT1A8 promoter, we predicted an HNF4q binding motif at -44bp which is very
close to the previously identified functional CDX2 and HNF1a binding sites, located at -70bp and -
148bp respectively. Three other putative HNF4oa motifs (HNF4aRE) were also predicted within the
-1k promoter region, including a HNF4aRE at -290bp previously identified in our laboratory
(Gardner-Stephen and Mackenzie, 2007), a HNF4aRE at -360bp homologous to that previously
identified in UGT1A9 by Barbier et al (Barbier et al., 2005) and a HNF4aRE at -811bp (Figure
3.3A). The last HNF4a.RE overlapped with a functional PPAR-RE previously identified in UGT1A9
(nt-719 to -706 bp from ATG) (Barbier et al., 2003). All three distal HNF4aRE were previously
shown to be non-functional in UGT1A8 promoter activation in liver cell model, HepG2 (Gardner-

Stephen and Mackenzie, 2007). These motifs however, had never been investigated in the

intestinal cell context.

To examine the roles of the various predicted HNF4oRE in the regulation of UGT1A8, we tested

the response of promoter-reporter vectors carrying several lengths of the proximal -1kb UGT1A8
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promoter to the expression of HNF4a, CDX2, and combination of CDX2 and HNF4a.. As shown in
Figure 3.3B, HNF4a alone could not induce promoter activity in the -0.19kbb-, -0.25k-, or -1kb-
UGT1A8 promoter constructs. In contrast, CDX2-alone induced all three UGT1A8 promoter
constructs. Interestingly, the combination of HNF4a and CDX2 induced UGT1A8 promoter activity
by approximately 2-fold more than CDX2 alone (Figure 3.3B). These results suggest that a CDX2

and HNF4a synergistically regulate the UGT1A8 promoter.

A Putative distal HNF4c.REs HNF1o, RE CDX2RE HNF40.RE "
e —D—D | Hu TTTAT H TCTATTGGGGTCA
5 70 66 -44 32 Inr +49
1k-UGT1AS8 Distal CDX2RE ! :
2 o
o N
8 1 mpCMX
B QcDX2
7 1 ®mCDX2+HNF4a
BHNF4a - &0

FOLD INDUCTION
(UGT1AS8 Luciferase Promoter Activity)

-190 -250 -1000

Figure 3.3. Synergistic activation of the UGT1A8 promoter by CDX2 and HNF4a.

A. Schematic representation of the -1kb UGT1A8 promoter containing predicted sites of four HNF4a, three
CDX2, one HNF1a and Spl/inr element, as indicated. Transcription start site is shown as +1. B. Caco-2 cells
were co-transfected with three different lengths of UGT1A8 promoter constructs (-1kb, -0.25kb- and -0.19kb-)
and expression plasmids for CDX2, HNF4a or a combination of both plasmids. pRL-null was used as internal
control. Cells were assayed 48h post-transfection for luciferase activities using promoter-less pGL3 basic to
normalise the activity, and is expressed as fold induction over empty vector pCMX. For each dataset, n= 3 or
greater; (* indicates statistical significant differences using one-way ANOVA, Tukey’s post-hoc test at *P <
0.05; ** P < 0.001. All values are means + SD.
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3.3.2 Co-regulation of CDX2/HNF4a is mediated through a novel synergistic
composite element

The CDX2/HNF4a synergistic induction was observed with all promoter constructs including the
shortest -0.19kb fragment (Figure 3.4B), suggesting that the transcriptional mechanism is mediated

by the newly predicted HNF4aRE at -44 bp (called hereafter -44HNF4aRE) and not the more distal
elements. To test this idea, we mutated the proximal -44HNF4aRE and as a control we also
mutated the distal HNF4a site at -811bp in the -1kb-UGT1A8 promoter. Mutation of -44HNF4aRE
ablated the CDX2/HNF4a. synergistic effect, whereas mutation of the -811HNFaRE had no effect,

confirming that -44HNF4oRE is required for the CDX2/HNF4a synergy.

-811/-798 44/-32
A HNF4oRE-2 HNF4 o RE-1
1A8 Wild Type TGACCTCAGGGAG TCTATTGGGGTCA
1A8HNF4gRE-1mut TGACCTCAGGGAG TCTATTGGAATCA
1A8HNF4gRE-2 mut TGATTTCAGGGAG TCTATTGGGGTCA
7 -
B - . B pCMX
6 | O CDX2
B CDX2+ HNF4a
5 B HNF4a

FOLD INDUCTION
(1k-UGT1A8 Luciferase Promoter Activity)

Wild type -811 HNF4a.RE mut -44 HNF40.RE mut

Figure 3.4. The HNF4aRE at -44bp in the UGT1A8 proximal promoter is required for synergistic
induction by CDX2 and HNF4a..

A. Schematic representation of 1k-UGT1A8 promoter constructs containing mutations at two different HNF4a
sites- the proximal -44 bp (HNF4oRE-1) and distal site at -811bp (HNF4aRE-2), mutated bases are indicated
by red letters. B. CDX2 and HNF4a synergistic activation of the UGT1A8 promoter was blocked by mutation
of -44HNF4aRE but not -811HNF40aRE. For each dataset, n= 3 or greater; (* indicates statistical significant
differences using one-way ANOVA, Tukey’s post-hoc test at *P < 0.05; ** P < 0.001. All values are means +
SD.
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The presence of the previously identified functional CDX2 binding site at -70bp (called hereafter -
70CDX2RE) in proximity to the -44HNF40RE (Figure 3.5A), suggested that CDX2 binding to this
motif may mediate CDX2 cooperation with HNF4a.. To test this idea, mutation of -70CDX2RE was
introduced into the 0.19k-UGT1A8 promoter and co-transfected with CDX2, HNF4a and a
combination of CDx2 and HNF4a. Unexpectedly, whilst the mutation blocked UGT1A8 promoter
activation by CDX2 alone, the combination of CXD2 and HNF4a, was still observed to activate the
mutant promoter (Figure 3.5B). This suggests recruitment of CDX2 to -70CDX2RE was nhot

required for the synergistic induction by CDX2 and HNF4a.

Another element in the UGT1A8 promoter in close proximity to the -44HNF4aRE is an
Spl/Initiator(Du et al.)-like motif, as indicated in Figure 3.5C. The Spl/Inr-like site is believed to
mediate recruitment of the basal transcription machinery. It was previously speculated that HNF1a.
might promote interaction of CDX2 with the basal transcription machinery and this might play a role
in CDX2/HNF1a synergy (Gregory et al., 2004a). Therefore, we sought to examine whether
activation by CDX2 alone or the synergistic activation by CDX2 and HNF4a. involved the Spl/inr-
like motif. We co-transfected the -0.19k-UGT1A8 promoter wild-type and mutant (Sp1/Inr-like mut)
constructs with CDX2, HNF4a or combination of both expression plasmids. The promoter construct
with the mutated Sp1/Inr-like motif could not be induced by CDX2 alone; surprisingly however it

was still induced by the combination of CDX2 and HNF4a..
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14 | OCDX2 x
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Wild Type -70 CDX2RE mut Wild Type Sp1/inr-like mut

Figure 3.5. Synergistic regulation of the UGT1A8 promoter is independent of the consensus -
70CDX2RE and the Spl/Inr element.

A. Sequence of the UGT1A8 proximal promoter within -0.19kb showing the Spl/Inr element, -44HNF4RE,
and consensus -70CDX2RE (boxed). B. Mutation of the consensus -70CDX2RE blocks the promoter
induction by CDX2 but not induction by CDX2 and HNF4a. C. Mutation of Sp1/Inr blocks induction by CDX2,
but CDX2 and HNF4a. Sequences of the mutations are indicated by red font in the schematic representation
of the -0.19kb-UGT1A8 promoter above the graphs. For each dataset, n= 3 or greater; (* indicates statistical
significant differences using one-way ANOVA, Tukey’s post-hoc test at *P < 0.05; ** P < 0.001. All values are

means + SD.

As discussed in the introduction, HNF4a is known to physically interact with CDX2 (Verzi et al.,
2010), thus we considered the possibility that the UGT1A8 -70CDX2RE is redundant for
HNF40/CDX2 synergy because CDX2 might be recruited directly to the 44bp HNF4aRE via
interaction with HNF4a. To examine this possibility, we performed EMSA with a probe corresponding
to the -44HNF4aRE. Nuclear extracts from cells transfected with HNF4o alone, or the combination
of HNF4a and CDX2, were tested for binding to the probe; antibody blockade/supershift and/or
mutation of the probe were used to interrogate the complexes formed. A consensus HNF4aRE probe

was also used as a positive control.
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As shown in Figure 3.6A, extract expressing HNF4a formed a strong complex on the consensus
HNF4aRE that was supershifted by HNF4o antibody (lanes 1, 2). The HNF4a extract formed a
comparatively weaker complex on the -44bp HNF4aRE probe (lane 3) but mutation of the HNF4a
core recognition motif prevented this complex from forming (lane 4) demonstrating specificity. Of
note, previous studies showed that binding of HNF4a to the functional upstream HNF4oRES in
UGT1A9 was also much weaker than to a consensus HNF4a, probe (Gardner-Stephen and

Mackenzie, 2007).

When nuclear extracts containing both CDX2 and HNF4a were assayed for binding to the -

44HNF4aRE probe, an additional faster migrating complex was formed (lanes 7, 8). This complex
was not formed on the consensus HNF4oRE probe (lanes 5, 6). Moreover, this additional complex
was not ablated by mutation of the core HNF4a recognition motif in the probe (lane 8), suggesting

the complex is not mediated by HNF4a binding.

To test whether the faster migrating complex formed on the -44HNF4aRE probe when incubated
with CDX2-containing extract actually contained CDX2 we used EMSA/supershift analysis. The -
70bp CDX2RE probe was used as a positive (consensus) control for CDX2 binding. Figure 3.6B
shows that nuclear extracts containing CDX2 formed a robust complex with the -70CDX2RE probe
(lane 3), which migrated similarly to the (comparatively weaker) complex formed on the -
44HNF4aRE probe (lane 1). Supershift analysis showed that the complexes formed on both the -
44HNF40RE and -70CDX2RE probes were shifted by addition of anti-CDX2 antibody (lane 2 and
4), confirming that these complexes contained CDX2. This CDX2 supershift data, together with the
observation that the extract containing CDX2 still forms a complex on the 44HNF4aRE probe when
the core HNF4a motif is mutated suggests that CDX2 might bind to the -44bp HNF4a RE probe

independently of HNF4a.

We also examined whether HNF4a might bind to the -70bp CDX2RE (Figure 3.6C). CDX2-
containing extract formed a robust complex with this probe that was shifted by CDX2 antibody

(lanes 2 and 4). However, there were no additional complexes formed by extracts that contain both
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CDX2 and HNF4a (compare lanes 1 and 3). The consensus HNF4o probe was used as a positive
control of HNF4oa complex migration (lane 5). Thus HNF4a does not bind to the -70bp CDX2RE; a

finding is consistent with the redundancy of the -70bp CDX2RE for CDX2-HNF4a synergy (Figure
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Figure 3.6. EMSA analysis of HNF4a and CDX2 binding to the novel composite element of the
UGT1AS8 promoter region.

A. Lanes 1, 2, 5, 6 of EMSA assays shows single complex formed by HNF4a consensus probe with Caco-2
nuclear extracts containing either HNF4a or CDX2 and HNF4a, anti-HNF4a antibody prevents complex
formation, anti-CDX2 antibody does not inhibit complex formation on the HNF4a consensus probe. Lane 3, a
weaker complex that migrates at the same position as the complex formed on the HNF4a consensus probe
is formed on -44UGT1A8HNF4a RE probe by extracts containing HNF4a; Lane 4, this complex is ablated by
mutation of the core of HNF4a motif. Lanes 7, 8, the -44UGT1A8HNF4aRE probe forms an additional
complex with nuclear extracts containing both CDX2 and HNF4a (blue arrow). B. The -44HNF4aRE probe
forms a complex with nuclear extracts containing CDX2 (lane 1) which migrates at the same position as a
complex formed by consensus --70CDX2RE probe with nuclear extracts containing CDX2 (lane 3). Lanes 2
and 4, addition of anti-CDX2 antibody supershifts the complex. C. The -70CDX2RE probe forms a single
complex with nuclear extracts containing CDX2 only (lane 1) or CDX2 and HNF4a (lane 3). No HNF4a

complex is evident (see lane 5 for comparison). The CDX2 complex formation is supershifted by addition of
anti-CDX2 antibody (lanes 2 and 4).

Overall, these data suggest that the -44bp HNF4aRE, which we have identified as mediating a
novel synergistic response to HNF4o and CDX2, binds to both HNF4a and CDX2; moreover, the
HNF4a core recognition motif is not required for CDX2 binding. Further analysis of the sequence of
this element showed that it contains a cryptic CDX2-like binding motif with the sequence TATT

immediately adjacent to the HNF4a core recognition motif (Figure 3.7A). To test whether this TATT
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motif might mediate binding to CDX2, we mutated the motif (two different mutations, see Table 3.1
for details) in the -44bp HNF40RE probe and performed EMSA with extracts containing both
HNF4a and CDX2. As shown in Figure 3.7B, mutation of the CDX2-like binding motif in the -
44HNF4aRE probe abolished the formation of the CDX2 complex (lane 4 and 5). In contrast,
mutation of the HNF4a. core motif abolished formation of the HNF4a complex (lane 2) but not the

CDX2 complex (lane 3).

We further used unlabelled oligonucleotide competition to confirm the role of these two motifs in
binding to CDX2 and HNF4a respectively (Figure 3.7C). The -44HNF4oRE probe formed both the
CDX2 and HNF4a complexes (lane 1); a consensus HNF4aRE competitor blocked formation of
the HNF4o complex but had only a modest effect on the CDX2 complex (lane 2). The consensus
CDX2RE competitor blocked formation of the CDX2 complex but not the HNF4a, complex (lane 3),
whereas the -44HNF4aRE (self) competitor blocked both complexes (lane 4). A -44HNF4aRE
competitor with a mutated HNF4a motif did not block the HNF4a complex but reduced the CDX2
complex (lane 5); in contrast, a -44HNF4aRE competitor with a mutated CDX2 motif had little
effect on the CDX2 complex but blocked the HNF4a complex (lanes 6, 7). These data further
confirm that the -44HNF4aRE is a composite of two motifs that likely mediate adjacent binding of

HNF40 and CDX2.
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Figure 3.7. EMSA mutational analysis of CDX2 and HNF4a binding to the synergistic composite
element designated at -44HNF4aRE.

A. Sequence of the novel composite element, identified as -44HNF4aRE, shows predicted recognition motifs
bound by CDX2 (TATT) and HNF4a (GGGTCA). B. -44HNF40RE probe containing mutation of CDX2
recognition motif inhibited CDX2 complex formation. Using nuclear extracts containing both CDX2 and
HNF4a, lane 1 shows HNF4o complex formed by consensus HNF4a probe but not CDX2. -44HNF4oaRE
probe shows the same HNF4a migration complex formation with additional formation of faster CDX2
complex (lane 2). HNF4o complex formation is lost by mutation of the core of the -44HNF4aRE probe
(GGGTCA) (lane 3). When CDX2 motif within -44HNF4aRE is mutated, both faster (CDX2) and slower
(HNF40) complexes are ablated (lane 4 and 5). C. EMSA competitor analysis. Both CDX2 and HNF4a
complex formed on -44HNF4a probe with nuclear extracts containing CDX2 and HNF4a (lane 1). Competitor
of consensus HNF4a ablates HNF4o complex formation (lane 2). Competitor of consensus -70CDX2RE
modestly reduces the complex formation (lane 3). Competitor of wildtype -44HNF4aRE ablates formation of
HNF4a and CDX2 complex (lane 4). Competitor of -44HNF4aRE containing mutation of HNF4a core motif
ablates CDX2 complex but not HNF4a. complex (lane 5). Competitor of -44HNF4aRE containing mutation of
CDX2 motif ablates HNF4a complex but not CDX2 complex (lane 6 and 7).

Based on the data shown above, we designate the newly identified -44HNF4aRE in the UGT1A8
promoter a composite element which can bind to both CDX2 and HNF4a and mediate synergistic

regulation by these two factors. The discovery and characterization of this novel element is
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considered a major finding in this study. One curious aspect of our EMSA data is that interaction of
the composite element probe (-44HNF4aRE) with extracts containing both CDX2 and HNF4a
produced two distinct complexes that migrated equivalently to the complexes formed when
separate CDX2 and HNF4a extracts were used. If there was simultaneous binding of both factors
to the probe, a different slower migrating (i.e. larger) complex might be expected to be formed.
However, the absence of such a larger complex might be an artefact of the technique; in particular,
steric hindrance might prevent both factors binding simultaneously to the probe. It is conceivable
that simultaneous binding to the native element within genomic DNA may involve conformational
changes that prevent steric hindrance (Ismail et al., 2010), and the short EMSA probe may not be
able to reproduce such a conformation. Regardless, simultaneous binding of both factors is the
best explanation for our observation that their synergistic activity is lost upon mutation of either
motif; in future work this might be further supported by analyses such as sequential ChlIP with

antibodies to both factors.

To assess the functional significance of the cryptic CDX2 motif in the -44HNF4aRE, mutation of
the CDX2 motif was introduced into the -0.19k-UGT1A8 promoter construct (Figure 3.8A) and
synergistic induction by CDX2 and HNF4a was assessed. As shown in Figure 3.8B, mutation of
the cryptic CDX2 maotif inhibited the synergistic activation of the promoter by CDX2 and HNF4a as
effectively as mutating the HNF4o motif, showing that both motifs are required for synergy and that

the loss of one motif cannot be compensated by the other.
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Figure 3.8. The CDX2 and HNF4a motifs in the composite element are both required for synergistic
promoter activation.

A. Schematic representation of mutation generated within the CDX2/HNF4a composite element in the -
0.19k-UGT1AS8 construct. Mutated nucleotides are indicated in red. B. Mutation of either CDX2 or HNF4a
motif blocks synergistic induction of the -0.19k-UGT1A8 promoter by CDX2 and HNF4a. For each dataset,
n= 3 or greater; (* indicates statistical significant differences using one-way ANOVA, Tukey’s post-hoc test at
*P < 0.05; ** P < 0.001. All values are means + SD.

3.3.3 The CDX2/HNF4a composite element is conserved in the UGT1AS, -1A9 and -
1A10 promoters

As mentioned previously, the proximal promoters of UGT1A8, -1A9 and -1A10 share a high degree
of sequence homology, and the newly identified -44HNF4aRE in UGT1A8 is fully conserved to the
corresponding HNF4aRE in -57bp (from transcription start site [TSS]) of the UGT1A9 promoter
(designated -57HNF4aRE) and -47bp (from TSS) of the UGT1A10 promoter (designated -
47HNF4aRE) (Figure 3.10A). Consistent with our experimental data showing the importance of
this CDX2/HNF4a composite element in regulation of UGT1A8-1A10 by intestinal factors, Figure
3.9 shows that among all UGT1A genes, this site is only conserved in the promoter regions of the

extrahepatic UGT1A8-1A10 genes.
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UGT1Al 57 CACAGTCAAACATTAACTTGGTGTAT-—-——————— CGATTGGTTTTTGCCATATATATA 37

UGT1A3 57 GAGGAGGGCACTCTGTCTTCCAATTACACGTTGATTTGCTAAGTGGCTCAGTGACAAGGT 37
UGT1A4 57 GAGGAGGGCACTTTGTCTTCCAATTACATGCTGATTTGCTAGGTGGCTCAATGACAAGGT 37
UGT1A5 57 GAGGAGGGCACTCTGTCTTC-AATTACATGTTGATTTGCTAGGTGTCTCAGTGACAAGGT 37
UGT1A6 57 TGGGAACAGGAACTCGCGTGCCAGCCAGGTGTGCATGACT--AGCTCTGGGCAAGTCTGT 37
UGT1A7 57 TAAGTACACGCCTTCTTTTGAGGGCA--GGTTCTATCTGTACTTCTTCCACTTACTATAT 37
UGT1A9 57 TAAAAACACGCCCTICTATTGGGGTCAGGTTTTGTGCTGGTATTTCTCCCACCTACTGTAT 37
UGT1A8 57 TAAATACACGCCCTICTATTGGGGTCAGGTTTTGTGCCTGTAGTTCTTCCGCCTACTGTAT 37

UGT1A10 57 TAAATACACGCCCTICTATTGGGGTCAGGTTTTGTGCCTGTACTTCTTCCGCCTACTGTAT 37

* * * *

Figure 3.9. Alignment of the human UGT1A proximal promoters.

The human UGT1A proximal promoters are aligned. The sequences were obtained from Ensembl genome
browser and Clustal Omega multiple sequence alignment program was utilized to generate sequence
alignment. The CDX2/HNF4a composite element is boxed.

UGT1A8 and UGT1A10 contain identical canonical CDX2 binding elements (designated -
70CDX2RE in UGT1A8); however, in the UGT1A9 promoter the site equivalent to the -70CDX2RE
was reported to be unable to bind CDX2 in vitro due to sequence divergences (Gregory et al.,
2004b, Gregory et al., 2004a, Gregory, 2004). UGT1A9 also contains several HNF4a motifs distal
to this proximal promoter segment (but within the 1kb promoter region) that were previously shown
to be involved in regulation in liver cells (Barbier et al., 2005, Gardner-Stephen and Mackenzie,
2007). based on the sequence diverges displayed by UGT1A9 relative to UGT1A8 and -1A10, we
predicted that UGT1A8 and -1A10 would show mechanistically similar regulation by CDX2 and

HNF4a, whereas UGT1A9 is likely to be regulated differently.

To confirm that UGT1A10 is regulated in an equivalent manner to UGT1A8, we mutated the
corresponding HNF4a/CDX2 composite element in UGT1A10 (-47HNF4aRE in UGT1A10) in both
the -0.19kb and -1kb UGT1A10 promoters and tested their induction in Caco2 cells. Both the -
0.19kb and 1kb UGT1A10 promoters showed a similar response to the UGT1A8 promoters, albeit
with reduced magnitude: CDX2 slightly induced both promoters and there was a synergistic

induction by CDX2 and HNF4a that was ablated by mutation of the -47HNF4aRE (Figure 3.10B).

In addition to this result, HNF4o alone appeared to be able to induce the UGT1A10 promoter
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slightly, which is likely to be mediated by the -47HNF4aRE as this small induction was consistently
lost when the motif was mutated in both the -1kb- and -0.19kb-promoters. This finding suggests
that CDX2 and HNF4a synergistically regulate the UGT1A10 promoter in a similar manner to

UGT1A8; moreover, HNF4a alone may also be capable of regulating UGT1A10.

Next, promoter mutation analysis was performed to assess the function of the CDX2/HNF4a.
composite motif in the UGT1A9 promoter (-57HNF4aRE). Mutations of the -57HNF4aRE were
introduced in the -1kb- and -0.19kb-UGT1A9 promoter constructs. The wildtype and mutant
UGT1A9 promoter constructs were then co-transfected into Caco-2 cells with CDX2, HNF4q. or the
combination of both CDX2 and HNF4a expression plasmids. As shown in Figure 3.10C, the -
0.19kb-UGT1A9 promoter construct was not induced by CDX2 alone, which is consistent with the
reported non-functional -70CDX2RE motif in UGT1A9 (Gregory et al., 2004a). HNF4a alone
induced the promoter slightly, apparently via the -57HNF4aRE since mutation of this site appeared
to ablate the activation; this result is similar to the activation of the UGT1A10 proximal promoter by
HNF4a alone. Importantly, the -0.19kb-UGT1A9 construct showed synergistic induction by the
combination of CDX2 and HNF4a (Figure 3.10C), which was ablated by mutation of the -
57HNF4aRE. This data indicates that the novel CDX2/HNF4o composite element that is
conserved in intestinally expressed UGT1AS8, -1A9 and -1A10, mediates synergistic induction of all
three promoters by CDX2 and HNF4a. We propose that this CDX2/HNF4a composite element is a

central regulatory module for intestinal UGT expression.

When the -1kb-UGT1A9 promoter construct was co-transfected with CDX2 and HNF4a in Caco-2
cells, we observed that HNF4a alone greatly induced the promoter (Figure 3.10C). This result was
consistent with the previous report that the -1kb-UGT1A9 promoter is regulated by HNF4a. in liver
cells (Barbier et al., 2005). HNF4a-mediated induction of the -1kb-UGT1A9 promoter was reduced
by around 40% upon mutation of the -57HNF4aRE site (Figure 3.10C), suggesting that this newly
identified motif only partially mediates HNF4a action in Caco-2 cells; the multiple upstream

HNF4aREsS in this construct likely contribute the remainder of the induction. Interestingly, co-
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expression of CDX2 and HNF4a reduced activation of the -1kb-UGT1A9 promoter relative to
HNF4a alone. This latter result may indicate competition between binding of HNF4a. to the

upstream HNF4aREs and the proximal -57HNF4aRE, as discussed later (section 3.3.8).

Overall, the data presented here indicates that the new HNF4a/CDX2 composite binding element
(designated as -44HNF4aRE, -57HNF40RE and -47HNFa4RE in the UGT1AS8, -1A9 and -1A10
proximal promoters respectively) can mediate HNF4a/CDX2 synergy on all three promoters.
Consistent with this idea, we also showed that all three promoters recruit HNF4a to this region
using chromatin immunoprecipitation (ChlP) assays in Caco-2 cells (Figure 3.10D). The discovery
of this new composite element suggests a mechanism by which CDX2 can induce UGT1A9
promoter activity in intestinal cells, given that the previously identified ‘canonical’ -70bp CDX2 RE

was found to be non-functional (Gregory et al., 2004b, Gregory et al., 2004a, Gregory, 2004).
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Figure 3.10. The CDX2/HNF4a composite element is functionally conserved in the UGT1A8-1A10
promoters.

A. Alignment of sequences of the UGT1A8, -1A9 and -1A10 promoters shows complete conservation of the
CDX2/HNF4a composite element. B. Synergistic induction UGT1A10 -1kb- and -0.19kb promoters by CDX2
and HNF4q. Mutation of the -47HNF4aRE (i.e. CDX2/HNF4o composite element) prevents the promoter
induction. C. HNF4a alone but not CDX2 alone can activate the UGT1A9 promoters. Synergistic induction of
UGT1A9 promoter activity by CDX2 and HNF4a. is only observed in the short -0.19kb promoter; mutation the
HNF4a binding motif ablates the synergy. Mutation of the -57HNF4aRE (i.e. CDX2/HNF4a composite
element) reduces induction of -1kb-UGT1A9 promoter by HNF4a, and ablates synergistic activation of the -
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0.19kb-UGT1A9 promoter. D. ChIP-gPCR analysis shows HNF4a binding to the region spanning the
conserved CDX2/HNF4a synergistic composite element in the promoter region of the UGT1A8, -1A9 and -
1A10 genes. For each dataset, n= 3 or greater; (* indicates statistical significant differences using one-way
ANOVA, Tukey’s post-hoc test at *P < 0.05; ** P < 0.001. All values are means + SD.

3.3.4 Dominant negative HNF4a does not inhibit the ability of wild-type HNF4a to
synergise with CDX2 in regulation of the UGT1A8 and -1A9 promoters

Previous work showed that a dominant negative (DN) form of HNF4a could inhibit the activity of
wildtype HNF4a in regulation of target genes (unpublished data from our laboratory). We co-
transfected the -1kb and -0.19kb UGT1AS8, -1A9 and -1A10 promoters constructs with CDX2,
HNF4a or the combination of CDX2 and HNF4a. in the presence or absence of DN-HNF4a. As
shown in Figure 3.11A, HNF4a (alone and in combination with CDX2) induced -1kb UGT1A9
promoter activity, and co-transfection with DN-HNF4a modestly reduced this induction, suggesting
that DN-HNF4o may compete with wildtype HNF4ao for binding to the HNF4oREs within -1kb-
UGT1A9 promoter. The -0.19k-UGT1A9 promoter was not induced by wildtype HNF4a, alone but
was synergistically induced by the combination CDX2 and wildtype HNF4a. Interestingly, DN-
HNF4a did not inhibit this synergistic induction of the -0.19k-UGT1A9 promoter (Figure 3.11B).
Similarly, DN-HNF4a did not inhibit synergistic induction of the -0.19k-UGT1A8 promoter by the
combination of CDX2 and wildtype HNF4q, although it did very slightly reduce synergistic induction
of the -0.19bk UGT1A10 promoter (Figure 3.11B). Overall, the observation that DN HNF4a can
inhibit the activity of wildtype HNF4a at the distal UGT1A9 HNF4a elements (i.e. in the -1kb
UGT1A9 promoter) but is less effective or ineffective in inhibiting synergistic induction via the
proximal CDX2/HNF4a composite element (i.e. in the -0.19kb UGT1A8-1A10 promoters) suggests
that HNF4a. functions differently at these different elements. Future investigation is required to
obtain an understanding of the structure-function relationships that may underlie these promoter-

specific differences in HNF4a activity terms of DNA-binding or co-factor binding.
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Figure 3.11. The CDX2/HNF4a. composite element does not mediate dominant negative (DN) HNF4a
action.

A. DN-HNF4a (HNF4aRR76/77) reduces the ability of wild-type (WT) HNF4qa alone or in combination with
CDX2 to activate the -1kb-UGT1A9 promoter and to a lesser degree the -1kb UGT1A10 promoter, but not
the -1kb-UGT1A8 promoter. B. DN-HNF4a does not significantly inhibit the synergistic induction of the short
-0.19kb-UGT1A8, -1A9 and -1A10 promoter by the combination of HNF4o and CDX2. For each dataset, n=3
or greater; (* indicates statistical significant differences using one-way ANOVA, Tukey’s post-hoc test at *P <
0.05; ** P < 0.001. All values are means + SD.
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3.3.5 The intestinal homeobox factor Barx2 does not synergise with HNF4a

Many homeobox proteins bind to a common recognition motif in DNA, these motifs are usually AT-
rich and typically contain a core motif resembling the sequence TAAT. The specificity of different
homeobox proteins for their target genes is likely determined by combinatorial interactions with
other factors, as well as their own temporospatially restricted expression patterns. In addition to
CDX2, a number of other homeobox genes are expressed in the intestinal epithelial lineage
including the BAR-class homeobox protein Barx2. CDX2 expression is highest at the distal end of
the GIT and Barx2 is expressed more proximally (Duprey et al., 1988, Herring et al., 2001, Walters
et al., 1997, Sander and Powell, 2004). In addition, while CDX2 expression increases towards the
villus of the epithelial cells, Barx2 is abundant in the crypt and decreases as cells progress along
the crypt-villus axis, suggesting that it may play a role in progenitor cell proliferation (Sander and
Powell, 2004). Both CDX2 and Barx2 homeobox genes are reported to share target genes
associated with cell adhesion such as L1-cadherin (Hinoi et al., 2002, Sander and Powell, 2004),
both are expressed in Caco-2 cells (Sander and Powell, 2004), and both are considered as
markers for increased risk of colorectal cancer (Saandi et al., 2013, Mi et al., 2016). Other ongoing
projects in our laboratory investigate the role of Barx2 in stem cell niches, hence a number of
reagents for studying Barx2 function were readily available. Because we were interested in what
factors might control the modest level of UGT expression observed in proliferating crypt cells, we
decided to test whether Barx2 could induce intestinal UGT promoter activity, either alone or in
combination with HNF4a. In Caco-2 cells, we co-transfected the 0.19k-UGT1A8 promoter with
Barx2, HNF4a, or a combination of Barx2 and HNF4a. As shown in Figure 3.12, the -0.19kb-
UGT1A8 promoter did not respond to the expression of Barx2 or HNF4a alone, nor to the
combination of Barx2 and HNF4a. This data suggests that the CDX2/HNF4a composite element

specifically mediates the activity of CDX2 and not other intestinal homeobox factors.

83



N
)

FOLD INDUCTION
0.19% UGT1A8 Luciferase Promoter Activity

o
L

&

A

MO
\§<

<b'b

Figure 3.12. The combination of Barx2 and HNF4a does not induce the UGT1A8 promoter.

The -0.19k-UGT1A8 promoter construct was co-transfected with HNF4a and Barx2. For each dataset, n= 3
or greater; (* indicates statistical significant differences using one-way ANOVA, Tukey's post-hoc test, all
values are means + SD.

3.3.6 Regulation of endogenous UGT1A8-1A10 by CDX2 and HNF4a in Caco-2 cells

CDX2 has been previously reported as a regulator of UGT1A8 expression, however, the previous
study only examined UGT1A8 promoter-reporter constructs and did not show induction of the
endogenous UGT1A8 mRNA (Gregory et al., 2004a). In this project, it was crucial to define the role

of CDX2 and HNF4a in regulation of endogenous UGT1A8, UGT1A9 and UGT1A10 mRNAs.

We determined that Caco2 cells express moderate-high levels of both HNF4a and CDX2, hence
we elected to use siRNA-mediated knockdown of these factors to assess their roles in regulation of
the UGT genes. The efficacy of the siRNA in knockdown of CDX2 and HNF4q is presented in
section 3.3.7. As shown in Figure 3.13A, transfection of siRNA targeting HNF4a in Caco-2 cells
decreased the endogenous level of UGT1A8, -1A9 and 1A10 mRNAs by around 20-30%, whilst
SiRNA targeting CDX2 generated a 50-70% decrease of all three UGT mRNAs. To complement
these data, we used another colon cancer cell line HT-29 that express a high level of UGT1A8-
1A10 mRNAs (over 500x higher compared to that in Caco-2; see Figure 4.22 in Chapter 4).
Knockdown of CDX2 and HNF4a using siRNA reduced endogenous UGT1A8-1A10 mRNA levels

by around 40-50% (Figure 3.13B), supporting our results from Caco-2 cells.

To further support the conclusion that endogenous UGT1A8-1A10 genes are regulated by HNF4a,

we used the HNF4a inhibitor BI6015 (Kiselyuk et al., 2012). Treatment of Caco-2 cells with 2.5 uM
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B16015 for 48 hours reduced all three intestinal UGT mRNAs, although the reduction was only
significant for UGT1A8 and -1A9 (Figure 3.13C). Further studies to assess the mechanism of
action of BI6015 with respect to HNF4o and CDX2 level are presented in the section below (3.3.7).
Overall these data indicate that both CDX2 and HNF4a are required to maintain the expression
level of endogenous UGT1AS8, -1A9 and -1A10 genes in intestinal-derived Caco-2 and HT-29 cells,
which is consistent with our model that UGT1A8-1A10 expression is determined by the

CDX2/HNF4a regulatory axis during intestinal development and homeostasis.

Caco-2

>

HT-29

120 - xx xx x W Control siRNA 120 e ax o
* > D B HNF4asiRNA
100 - @ CDX2 siRNA

(o8]

B Control SiRNA
@ HNF4asiRNA
@ CDX2 siRNA

80
60 -

40

Relative mRNA Expression (%)

20 -

Relative mRNA Expression (%)

UGT1A8 UGT1A9 UGT1A10 UGT1A8 UGT1A9 UGT1A10

Caco-2
120
100

@

M \Vehicle
mBI6015

Hk ok

80
60 -
40
20

Relative mRNA Expression (%)

UGT1A8 UGT1A9 UGT1A10

Figure 3.13. Inhibition of endogenous UGT1A8-1A10 expression by inhibition of HNF4a or CDX2
expression or function.

A, B. In Caco-2 cells (A) and HT-29 cells (B), expression of endogenous UGT1A8-1A10 is decreased by
SiRNAs targeting CDX2 or HNF4a. C. Treatment of Caco-2 cells with HNF4a inhibitor BI6015 for 48 hours
decreases UGT1A8 and UGT1A9 but not UGT1A10 mRNA levels. The mRNA expression was analysed by
g-RT-PCR and normalised to 18S rRNA. For each dataset, n= 3 or greater; (* indicates statistical significant

differences using one-way ANOVA, Tukey’s post-hoc test at *P < 0.05; ** P < 0.001. All values are means +
SD.
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3.3.7 Aregulatory feedback loop involving CDX2 and HNF4a is confirmed at the
MRNA level

As described in the Introduction to this Chapter, CDX2 and HNF4a not only interact functionally at
target genes, but they also regulate each other’s expression (Olsen et al., 2012); CDX2 binds and
regulates the HNF4a, promoter (Verzi et al., 2013), and reciprocally, HNF4a binds and regulates
the CDX2 promoter (Saandi et al., 2013, Boyd et al., 2009). Given that CDX2 and HNF4a are key
factors in intestinal development as well as homeostasis, understanding maintenance of these
factors is important. Moreover, many studies have shown that in colorectal cancers (CRCs), the
CDX2 level is reduced (Hinoi et al., 2001, Subtil et al., 2007, Brabletz et al., 2004) and this is
typically followed by a decrease of HNF4a. The loss of both factors is likely to facilitate colorectal

cancer progression by promoting cellular de-differentiation (Saandi et al., 2013).

We sought to confirm if CDX2 and HNF4a regulate each other in the intestinal derived cell lines
used in our study. As shown in Figure 3.14, knockdown of CDX2 with siRNA in both Caco-2 and
HT-29 cell lines decreased not only CDX2 mRNA, but also HNF4a. mRNA by 60-80%.
Reciprocally, siRNA targeting HNF4o reduced levels of both HNF4a and CDX2 by around 35-80%.
We also measured the mRNA level of a well-known HNF4a direct target gene, HNF1o (Hansen et
al., 2002). As expected, HNF4a knockdown decreased HNF1a mRNA level by ~40% in Caco-2
cells and ~60% in HT-29 cells. CDX2 siRNA also produced a modest decrease in HNFla
endogenous expression by ~20% in both cell lines, likely due to the reduction in HNF4a. levels
(Figure 3.14C). Overall these data indicate that reciprocal positive regulation of HNF4a and CDX2

occurs in both Caco-2 and HT-29 cells

The capability of the HNF4a inhibitor BI6015 to decrease HNF4q. target genes has been reported
(Kiselyuk et al., 2012); while the mechanism of its action is not fully defined, studies suggest that it
may reduce the stability of HNF4a protein and/or prevent its binding to DNA. Given that

HNF4a regulates CDX2, we tested whether CDX2 level was affected by BI6015. Treatment of
Caco-2 cells for 48-72 hours at 2.5 uM reduced the CDX2 mRNA level by ~60%, and consistent

with that, BI6015 decreased CDX2 protein level by around 65% (Figure 3.14D). This is the first
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evidence showing BI6015 is capable of affecting HNF4a target genes, including CDX2, in an
intestinal cell context. In Figure 3.14E, we present a model for the inhibitory effect of BI6015 on
UGT expression both directly via inhibition of HNF4a, and indirectly via inhibition of CDX2. This
chemical might be useful to investigate HNF4a-mediated gene regulation in vivo using mouse

models of intestinal development or regeneration.

Finally, we applied both HNF4a overexpression and siRNA-mediated HNF4a knockdown in liver-
derived (hepatocellular carcinoma) HepG2 cells to determine whether HNF4a may be a general
regulator of CDX2 expression (i.e. context independent). As shown in Figure 3.14F, HNF4a
overexpression could modestly induce CDX2 mRNA expression in HepG2 cells and surprisingly,
HNF4o knockdown could reduce the very low level of CDX2 mRNA expressed in these cells.
Overall these data are consistent with previous reports (Saandi et al., 2013, Boyd et al., 2009) that

HNF4a is a robust regulator of CDX2 in various cellular contexts.
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Figure 3.14. CDX2 and HNF4a regulate each other’s expression in Caco-2 and HT-29 colon cancer
cell lines.

A. Transfection of siRNA targeting HNF4a decreases CDX2 mRNA level. B. Transfection of siRNA targeting
CDX2 decreases HNF4a mRNA level. C. Transfection of siRNA targeting HNF4a produces a decrease in
MRNA level of HNF1q, a direct target of HNF4o. D. HNF4a inhibitor BI6015 decreases mRNA level of CDX2
and protein. E. A proposed model of BI6015 action shows that BI6015 inhibits HNF4a binding to the DNA
directly inhibiting HNF4a target genes including CDX2 and UGTs; reduction in CDX2 level further inhibits
UGT gene expression. F. Induction of CDX2 level by HNF4o in HepG2 cells. The mRNA expression was
analysed by gRT-PCR and normalised to 18S rRNA. For each dataset, n= 3 or greater; (* indicates statistical
significant differences using one-way ANOVA, Tukey’s post-hoc test at *P < 0.05; ** P < 0.001. All values are
means + SD.
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3.3.8 Differential CDX2 and HNF4a functions in the regulation of UGT1A8 and -1A9
in hepatic vs intestinal contexts

Our findings have revealed a novel CDX2/HNF4a composite element that is shared between
UGT1AS, -1A9 and -1A10 and mediates a similar synergistic transcriptional mechanism in all three
promoters. Given that the -70CDX2 element in the UGT1A9 promoter was previously defined as
non-functional, the binding of CDX2 and HNF4a. to the newly identified composite element
provides a mechanism for intestinal induction of UGT1A9 by CDX2. In addition, the -1kb UGT1A9
promoter contains upstream HNF4a binding sites that were previously defined as functional in
UGT1A9, but non-functional in the UGT1A8 and -1A10 promoters due to sequence divergences
(Barbier et al., 2005). The latter was suggested to be responsible for the lack of hepatic UGT1A8
and -1A10 expression (Barbier et al., 2005). To better understand the mechanism of intestinal
specificity, we compared regulation of UGT1A9 and UGT1A8 by CDX2 and HNF4a at the mRNA

level.

Using both hepatic (HepG2) and intestinal (Caco-2) cell lines, we first examined whether
overexpression of CDX2 and HNF4a had different effects on the levels of endogenous UGT1AS8
and -1A9 mRNAs. As presented in Figure 3.15A, in Caco-2 cells, CDX2 induced UGT1A8 mRNA
and there was a synergistic induction CDX2 and HNF4a similar to that seen in our promoter
analyses (Figure 3.15A). In HepG2 cells, in which the expression levels of CDX2 and UGT1A8 are
very low (barely detectable), overexpression of CDX2 or HNF4a alone had no effect on UGT1A8
MRNA level while the combination of CDX2 and HNF4a produced a very slight induction of

UGT1A8 mRNA.

In both HepG2 and Caco-2 cells, overexpression of HNF4a alone induced UGT1A9 mRNA level by
around 6-7 fold. In contrast, CDX2 alone had no effect on UGT1A9 expression and, similar to the
promoter assay, the combination of CDX2 and HNF4a reduced activation by HNF4a (Figure
3.15A). In further support of these findings, in HepG2 cells, HNF4a siRNA had no effect on

UGT1A8 mRNA, but dramatically reduced UGT1A9 mRNA levels (Figure 3.15B).
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Figure 3.15. UGT1A8 and -1A9 are differently regulated by CDX2 and HNF4a in hepatic and intestinal
cell models.

A. In HepG2 cells, UGT1A8 mRNA can be induced by overexpression of both CDX2 and HNF4a., but not by
CDX2 or HNF4a alone. In Caco-2 cells, CDX2 alone induces UGT1A8 mRNA and synergy with HNF4a
further increases UGT1A8 mRNA level. In both HepG2 and Caco-2, endogenous UGT1A9 mRNA can only
be induced by overexpression of HNF4a; moreover, expression of CDX2 inhibits induction by HNF4a. B. In
HepG2 cells, siRNA mediated inhibition of HNF4a reduces UGT1A9 mRNA but shows no effect on UGT1A8
level. The mRNA expression was analysed by gRT-PCR and normalised to 18S rRNA. For each dataset, n=
3 or greater; (* indicates statistical significant differences using one-way ANOVA, Tukey’s post-hoc test at *P
< 0.05; ** P <0.001. All values are means + SD.

Overall, these data are broadly consistent with our promoter-reporter data and indicate that the
endogenous UGT1A8 gene requires CDX2 for induction by HNF4a, which is consistent with its
lack of hepatic expression. In contrast, HNF4a can induce UGT1A9 mRNA expression in a CDX2-
independent manner, which is consistent with its robust hepatic expression. The ability of CDX2 to
inhibit induction of UGT1A9 by HNF4a might be explained by the formation of CDX2-HNF4a
complexes (that preferentially bind to the composite element) at the expense of HNF4a complexes
that can bind and activate at the consensus HNF4o elements upstream within the UGT1A9
promoter. It is also likely that CDX2 directs chromatin modifications that control promoter

accessibility to HNF4a (Verzi et al., 2010, San Roman et al., 2015).

To better define the HNF4a elements that are involved in UGT1A9 induction by HNF4a in intestinal
cells, we compared UGT1A9 promoter constructs carrying mutations in three different predicted

HNF4a binding elements (see Figure 3.16). The HNF4a element at -801 to -789 bp from the
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UGT1A9-TSS (marked as element A in Figure 3.16A) overlaps with the -808/-795 PPAR-binding
element previously reported to be functional in hepatic UGT1A9 regulation (Barbier et al., 2003).
The HNF4a element at -334 to -322bp from UGT1A9-TSS (marked as element B in Figure 3.16A)
was previously shown to play a role in hepatic UGT1A9 regulation by HNF4a (Barbier et al., 2005),
the absence of this functional element was proposed to explain the lack of UGT1A8 and -1A10
expression in the liver. The HNF4a element at -57 bp from the UGT1A9 TSS (marked as element
C in Figure 3.16A) is our newly identified CDX2/HNF4a. composite element (also designated -
57HNF4aRE). Promoter-reporter constructs containing the -1kb-UGT1A9 promoter region with
mutations in various combinations of these HNF4a elements (Figure 3.16A) were tested for

activation by transfection of a HNF4a expression plasmid in Caco2 cells.

As shown in Figure 3.16B, HNF4a induced wild-type -1kb UGT1A9 promoter activity by 33 fold.
When the -801HNF4aRE was mutated, the level of induction by HNF4a. did not change,
suggesting that this predicted HNF4aRE was not functional. Mutating the -334HNF4oRE
decreased the ability of HNF4a to induce promoter activity by ~70%, and mutating -57HNF4aRE
decreased the ability of HNF4a to induce promoter activity by ~60%; when both motifs were
mutated, the promoter induction was reduced by ~80% (Figure 3.16B). Previous work by Barbier et
al. showed in HepG2 cells that loss of the -334HNF4aRE completely abolished promoter induction
(Barbier et al., 2005). In contrast while we found this element to be important, even after mutation
of both the -334bp and -57bp elements, the promoter could be induced by HNF4 by around 5 fold .
These data imply that there are other functional HNF4a, elements within the 1kb UGT1A9 promoter
that contribute to its activation by HNF4a in Caco?2 cells. Further work would be required to identify

these elements and to determine how they might interact with CDX2 mediated regulation.
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UGT1A9 HNF4a RE Wild type (WT) Sequence Mutant Sequence
-801t0-789" [ITGACCTCAGGGAG|I|TGATTTCACGGAG

~334t0-32" GGGACAAATTCCA|IGGGATGAATTCCA

_57t0-459 | TCTATTGGGGTCA|ITCTATTGGAATCA
A |dentified by Barbier et al; 2003; overlaps DR1 motif.
B) |dentified by Barbier et al;2004.
€) |dentified in this study.
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Figure 3.16. HNF4a activation via predicted and functional motifs within 1kb of the UGT1A9 promoter
region in the intestinal Caco-2 cell line.

A. Table showing three functional HNF4a binding sites in the UGT1A9 promoter region (-801bp, -334bp, and
-57bp). Mutant -1kb-UGT1A9 promoter constructs were generated with mutated bases indicated by red font.
B. 1k-UGT1A9 wild-type and mutant constructs were co-transfected with HNF4a plasmids in Caco-2 cells.
The predicted -801bp HNF4aRE that overlaps PPAR-RE identified by (Barbier, et al, 2003) is not required
for induction by HNF4a. The -334HNF40RE that was previously reported (Barbier et al., 2005) is functional,
but mutation does not completely abolish induction by HNF4a. The new -57bp HNF4aRE identified in this
study is functional but mutation does not completely abolish induction by HNF4a. Relative luciferase activity
was normalised to the promoter-less pGL3 basic vector and induction by transfection of HNF4a, expression
vector was expressed as fold over empty vector pCMX (set as a value of 1). For each dataset, n= 3 or
greater; (* indicates statistical significant differences using one-way ANOVA, Tukey’s post-hoc test at *P <
0.05; ** P < 0.001. All values are means + SD.

3.3.9 Data analysis from TCGA database supports positive correlation of UGT1A8
and -1A10 expression with CDX2 and HNF4a levels in human colon samples

To gain insight into the importance of CDX2 and HNF4a for UGT1A8-10 regulation in an in vivo
context, we took advantage of the TCGA database that records gene expression data from
thousands of human normal and cancer samples. Using the colon adenocarcinoma dataset

(COAD), we investigated the correlation between the expression level of UGT1A8/-1A10 and the
91



level of CDX2 and HNF4a. This analysis was performed by colleagues Dr. Dong Gui Hu and Dr.

Robyn Meech. Figure 3.17 shows the correlation analysis in normal colon samples (n=41). The

MRNA level of UGT1A8 and UGT1A10 was shown to be extremely tightly correlated (A). A very

robust correlation was also shown for both UGT1A8 and -1A10 with the level of CDX2 and HNF4a

(B, C, D, E).
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Figure 3.17. Correlation analysis of UGT1A8-1A10, CDX2 and HNF4a levels in normal colon samples
(n=41) from the Colon Adenocarcinoma (COAD) dataset of The Cancer Genome Atlas (TCGA).

A. In normal colon samples, UGT1A8 and UGT1A10 levels are extremely tightly correlated. B, C. UGT1AS8
shows a robust correlation with levels of both CDX2 (B) and HNF4a (C). D, E. UGT1A10 shows a robust
correlation with levels of both CDX2 (D) and HNF4a (E).
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When we examined the colon cancer sample set (n= 480), correlation between UGT1A8 and -
1A10 level was still strong although less robust; and correlation of both UGTs with the level of
CDX2 and HNF4o was weaker but still statistically significant, except for correlation between
UGT1A10 and HNF4a (Figure 3.18). Consistent with CDX2 deregulation during colon cancer
progression, which co-occurs with HNF4o decrease (Saandi et al., 2013), alteration of CDX2 and
HNF4a levels in colon cancer may affect the maintenance of UGT1A8 and -1A10 expression. The
CDX2 and HNF4a partnership is important for regulation of proliferation and differentiation in
intestinal cells (San Roman et al., 2015); however these functions could be dysregulated in cancer
and although different tumours may express similar levels of CDX2 and HNF4a, these may confer
differing downstream programs. The heterogeneous nature of this dysregulation in different
tumours may explain why there is less robust correlation of CDX2 and HNF4a with UGT1A8 and -
1A10 in colon cancer samples. We have also gained some insights into the role of these factors in
regulation of UGTs in cancer by analysis of cancer cell lines. The Caco-2 cell model presents a
relatively differentiated phenotype, whilst HCT116 colon cancer cells show a completely
undifferentiated phenotype (Yeung et al., 2010). We found that Caco-2 cells have moderate
expression of UGT1A8-1A10 and high levels of CDX2 and HNF4a, whereas HCT116 cells have no
UGT1A8-1A10, no HNF4a and low CDX2 levels (data not shown). Thus at least in these cancer
cell line models, there remains a correlation of UGT1A8-10 level with CDX2 and HNF4o

expression.
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Figure 3.18. Analysis of UGT1A8-1A10, CDX2 and HNF4a. levels in colon cancer samples (n=480) from

the TCGA dataset.

A. UGT1A8 and UGT1A10 levels are tightly correlated. B, C. UGT1A8 shows a significant correlation with
levels of both CDX2 (B) and HNF4q. (C). D, E. UGT1A10 shows a significant correlation with the level of

CDX2 (D) but not HNF4o, (E).

3.4 Conclusions

Recent studies in mouse models indicate that intestinal development during embryogenesis, and

maintenance of intestinal homeostasis in adults, involve CDX2 and HNF4a acting in partnership to

regulate expression of numerous intestine-specific genes. In this study, we show for the first time

that UGT1A8, -1A9 and 1A10 expression in intestinal cells is also regulated by the combinatorial

action of CDX2 and HNF4a, potentially determining tissue-specific patterning of these UGTs in the

intestine.

94



The major finding of this study is the identification of a novel composite regulatory element located
in the proximal promoters of UGT1AS8, -1A9 and -1A10 that binds to both CDX2 and HNF4a. The
element is fully conserved in these three promoters, and mediates their similar regulation in an
intestinal-cell context. Originally predicted in the UGT1A8 promoter using bioinformatic analysis as
a likely HNF4a binding motif (and hence designated the UGT1A8 -44HNF4aRE), we initially
hypothesized that CDX2 was recruited to the element indirectly via its interaction with HNF4a.
However, subsequent data from EMSA and mutational analysis dismissed this hypothesis and
revealed that the element in fact contains a cryptic CDX2 binding motif as well as the HNF4a
binding motif. This element mediates synergistic induction of the UGT1AS8, -1A9, and -1A10
proximal promoter regions by CDX2 and HNF4a. Furthermore the synergy requires both the CDX2
and HNF4a motifs to be intact; the loss of one motif cannot be compensated for by the other,
strongly suggesting concomitant occupation by CDX2 and HNF4a. Although CDX2 and HNF4a
have been shown by ChIP-Seq analysis to bind in close proximity within chromatin (Verzi et al.,
2010), such studies could not precisely determine the relative position of CDX2 and HNF4«
binding sites, therefore, to our knowledge, this is the first study reporting integration of CDX2 and

HNF4o within a very short sequence of 12 nucleotides.

It is known that CDX2, HNF1a, and HNF4a interact in a transcriptional regulatory network during
intestinal cell differentiation (Olsen et al., 2012). Among these three factors, HNF4a and HNF1a
are expressed both in the liver and intestine, whereas CDX2 is expressed only in the intestine and

is also regarded as the intestinal master regulator.

Previous work by our group identified a CDX2 binding element at around -70bp in the UGT1A8
promoter that mediates combinatorial regulation by CDX2 and HNF1a (Gregory et al., 2004a). This
CDX2 element does not mediate synergistic induction by CDX2 and HNF4a. (as shown in this
study). Moreover, this element was reported to be mutated in UGT1A9 and unable to effectively
bind CDX2 (Gregory et al., 2004a). This finding left an unresolved the problem of how UGT1A9 is

induced in intestinal cells. Our findings in this current study have largely resolved this problem by
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showing that the novel conserved CDX2/HNF4a composite element can mediate induction of
UGT1AS8, -1A9 and -1A10 in intestinal cells by CDX2 independently of the -70CDX2RE. A cartoon
depicting UGT1AS8, -1A9 and -1A10 regulation by CDX2 and HNF4a is presented in Figure 3.19.
The model defines two elements in the UGT1A8 and -1A10 promoters that can mediate regulation
by CDX2 in intestinal cells: module | is the novel composite CDX2/HNF4oRE that mediates
CDX2/HNF4a synergy; module 1l is the -70CDX2RE that is involved in CDX2/HNF1o synergy

(Figure 3.19A).

A UGT1A8/10 —intestinal expression (High level of CDX2)

Intestlnal regulatory module

B UGT1A9-intestinal expression (High level of CDX2)

VN
Mﬂw‘%’-
Hepatic I ntestmal
regulatory module regulatory module

C UGT1A9 - hepatic expression (Absence/low level of CDX2)

HN F4og HN F4o;
—n ' }ﬁﬁ?@wﬁ‘——r}

Hepatic Intestinal
regulatory module regulatory module

Figure 3.19. A model showing differential regulation of specific intestinal UGT1A8 and
hepatic/intestinal UGT1A9 by CDX2 and HNF4a.

A. In the UGT1A8/10 proximal promoters, a two part intestinal module that includes (1) the new HNF4a/CDX2
composite element (-44bp in UGT1A8), and (ll) the previously defined CDX2 (-70bp) and HNF1a sites (-
100bp). When CDX2 is high (e.qg. intestine), the proximal HNF4a/CDX2 composite element (1) recruits
HNF4a and CDX2 and mediates cooperative regulation by these two factors, the upstream elements (l1)
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likely augment this response (green bracket). B. The UGT1A9 promoter contains the intestinal module (1)
centred on the HNF4/CDX2 composite element that is shared with UGT1A8 and -1A10, as well as a hepatic
regulatory module involving the -372bp HNF4aRE. When CDX2 is high (e.g. intestine), HNF4a may be
recruited mainly to the intestinal module where it can also cooperate with HNF1a (green bracket). C. When
CDX2 is low/absent (e.g. liver), HNF4a may be recruited mainly to the hepatic module where it can also
cooperate with HNF1a (green bracket). Chromatin structures set during cell fate restriction may help
determine the relative accessibility of these modules.

UGT1A9 is the only UGT within the UGT1A8-1A10 cluster that is expressed in the liver. Within the
-1kb UGT1A9 promoter, there are two regulatory modules which we propose are differentially
active in the hepatic and intestinal contexts (Figure 3.19B and C). When CDX2 is absent or low,
such as in liver cells, we suggest that HNF4a forms complexes that bind to the distal/upstream
HNF4a elements (defined as a ‘hepatic regulatory module’) to regulate UGT1A9 (Figure 3.19C).
When CDX2 is abundant and HNF4a. levels are limiting such as in intestinal cells, HNF4o forms
complexes with CDX2 that may bind preferentially to the conserved proximal CDX2/HNF4a
composite element (defined here as an ‘intestinal module’) (Figure 3.19B). The ability of CDX2 to
direct HNF4a binding to the ‘intestinal regulatory module’ may also involve modifying chromatin
structure and thus binding site accessibility. Lower HNF4a. levels in the intestine may also partly
explain why UGT1A9 expression in the intestine is lower as a percentage of total UGT expression

than in the liver (Guillemette et al., 2014).

In this study, inhibition of CDX2 or HNF4a was associated with reduction of UGT mRNA levels
intestinal cells. Low expression of intestinal UGTs may play a role in colon cancer progression
associated with CDX2/HNF4a deregulation. Our preliminary findings in human colon samples
reveal that the correlation of intestinal UGT levels with CDX2 and HNF4a levels is less robust in
colon cancer samples (Figure 3.17) than in nhormal colon (Figure 3.18). However, further

investigation is required to confirm or refute this idea.

High expression of CDX2 and HNF4a is associated with intestinal cell differentiation and this is the
context in which UGTs are also most highly expressed. However, there is also moderate UGT
expression in proliferating crypt cells and one of our broader interests is determining factors that

might control its expression in this context. We did not find any evidence that Barx2, a homeobox
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factor expressed in crypt cells, could regulate UGT1A8 in Caco-2 cells. However more
sophisticated experimental models that represent the intestine structurally, functionally and
physiologically are required to fully understand the developmental patterning of intestinal UGTs.
This work could use transgenic mice carrying the promoter regions of human intestinal UGTs as
described in Chapter 5, or the previously described ‘humanised’ UGT mice that carry the entire
human UGT1 locus. In addition, human or transgenic mouse intestinal organoids could be
developed in which transcription factor levels can be manipulated using tool such as viral
transduction. Studies described in Chapter 5 begin to address the viability of these more complex

models for studying UGT regulation and function.

Chromatin structures are not only programmed during cell fate determination, but also regulated
dynamically by dietary compounds (e.g. butyrate, flavonoids and certain drugs); moreover there is
recent evidence that such compounds may also regulate HNF4a directly (Hwang-Verslues and
Sladek, 2010, Li et al., 2015). The overarching goal of this project was to provide a better
understanding of the regulators of developmental/constitutive UGT expression in the GIT (i.e.
studies described in this Chapter), as well as the mechanisms involved in inducible expression by

exogenous factors (studies described in Chapter 4).

Ultimately, the findings presented here could have important consequences in the area of
pharmacogenomic and personalized health care. Understanding the complex interplay of
developmental programs and exogenous signals that underlie the wide inter-individual variation in
UGT1A8-1A10 mRNA levels seen in adult intestine is valuable for researchers physicians and the
pharmaceutical industry for the identification of biomarker genes that can predict drug response

and toxicity.

Oral administration is the most frequently used, convenient and economic route of drug
administration, however, drug bioavailability is influenced by gastro-intestinal metabolism, which
shows considerable interindividual variation. A better understanding of this variation in intestinal
drug metabolism and detoxification capacity, in which intestinal UGTs play a significant role, could

ultimately lead to improvements in individualizing drug treatment plans for patients.
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CHAPTER 4. UGT1A8 GENE REGULATION IN RESPONSE TO
FLAVONOIDS, BUTYRATE INVOLVEMENT AND
MECHANISM ANALYSIS

4.1 Introduction

The gastrointestinal tract (GIT) is the organ where foods, drugs and other ingested xenobiotics first
encounter the detoxification mechanisms mediated largely by UGT enzymes. Among the vast
number of active UGTSs residing in the digestive tract, the exclusively extrahepatically expressed
UGT enzyme, UGT1AS8, plays a major role in intestinal metabolism. As described in Chapter 1,
UGT1AS8 plays an important role in the metabolism of carcinogenic materials (Jefcoate et al., 2000,
Zhu and Conney, 1998, Mojarrabi and Mackenzie, 1998, Cheng et al., 1998, Nowell et al., 1999,
Gagné et al., 2002, Thibaudeau et al., 2006) and low UGT1AS8 activity has been associated with a
elevated risk of GIT cancers, such as oesophageal and colorectal cancer (Dura et al., 2012, Wang

et al., 2013).

On the other hand, high pre-systemic glucuronidation of flavanoids by UGT1A8 has been reported
to contribute to the low bioavailability of these dietary compounds (Mojarrabi and Mackenzie, 1998,
Cheng et al., 1999). In general, flavonoids have protective effects inhibiting carcinogenesis as well
as other diseases (reviewed in (Thilakarathna and Rupasinghe, 2013)). Given the complex
multifactorial roles of glucuronidation in the GIT, it is important to understand the how local UGT
expression is dynamically controlled by chemicals in GIT. In the study described in this Chapter,
we proposed to investigate a potential feedback loop mechanism where flavonoids may induce
UGT1A8 expression by acting as ligands for transcription factors that activate the UGT1A8 gene
promoter, leading to increase of UGT1A8 activity towards its substrates. Involvement of flavonoids
in induction of UGT1A8 expression would link the purported cancer-protective properties of
flavonoids to the prominent role that UGTs play in detoxification of carcinogens and protection

against carcinogenesis (detail description in Chapter 1, section 1.6.1).

An overarching paradigm guiding our studies into UGT enzymes is that these enzymes form part of

a temporally responsive chemical detoxification feedback system. This notion has been
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comprehensively reviewed by Bock (Bock, 2012), who described how UGTs such as UGT1A1,
UGT2B4 and UGT2B7 are regulated by their own substrates, creating regulatory feedback circuits.
Ligand-activated transcription factors/nuclear receptors (NRs) are a class of transcription factors
that are activated by binding to small molecules including xenobiotics. Once activated, these NRs
can induce expression of genes involved in xenobiotic metabolism, thus providing increased
detoxification capacity (Bock, 2010). Several such NRs are known to directly regulate UGT genes.
For example, baicalein and 3-hydroxyflavone induce UGT1AL1 via the aryl hydrocarbon receptor

(Majid et al.) and pregnane X receptor (PXR) respectively (Hiura et al., 2014).

As described in Chapter 1, section 1.4.3, intestinal expression of the UGT1A family is localised to
the intestinal epithelial surface and is concentrated in villi which have the most exposure to the
luminal content, including dietary xenobiotics. Differentiated Caco-2 cells have been described as
developing morphological and biochemical features similar to human enterocytes (Tremblay et al.,
2006). Hence this culture system has proven useful to model enterocyte functions and gene
expression mechanisms (Soutoglou and Talianidis, 2002, Halbleib et al., 2007). In studies
described in this Chapter, the differentiated Caco-2 culture model was used to identify xenobiotics
that may regulate UGT expression; with particular focus on the regulation of UGT1A8 by

flavonoids.

UGT1A8 was first isolated in 1998, by Strassburg et al., who noted its high sequence similarity to
other exclusively extrahepatic UGTs: UGT1A8 is 93.8% similar to UGT1A7 and 90.2% to
UGT1A10. As mentioned in Chapter 1, this homology extends to the proximal promoter regions.
However, UGT1A8 shows a highly specific pattern of expression mainly at the distal end of the
gastrointestinal tract (distal small intestine and the colon), and unlike UGT1A7 and UGT1A10,
UGT1AS8 is absent from the most proximal region of Gl tract (stomach) (Strassburg et al., 1998).
The high level of expression and activity of UGT1A8 in colon may play an important role in
protecting luminal cells from prolonged exposure to xenobiotics in this context. The colon is also
known to host the densest population of microbiota , with bacteria present as early as 3 days post-
natally (Yatsunenko et al., 2012). Microbes produce small molecules that may be substrates for

UGTSs, or that may modulate UGT expression.
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One of the significant functions of colon microbiota is their role in saccharolytic fermentation of food
substrates containing fibre, which include fruit, grains, cereals, legumes and vegetables.
Fermentation produces favourable end products in the form of short chain fatty acids (SCFA),
including acetate, propionate and butyrate (Gibson, 2004). These products provide essential
energy for intestinal cells, as well as potentially modulating their functions by acting as signalling
molecules. Butyrate is of particular interest to this study, due to its ability to inhibit histone
deacetylases leading to increased histone acetylation and chromatin accessibility and thus
increased gene expression (Candido et al., 1978). Butyrate has long been recognized as
possessing anti-cancer activity. In vitro studies showed that butyrate inhibited the growth of colon
cancer cell lines (Kim et al., 1980, Whitehead et al., 1986), and in vivo studies indicate that
butyrate suppresses colon cancer formation (Mcintyre et al., 1993). In addition, studies in colon
adenocarcinoma cells, SW480 and SW620, revealed that butyrate promotes expression of
phenotypic markers of differentiation (Kim et al., 1980). This property inducing differentiation has
also been utilised experimentally to induce colon cancer cells, especially in Caco-2 to exhibit are
more differentiated enterocyte-like phenotype (Mariadason et al., 2001). Yamashita et al.
developed a rapid differentiation protocol for the Caco-2 cell line using butyrate, which produced
cultures exhibiting comparable differentiation characteristics to those generated using the

previously developed long-term (21 day) post-confluent culture method (Yamashita et al., 2002).

The effect of butyrate on the induction of the metabolism enzymes glutathione S-transferases
(GST) has been reported (Pool-Zobel et al., 2005); however only a few studies have linked the
activity of gut microbiota with xenobiotic metabolism (Ruan et al., 2015, Takahiro et al., 2009). A
very recent study (Van Rymenant et al., 2017) reported that chronic exposure of Caco-2 cells to
short-chain fatty acids and microbiota-derived phenolic compounds, hesperetin (HT) and ferulic
acid (FA), increased the expression of transporters (MCT-1, MCT-4 and ABCG?2). In this study
changes in UGT1A protein levels were not observed; however use of a pan-UGT1A antibody that

detects all UGT1A isoforms could masked changes in specific UGT1A proteins.
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The studies described in this Chapter sought to better understand the role of flavonoids and the
microbiota-produced signalling molecule butyrate in regulation of UGT1A8 expression. We
hypothesized that certain flavonoids could modulate transcriptional regulation of UGT1A8 via
ligand-activated transcription factors, and that butyrate could enhance the ability of these factors to
induce UGT1A8 by modulating chromatin accessibility. Such regulatory mechanisms would provide
a link between the anti-cancer effects of flavonoids and butyrate and the detoxification/elimination

of cancer-promoting chemicals by glucuronidation.

Using the Caco-2 cell line as a model, the aims of this study are:

1. To screen the UGT1A8 promoter for induction by a range of chemicals (flavonoids and
steroids) in a differentiated Caco-2 cell model and identify the most effective inducer(s).

2. To determine the effect of butyrate on UGT1A8 promoter activity, and its contribution to
UGT1A8 promoter upregulation by inducer(s) identified in Aim 1.

3. To identify specific ligand-activated transcription factor(s) that mediate the upregulation of

UGT1A8 by inducer(s) identified in Aim 1.

4.2 Methods

4.2.1 Caco-2cells and culture

Two stocks of Caco-2 cells were used in studies described in this Chapter. The first was the
parental Caco-2 cell line obtained from ATCC (HTB-37) and maintained at moderately low passage
numbers (11-35). The second was a transgenic Caco-2 cell line that had been stably transfected
with a UGT1A8 promoter-reporter construct; this transgenic cell line was unavoidably maintained at
higher passage numbers (35-70). The reporter construct contained a 7 kb segment of the UGT1A8
promoter upstream of the TSS linked to a firefly luciferase reporter; the stable cell line (designated
-7k-UGT1A8 promoter Caco-2 cells) was developed in our laboratory previously by Dr. Dong Gui
Hu. Caco-2 cells were cultured as described in general methods (Section 2.2.1) in DMEM

supplemented with 10% FBS and 1x NEAA (termed complete DMEM media).
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4.2.1.1 Post-confluent Caco-2 differentiation protocol (21-day protocol)

Caco-2 cells were initially seeded at 5x102 cells/well in a 48-well plate in 250 uL complete DMEM
media and allowed to become confluent. They were then cultured post-confluency for 21 days. The
culture medium was replaced every 2 days for the first week of culture and then daily until day 21
of culture (Hughes et al., 1987). After 21 days, the post-confluent differentiated Caco-2 cells were

ready for harvest or for other treatments.

4.2.1.2 Sodium butyrate-induced Caco-2 differentiation protocol

Differentiation protocols using sodium butyrate were adapted from (Yamashita et al., 2002). On
day 1, Caco-2 cells were seeded in high-density at 1x10° cells/well of a 48-well plate in complete
DMEM media. The medium was replaced on day 3 with complete media containing sodium
butyrate (NaB) at a final concentration of 3 mM and grown for another 48 hours or until day 5 in the

NaB supplemented media. Cells were then ready for harvest or for other treatments.

4.2.2 Chemical treatment of Caco-2 cells

Unless otherwise stated, all flavonoid and steroid chemical compounds used for treatment of Caco-
2 cells were prepared at a final concentration of 10 uM in DMSO or ethanol solvent. Cells were
incubated with complete DMEM media containing the chemical compound for 48 hours prior to
assay. The antagonist agents in this study, which were ICI 182780 and GW9662, were incubated
with the cells for 1-hour prior to flavonoid treatment. Vehicle controls were exposed to the same

final concentration of vehicle as in the treatment condition.

4.2.3 Luciferase assays

Forty-eight hours post treatment, transgenic -7kb UGT1A8 promoter Caco-2 cells were assayed for
firefly luciferase activity to quantify the activity of the stably integrated UGT1A8 promoter. Prior to
assay, cells were lysed by adding 75 uL of 1x passive lysis buffer (PLB) to each well of the 48-well
plate; the lysate was prepared are firefly luciferase activity was analysed as described in Chapter
2. Relative luciferase activity was calculating as the ratio of luciferase activity to total protein
concentration of the lysate (determined using the Bradford assay). Normalization to total protein

was necessary because a reference reporter gene (such as Renilla luciferase) was not present in
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the cell line. All treatments and assays were performed in duplicate.

4.2.4 Bradford assay for the determination of protein concentration

The total protein in the cell lysates used for luciferase assay was measured using the Bio-Rad
Protein Assay which is a variant of the Bradford dye-binding method (Bradford, 1976). Ten puL of
diluted protein lysate (in PLB) was transferred to a 96-well microplate. Two hundred uL of 1:5
diluted dye reagent was added to each well and mixed by pipetting, followed by 5 minutes
incubation at room temperature. Absorbance was measured at 595 nm wavelength in a plate
reader (DTX 880 Multimode Detector; Beckman Coulter). Protein concentration was determined by
plotting the absorbance of the sample onto a standard curve generated using of bovine serum
albumin (BSA) dilutions of known concentration (also measured at 595 nm). The concentrations of

BSA protein standards were 0.05, 0.1, 0.2, 0.3, 0.4 and 0.5 mg/mL.

425 Plasmids

4.2.5.1 Luciferase constructs
All of the wild-type UGT1AS8, -1A9 and -1A10 promoter-reporter constructs in pGL3-Basic were

previously made in our laboratory by Dr. Philip Gregory as described in (Gregory et al., 2003).
PPRE X3-TK-luc was obtained from Addgene (plasmid #1015, a gift from Bruce Spiegelman (Kim

et al., 1998)).

4.2.5.2 Expression vectors
The PPARy-pCMX vector was obtained from Dr. Michael Downes at the Scripps Research

Institute, La Jolla, California. PGC-1a-pcDNA4-myc vector was obtained from Addgene (plasmid
10974) (Ichida et al., 2002). GFP-pMMO043 was a gift from Dr. Michael Michael (Flinders Centre for
Innovation in Cancer, Flinders University, South Australia). VP 16-PPARa and RXRa-pCMX
vectors were made previously in our laboratory by Dr. Dione Gardner-Stephen. NF-YA-pSG5 was
a gift from Dr. Roberto Mantovani (Department of Biomolecular Sciences and Biotechnology,
University of Milan, Italy) (Mantovani et al., 1994). The PPARy-2A-RXRa-pcDNA3 and PPARa-2A-

RXRo-pcDNAS3 vectors were generated as detailed in the subsequent section.
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4.2.5.3 Generation of bicistronic expression constructs for PPAR»2A-RXRa and
PPARa-2A-RXReain the pcDNA3 expression vector backbone

A PPARY/RXRa and PPARa/RXRa expression cassette were cloned into pcDNAS3 vector
containing a 2A peptide sequence. This allows two genes to be expressed from the same promoter
in the same vector (the CMV promoter in pcDNAS3). The resulting expression cassette structure
was PPARy-2A-RXRa and PPARa-2A-RXRa.; the 2A peptide mediates bicistronic expression of
two genes by inducing ribosomal peptide-bond skipping (self-cleavage) during translation. The
result is high expression of two different protein products from a single transcription event with

approximately 1:1 ratio (reviewed in (Hutson et al., 2014)).

The 2A-pcDNAS3 vector used in this study originally carried mCherry and Barx2 cDNA sequences
(mCherry/2A/Barx2-pcDNA3) and was made by Dr. Julie-Ann Hulin. Using restriction sites flanking
these genes, the mCherry and mBarx2 inserts were removed from the vector leaving the 2A
sequence intact. Human RXRa cDNA was amplified by Phusion DNA Polymerase (Thermo Fisher
Scientific) using RXRa. F EcoRV and RXRa R Xbal primers (see Table 4.1) and a human RXRa-
pCMX plasmid as template. The purified PCR product was digested with EcoRV and Xbal and
ligated directionally into the EcoRV and Xbal sites of the empty 2A-pcDNA3 vector, thus creating

2A-RXRa-pcDNA3 plasmid.

Subsequently, PPARy was amplified by Phusion DNA Polymerase from mouse kidney cDNA,
using PPARY F Kpnl and PPARy R Mfel primers (see Table 4.1) (Mfel is compatible for ligation to
an EcoRl site). The purified PCR product was digested with Kpnl and Mfel and ligated into the
Kpnl and EcoRl sites of 2A-RXRa-pcDNA3, generating the PPARy-2A-RXRa-pcDNA3 vector.
Mouse PPARa was amplified from mPPARa-pCMX plasmid, using PPARa F BamHI and PPARa
R Mfel primers (see Table 4.1). The purified PCR product was digested with BamHI and Mfel and
then ligated into the BamHI and EcoRI sites of 2A-RXRa-pcDNAS3, creating the PPARa-2A-RXRa-

pcDNAS3 vector. All primers used for this cloning are listed in Table 4.1.
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4.2.5.4 Generation of the -1kb +143bp UGT1A8 promoter/exon 1 construct and
mutant variants

A 143 bp fragment of UGT1A8 Exon-1 containing a direct repeat (DR) corresponding to a putative
PPAR binding site was cloned at the 3’ side of the -1kb-UGT1A8-promoter fragment in the existing-
1kb UGT1A8 pGL3 construct. Both wild-type and mutant 143 bp exonl fragments were amplified
by PCR (Phusion DNA polymerase; Thermo Fisher Scientific) using human genomic DNA (Sigma)
as the template and specifically designed cloning primers. The primers for the wild-type fragment
were 1A8 Ex1-143 wt forward and reverse primers, whereas primers for mutant fragment were 1A8
Ex1-143 mut forward and reverse primers (Table 4.1). PCR products corresponding to UGT1A8-
Exonl wild-type and mutant sequences were digested with Pstl and Ncol restriction enzymes and

ligated into the Pstl and Ncol sites of the 1k-UGT1A8-pGL3 vector.

4.2.6 Mutagenesis of PPAR response element (PPAR-RE) in the UGT1A8 promoter
Mutation of the predicted PPAR-RE in the -1kb-UGT1A8 pGL3 vector or in the -1kb UGT1A9 pGL3

vector was performed using the site-directed mutagenesis (SDM) method described in Chapter 2.
The PPAR-RE at location -818 to -805 was mutated from “TCACCACTGACCT” to

“TCATTACTGATTT”. The corresponding site in 1k-UGT1A9 at location -719 to -709 (Barbier et al.,

2003) was mutated from “TCACCTCTGACCT” to “TCATTTCTGATTT”. In addition, based on a
report by Barbier et al., a PPAR ‘half-site’ sequence predicted at location -50 to -45 in the proximal
promoter of UGT1A9 was mutated from “GGGTCA” to “GAATCA” in the 1kb UGT1A9 pGL3 vector.

All primers used for SDM protocol are listed in Table 4.1.

4.2.7 Fluorescence activated cell sorting (FACS) of Vp 16-PPARa/ GFP co-
transfection

Transfection of VP 16-PPARa vector in Caco-2 cells was performed using GFP as a co-
transfectant to enable FACSorting of transfected cells based on GFP expression level. VP 16-
PPARa/ GFP expressing cells were FACSorted on a BD FACSAria (BD Biosciences, San Jose,
CA) and directly collected in a 1.5 mL eppendorf tube containing 1 mL TRIzol® Reagent for RNA

extraction.
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4.2.8 Cell Electroporation

Caco-2 cells were harvested by trypsinisation and counted. An aliquot of 1.5x10° cells was
transferred to a 1.5 mL Eppendorf tube and spun at 1000 rpm for 5 minutes to collect the cell pellet
that was then resuspended in 400 uL isoosmolar electroporation buffer (IEB), containing KH2PO4
0.3 mM, KCI 25 mM, KoHPO4 0.85 mM and myo-inositol 280 mOsmol/kg, (recipe adapted from
(Deora et al., 2007)). The cell suspension was transferred to Bio-Rad Electroporation Cuvette with
a 0.4 cm gap, and 3 ug plasmid DNA was added to the cells and mixed by pipetting prior to
electroporation on a Bio-Rad MicroPulser™ Electroporator. The settings for electroporation were
capacitance at 675 uF and voltage at 250 mV and were optimized by electroporation of the GFP
expression plasmid and imaging using the EVOS® FL fluorescence microscope. Electroporated
cells were placed into a well of a 6-well plate and 1.5ml of complete DMEM media was added.
Twenty-four hours post electroporation, the media was changed to remove dead cells. The cells

were grown for another 48 hours before harvested in TRIzol® reagent for RNA extraction.

4.2.9 Lentiviral packaging and transduction

Lentiviral transduction of Caco-2 cells was tested as a method to obtain high numbers of cells
carrying desired expression vectors. The GFP/pTiger FIV-based lentiviral plasmid was used to test

packaging and transduction efficiency.

To package the lentivirus, 2x10° HEK293T cells in T25 flask (70-90% confluent) were transfected
with 3ug of the GFP/pTiger lentiviral vector, 2 ug of FIV Gag-Pol vector and 1.5 ug of vesicular-
stomatitis virus (VSV)-G vector. The plasmid DNA was mixed in 200 uL serum free DMEM and
incubated at room temperature for 5 minutes before adding 16 uL of Lipofectamine® 2000 also
diluted in 200 puL serum free DMEM; after a further 20 minutes incubation at room temperature the
transfection complexes were added to the HEK293T cells. The media was replaced 6 hours after
transfection and the supernatant containing lentiviral particles was collected after 48 hours and
either used immediately or snap frozen in dry ice and stored at -80°C. After two rounds of virus

collection, the HEK293T virus-producing cells were discarded appropriately.
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To transduce Caco-2 cells with lentivirus, Caco-2 cells were seeded the day before transduction in
a 6-well culture plate at a density of 2 x 10° cells/well. Lentiviral supernatant was prepared by
centrifuging at 2000 rpm for 5 minutes to pellet any remaining packaging cells/debris. The
supernatant was transferred to a new tube and polybrene was added to a final concentration of 4
ug/mL. The media from the Caco-2 plate was replaced with viral supernatant, followed by
centrifugation of the plate at 3500 rpm for 2 hours at 32°C (spinfection). Following the spinfection,
viral media was replaced with DMEM complete media (10% FBS). To check transfection efficiency,
Caco-2 cells were observed under an EVOS® FL microscope with a GFP filter at 48 hours post-

transduction.

4.2.10 Oligonucleotides

Table 4.1. Oligonucleotides used in studies described in Chapter 4.

Name Sequence (5° 2 3')

Cloning

| 1A8 Ex1-143 wt F GCCCTGCAGTTCTCTCATGGCTCGC
1A8 Ex1-143 wt R GCCCCATGGGCACTACCAGCAGCT
1A8 Ex1-143 mut F GCCCTGCAGTTCTCTCATGGCTCGC

1A8 Ex1-143 mut R GCCCCATGGGCACTACCAGCAGCTTCCCTGCCTCAGCAA

AGTTTCAGGTTAGCAGC
1A8 mut PPRE full F CATCATTACTGATTTCAGGGAGTGCCCAG
1A8 mut PPRE full R CCCTGAAATCAGTAATGATGTCATCTTTGTGT
1A9 mut PPRE full F GACATCATTTCTGATTTCACGGAGTGCTCAGCAGACTG
1A9 mut PPRE full R CACTCCGTGAAATCAGAAATGATGTCAACTTTGTG
1A9 mut PPRE half F ATTGGAATCAGGTTTTGTGCCTGTAGTTC
1A9 mut PPRE half R CCTGATTCCAATAGAGGGCGTGTATTTATCCTG
PPARo. F BamHI CGGGATCCATGGTGGACACAGAG
PPARa R ECOR| CGCAATTGGTACATGTCTCTGTAGATCTC
PPARy F Kpnl GGGGTACCATGGGTGAAACTCTGGGAG
PPARy R Mfel CCGCAATTGATACAAGTCCTTGTAGATCTCC
RXRa F ECORV CGGATATCATGGACACCAAACATTTCCTGCC
RXRa R Xbal GCTCTAGACTAAGTCATTTGGTGCG
gRT-PCR
. 18SF CGATGCTCTTAGCTGAGTGT
18S R GGTCCAAGAATTTCACCTCT
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UGT1A8 F
UGT1A8 R
UGT1A9 F
UGT1A9 R
UGT1A10 F
UGT1A10 R
hH-Ferritin F (hFTH1)
hH-Ferritin R (hFTH1)
hABCB1 F
hABCB1 R
hABCG2 F
hABCG2 R
hCDX2 F
hCDX2 R
hHNF4o F
hHNF4a R
hPPARy F
hPPARy R
hERB F
hERB R
NF-YA F
NF-YA R
L-FABP F
L-FABP R
ChIP-gPCR

CTGCTGACCTGTGGCTTTGCT
CCATTGAGCATCGGCGAAAT
GAGGAACATTTATTATGCCACCG
GCAACAACCAAATTGATGTGT
CCTCTTTCCTATGTCCCCAATGA
GCAACAACCAAATTGATGTGTG
CTGGCTTGGCGGAATATCT
CCCGAGGCTTAGCTTTCATT
GCCATCAGTCCTGTTCTTGG
GCTTTTGCATACGCTAAGAGTTC
TGCAACAGGAAACAATCCTTGT
GATCGATGCCCTGCTTTACC
ATCACCATCCGGAGGAAAG
TGCGGTTCTGAAACCAGATT
CAGCACTCGAAGGTCAAGCTA
ACGGGGGAGGTGATCTGT
GCTTCATGACAAGGGAGTTTC
ACTCAAACTTGGGCTCCATAAAG
TGGTCGTGTGAAGGATGTAAG
ACTTCTCTGTCTCCGCACAAG
CAATTCAGGAGGGATGGTCA
GAGAGGCTCTTCTTCAAGCATC
CACCTTCCAACTGAACCACTG
TGATCCAAAACGAATTCACG

ChIP negative control locus For
ChIP negative control locus Rev
UGT1A8-100 For
UGT1A8-100 Rev

EMSA

ACATACTCAGATGGAAATGAGAA
AGCTCAACATTCTGCTGAAC
TTTTGGTACCTCAAAAAATGATACTC
AGCCACGCGTGAACTGCAGCCCGAGC

LUEGO-Tag
UGT1A8-50 DR1 half-site wt Top

GTGCCCTGGTCTGG
GTGCCCTGGTCTGGCGCCCTCTATTGGGGTCAGGTTTT

UGT1A8-50 DR1 half-site mut Top GTGCCCTGGTCTGGCGCCCTCTATTGAAGTCAGGTTTT
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4.3 Results and Discussion

4.3.1 Screening of UGT1A8 promoter response to flavonoids identifies genistein as
a potent inducer of promoter activity in NaB-induced differentiated Caco-2
cells

To identify chemicals (flavonoids and steroids) that can induce UGT1A8 promoter activation we
used a stably transfected Caco-2 cell line carrying the -7kb UGT1A8 promoter linked to the
luciferase reporter (Figure 4.1C). The -7kb-UGT1AS8 stable line was differentiated to represent
mature intestinal enterocyte by two differentiation methods: the 21 day-post confluent
differentiation (21d-diff) and sodium butyrate-induced rapid differentiation (NaB-diff) methods.
Consistent with the pattern of UGT expression in intestinal epithelium, which increases in
differentiated cells at the villi surface by 4 fold compared to crypt cells (Dubey and Singh, 1988),
and a report showing that genes involved in xenobiotic and drug metabolism increase during Caco-
2 differentiation (Mariadason et al., 2002), we found that both differentiation methods increased the
basal level of UGT1A8 mRNA (Figure 4.1D), with the NaB diff method producing slightly greater

increase (3-fold) than the 21d-diff method (2.4-fold).

A total of 26 flavonoid compounds were tested at a concentration of 10 uM for their ability to induce
the UGT1A8 promoter in differentiated Caco-2 cells. The flavonoid concentration (10 uM) was
selected as it was considered at low range and non-toxic for Caco-2 cells, this was supported by
recent findings of Fang et al which showed that the viability of Caco-2 cells was unaffected at
flavonoid concentrations of up to 40 uM (Fang et al., 2017). Thus, we could eliminate cell viability
factors in interpreting the effects of flavonoids on UGT1A8 promoter activity. Activity assays were
performed 48 hours post-treatment. Figure 4.1A shows that flavonoid exposure could stimulate -
7kb-UGT1A8 promoter activity only in cells differentiated by NaB induction (NaB-diff), whereas the
21d-diff Caco-2 cells were insensitive to the treatment. This insensitivity of the 21d-diff cells might
have been caused in part by impermeant tight junctions that develop during the differentiation
process. The permeability of tight junctions formed after NaB-induced differentiation of Caco-2
cells appears to be more variable when compared to the 21-day differentiation method (Yamashita
et al., 2002). Gomez et al. found that the tight junctions of differentiated Caco-2 cells are

impermeable to mannitol (Gémez et al., 1999), although it is unclear if they would be impermeable
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to flavonoids. It is also possible that NaB more effectively induces regulatory factors that mediate
promoter induction by flavonoids; and/or makes the UGT1A8 promoter construct more accessible

to these regulatory factors via chromatin modification.
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Figure 4.1. Screening for activation of UGT1A8 promoter by flavonoid and steroid in differentiated
Caco-2 cells.

A. Flavonoids at 10 uM were screened for their ability to induce the -7kb-UGT1A8 promoter in Caco-2 cells
differentiated according to the 21-day post confluent protocol or the NaB-induced protocol. Genistein (4',5,7-
trihnydroxyisoflavone) generated the highest activation in NaB-induced differentiation conditions. B. Steroid
were screened for their ability to induce the -7kb-UGT1A8 promoter in Caco-2 cells under both differentiation
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conditions. C. Schematic construct of the -7kb segment of the UGT1A8 promoter cloned into the Luciferase
reporter pGL3basic. D. Confirmation that UGT1A8 mRNA level is increased in Caco-2 cells by both
differentiation protocols. Relative luciferase activities are shown as fold induction over vehicle and
normalised to the amount of total protein. The mRNA expression was analysed by real-time reverse-
transcriptase PCR and normalised to 18S rRNA. Data are average of duplicates from 3 experiments. T-
test*P<0.05; **P<0.005, ***P<0.001.

In NaB induced differentiated Caco-2 cells, our results indicated that exposure to 18 out of 26
flavonoids increased UGT1AS8 activation significantly in the following order: Flavanone < Morin < 6-
OH flavone < 3,7,4 trinydroxyflavone < Naringin < Flavone < Naringenin < 3,7 dihydroxyflavone <
Myricetin < 2-OH flavanone < 4-OH flavanone < 3,6 dihydroxyflavone < 5-OH flavone <
epigallocatechin gallate (EGCG) < 3-OH flavone < 4-OH flavone < galangin < genistein (Figure
4.1A). Genistein was the most potent inducer of the UGT1A8 promoter inducing it ~18 fold over the
vehicle condition. Interestingly, Tang et al. reported that at a concentration of 10 uM or greater, the
largest contributor to genistein glucuronidation is UGT1A8, while at a low concentration, genistein
was glucuronidated more by UGT1A9 (Tang et al., 2009). Thus, the induction of UGT1A8 promoter

by genistein suggests a possible regulatory feedback circuit.

UGT1AS8 is known to also metabolise steroid compounds (Cheng et al., 1999), thus we decided to
test whether steroids also mediate promoter activation. Again, only in cells differentiated using the
NaB-diff protocol could stimulation of the UGT1A8 promoter be observed (Figure 4.1B). Tamoxifen
(TAM) produced the highest induction of the UGT1A8 promoter, with an activation of ~6 fold over
vehicle condition, followed by estriol (5 fold) (Figure 4.1B). Sun et al. reported that, together with
UGT2B7 and UGT1A10, UGT1AS8 is active in TAM glucuronidation (Sun et al., 2007). These data
suggest that the UGT1A8 promoter is regulated by estrogenic compounds that function through the

estrogen receptor (ER) signalling pathway.

As discussed above and presented in Figure 4.1A and Figure 4.1B, modulation of UGT1A8
promoter activity was observed only when chemical treatment was applied to Caco-2 cells
differentiated by NaB induction. We propose that flavonoid and steroid molecules regulate the
promoter via ligand-activated transcription factors. During the differentiation process, NaB alters

expression of differentiation-associated genes by inducing histone hyperacetylation (Mariadason et
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al., 2001), in a manner that also depends on cell density (Davie, 2003). We demonstrated that
several differentiation markers were activated in butyrate-induced differentiation, confirming the
state of differentiated Caco-2 (Figure 4.2). H (heavy)-ferritin, a gene involved in iron cellular traffic
and intracellular metabolism, has been associated with phenotypic differentiation in Caco-2 cells
(Bevilacqua et al., 1995). We found that H-ferritin mRNA was increased ~5-fold by NaB-induced
differentiation, a similar increase to that shown by Bevilacqua et al. Drug efflux transporters ABCB1

and ABCG-also showed small increases of around 2 fold.
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Figure 4.2. Differentiation markers increase following sodium butyrate-induced differentiation.

MRNA levels of differentiation markers were analysed by gRT-PCR in NaB-induced differentiated Caco-2
and non-differentiated Caco-2 cells (set as 1). The results are normalised to 18S rRNA. Data is in duplicate
from 2 experiments. T-test*P<0.05; **P<0.005; ***P<0.001.

The expression of transcription factors known to be involved in UGT regulation, CDX2, HNF4a, and
peroxisome proliferator-activated receptor gamma (PPARY) were also analysed in NaB-induced
differentiated Caco-2 cells and undifferentiated cells (Figure 4.2). We found that CDX2 mRNA was
significantly upregulated by around 6 fold in differentiated Caco-2 cells. CDX2 overexpression is
known to promote upregulation of intestinal differentiation markers (Suh and Traber, 1996). The
expression of HNF4a was also shown to increase by around 2 fold following NaB induced

differentiation; this might be related to its regulation by CDX2 (see Chapter 3). PPARy is a member
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of the nuclear receptor family, and has been linked to differentiation of colon cancer cells including
Caco-2 cells (Kitamura et al., 1999), inhibiting cell growth and inducing differentiation markers
(Wachtershauser et al., 2000). PPARY, but not PPARa, was previously found to be induced during
Caco-2 differentiation (Huin et al., 2002). We confirmed here that PPARy mRNA was induced

during NaB-induced differentiation of Caco-2 cells (Figure 4.2).

4.3.2 Genistein and butyrate synergistically induce UGT1A8 promoter activity and
UGT1A8 mRNA expression

In the NaB-induced differentiated Caco-2 model, genistein was identified as the most effective
compound for inducing UGT1A8 promoter activity amongst the flavonoids and steroids screened. It
was possible that NaB treatment enhanced induction by genistein because it induced a
differentiated state that includes induction of effectors of genistein action. It is also possible that
NaB had more immediate effects on the ability of the UGT1A8 promoter to be transcriptionally
activated. To further examine these possibilities, we transiently transfected UGT1A8 promoter
constructs in cells seeded at low density (5x10* cells/well of a 48 well-plate) such that

differentiation would not occur.

We also used a number of UGT1A8 promoter deletion constructs in order to determine the
elements within the promoter that contribute to the induction by genistein. The constructs range
from -0.25kb to -3kb of the promoter, and were previously made by Dr. Phil Gregory. Figure 4.3A
shows how six UGT1A8 promoter constructs (-0.25kb, -0.5kb, -1kb, -1.5kb, -2kb and -3kb)
responded to simultaneous genistein and butyrate exposure. The -0.25kb, -0.5kb and -1kb
UGT1A8 promoters showed small but significant induction by genistein alone (approximately 2 or 3
fold relative to control). Furthermore, synergic induction by genistein and NaB was detected for all
promoter constructs. The -1kb and -1.5kb UGT1A8 promoters showed the greatest induction of
around 9 fold. This was less than that previously demonstrated for the integrated -7kb-UGT1A8
promoter under NaB-induced differentiated conditions, suggesting that density-induced
differentiation and distal regulatory elements may contribute to induction. Taken together, Figure

4.3 shows a similar pattern of UGT1A8 promoter activation by genistein alone or by the synergistic
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action of genistein and butyrate, which suggests that important elements responsible for genistein

action may be located within -1kb of the UGT1A8 TSS.

To determine whether UGT1A8 mRNA is synergistically induced by genistein and NaB, we
performed mRNA analysis. Genistein and NaB were each able to increase UGT1A8 mRNA levels,
and a combination of both chemicals generated further induction (Figure 4.3B). Thus, this mMRNA
data is consistent with promoter analysis in indicating that genistein and NaB regulate UGT1A8

gene expression.
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Figure 4.3. Identification of genistein as an inducer of UGT1A8 promoter activity and gene
expression.

A. Genistein activates UGT1A8 promoter constructs and interacts synergistically with NaB. Fold induction of
luciferase activity is presented relative to vehicle treated cells (set as 1). B. UGT1A8 mRNA expression is
increased by genistein, NaB, and by genistein and NaB. The mRNA expression was normalised to 18S
rRNA. Data are in duplicate from a minimum of 3 experiments. T-test*P<0.05; **P<0.005; ***P<0.001.

Based on the evidence that both the UGT1A8 promoter and mRNA are induced by genistein and
NaB, and the capacity of NaB to act as a HDAC inhibitor, we propose that histone acetylation
enhances the access of a genistein-activated transcriptional complex to the UGT1A8 promoter
(Figure 4.4). Which transcription factor(s) mediate the activity of genistein remain to be determined

and is addressed in the subsequent section.
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Figure 4.4. Schematic model for the synergistic regulation of the UGT1A8 promoter by NaB and-
genistein.

NaB alters chromatin structure by inhibition of histone deacetylases (HDACS). In the absence of NaB,
HDACSs are active and mediate removal of acetyl groups from histone lysine residues, which results in
compacted chromatin. Inhibition of HDACs by NaB allows histone acetyltransferases (HATS) to
hyperacetylate histones and decompact chromatin (Delage and Dashwood, 2008). This may facilitate access
of a-genistein-responsive transcription factor complex to the UGT1A8 promoter to induce gene transcription.

4.3.3 Mechanistic analysis of UGT1A8 regulation by genistein

As the main isoflavone source in the human diet, soy foods, such as tofu and soy milk, are rich in
the isoflavone genistein (Murphy et al., 1999). Genistein has significant physiological effects
including as a phyto-estrogen. Having a close structural similarity to 17p-estradiol, genistein is able
to bind to both estrogen receptor (ER)-a and ERf to modulate estrogen-responsive gene
expression (Casanova et al., 1999, Nikov et al., 2000). The binding affinity of genistein for ERa is
poor compared to estradiol (E2) at approximately 4% that of E2, although genistein has been
reported to show ERa selective activity in some contexts (Barkhem et al., 1998). In contrast, the
binding affinity of genistein for ERp is relatively high (~87% that of E2) (Kuiper et al., 1998),

suggesting that this receptor is the main mediator of genistein’s estrogenic effects.
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Although genistein is considered a phyto-estrogen, it can also bind other NRs such as PPARs
(Ricketts et al., 2005) and the role of genistein as a PPAR agonist has been summarized in a
review by Patel and Barnes ((Patel and Barnes, 2010) and references therein). A survey of
literature reveals many studies supporting the idea that isoflavone action is predominantly
mediated by PPARy (Chacko et al., 2007, Dang, 2009, Miyake et al., 2009, Chacko et al., 2005,
Dang and Lowik, 2005, Pallauf et al., 2017). Moreover, genistein was shown to bind the PPARy
ligand binding domain (LBD) leading to a transcriptionally favourable conformation (Salam et al.,
2008). However, there is also evidence that soy-isoflavone action can be mediated by PPAR«
(Ricketts et al., 2005), although there is a lack of information regarding binding mechanism to

PPARa.

Studies in this section examined whether ERB, PPARy or PPARa may be involved in regulation of
UGT1A8 by genistein in Caco-2 cells (see Figure 4.5A). As presented in Figure 4.5B, ERp and
PPARy mRNA levels were upregulated by genistein. To investigate whether these factors might
mediate the response of the UGT1A8 promoter to genistein, we used the chemical inhibitors ICI
182780, an ER antagonist, and GW9662, a PPARy potent nhon-competitive antagonist. In addition,
agonists were used to further confirm selectivity. 17p-estradiol was used as an ER agonist;
although 17p-estradiol binds both ERa and ER, this agent has been shown to be competitive to

genistein (Barkhem et al., 1998). Rosiglitazone was used as a PPARy-selective agonist.

Treatment of cells with either ICI 182780 or GW9662 at 10 uM abolished the induction of UGT1A8
MRNA by genistein (Figure 4.5E). In addition, both 17p-estradiol and rosiglitazone were able to
induce UGT1A8 expression and this effect was negated by their antagonists (Figure 4.5C and D).

These data suggest that may act via both ER and PPARYy to regulate UGT1A8 in Caco-2.
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Figure 4.5. Potential mechanism of UGT1A8 mRNA induction by genistein via PPARy and ERp.

A. Genistein is known to regulate gene expression via both PPAR and ERp signalling pathways to target
multiple biological processes (Patel and Barnes, 2010). B. Genistein treatment of low density undifferentiated
Caco-2 cells induced endogenous PPARy and ER-f mRNA. C and D. UGT1A8 mRNA is increased by an ER
agonist (17p-estradiol/E2) and a PPARY agonist (Rosiglitazone); the ERp PPARy and antagonists/inhibitors,
ICI1 182780 and GW9662 respectively, negated the effect. E. UGT1A8 mRNA induction by genistein is
abolished by both ICI 182780 and GW9662. Genistein, ICl 182780 and GW9662 were used at 10 uM, 17p3-
estradiol at 1 nM, and rosiglitazone at 1 uM. Level of UGT1A8 mRNA in vehicle treated Caco-2 cells was set
as control at a value of 1. The mRNA expression was normalised to 18S rRNA. Data are in duplicate from
two experiments. T-test***P<0.001.

In order to identify response elements of ER and PPAR within the UGT1A8 promoter that may be
responsible for genistein action in Caco-2 cells, two UGT1A8 promoter constructs (-0.25kb and a
long -7kb) were first screened for responses to genistein, 17p-estradiol, and rosiglitazone; ICI
182780 (ER antagonist) and GW9662 (PPARy antagonist) were then used to determine whether

they could block induction.

Caco-2 cells were transiently transfected with the UGT1A8 promoter constructs in low density
without NaB to observe UGT1A8 promoter response to genistein alone. Figure 4.6 shows that both
the short and long UGT1A8 promoters were activated by genistein although the fold induction was

lower than when NaB was included, again suggesting that butyrate-significantly contributes to
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genistein action. GW9662 was able to block activation of both the short and long promoters by
genistein, suggesting that PPARYy is involved in mediating genistein action. Moreover, the

promoters were activated by PPARYy agonist rosiglitazone and this was also blocked by GW9662.

Treatment of cells with 173-estradiol did not activate either the short or long UGT1A8 promoter
construct. In addition, the ER antagonist had no effect on genistein-mediated induction of the
promoters. Given that the ER antagonist did inhibit genistein-mediated induction of UGT1A8
MRNA, it seems likely that ER may be involved in induction by genistein via element(s) located in a
more distal region of the promoter. Contribution of ER to a post-transcriptional mechanism that

increases UGT1A8 mRNA levels is another possible explanation for our observations.
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Figure 4.6. Mechanistic analysis of UGT1A8 regulation by genistein at the promoter level.

A and B. Short -0.25kb- and long -7kb-UGT1A8 promoter luciferase reporter constructs were transiently
transfected in Caco-2 cells. pRL-null Renilla reporter vector was used to normalise for transfection efficiency.
Cells were treated with 10 uM genistein, 1 nM 17p-estradiol, or 10 uM rosiglitazone. 10 uM ICI 182780 or
GW9662 were used to inhibit ER or PPARY activity respectively. Both promoter constructs showed induction
by genistein and PPARY agonist rosiglitazone but not by 17p-estradiol; only the PPARYy inhibitor GW9662
blocked genistein activation. Data are in duplicate from 3 experiments. T-test*P<0.05; **P<0.005;
***P<0.001.

Our UGT1A8 promoter assay results suggest the presence of a PPARy response element in the
proximal -0.25 promoter region. To date, only one study (Barbier et al., 2003) has identified a
functional PPAR binding site in a UGT1A gene, and this is located at -719 to -706 of the UGT1A9
promoter. Since the UGT1A8-1A10 gene cluster shows a high degree of sequence similarity
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(>75%) within the -1k promoter region (Gregory, 2004), we investigated whether genistein can

activate UGT1A9 and UGT1A10 in a PPARy-dependent manner. For this study, -1kb UGT1AS, -

1A9 and -1A10 promoter constructs were used. The putative PPAR binding site (called direct

repeat DR1) in UGT1A9 and its sequence alignment in the three UGT promoters is shown in

Figure 4.7.

UGT1A9 -731 5' CACAAAGTTGACA

UGT1A8 -831
UGT1A10 -817

Figure 4.7. A putative PPAR binding site within UGT1AS8, -1A9 and -1A10 1kb promoters.

Results from the -1kb UGT1AS8, -1A9 and -1A10 promoter analysis in Caco-2 cells (Figure 4.8)
indicate that genistein significantly induced each of the -1kb promoter constructs, and that the
PPARy antagonist GW9662 attenuated induction by genistein. Rosiglitazone treatment also
activated the -1kb UGT1A8 promoter, and its effect was blocked by GW9662. Although not

significant, rosiglitazone also showed a trend towards induction of the -1kb-UGT1A9 and -1A10

CACAAAGATGACA
CACAGAGATGGCA]

* % % % * % * % * %

DR1 site

TCACCTCTGACCT
TCACCACTGACCT
TCACCTCTGACTT

* * k *x % * % k *x %k *

CAAGGAGTGCTCAG 3'-602 (Barbieretal., 2003)

CAGGGAGTGCCCAG
CCAGGAGTCCTCAG

* * * k k % * * * *

-792
-778

promoters. These data suggest that genistein may induce these promoters by acting as a PPARy

ligand.
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Figure 4.8. Genistein activates the -1kb UGT1AS8, -1A9 and -1A10 promoters, likely via PPARY.

A. Barbier et al. identified an element (DR1) at -719 to -706 in the UGT1A9 promoter that responds to PPAR.
This element is conserved in UGT1A8 and -1A10 with only 1-2 nt mismatches (underlined). B-D. Genistein
treatment, rosiglitazone treatment and PPARY inhibition (GW9662) were performed in Caco-2 cells
transiently transfected with the -1kb-UGT1A8 (B), -1kb-UGT1A9 (C) or -1kb-UGT1A10 (D) promoter reporter
constructs. Data are in duplicate from a minimum of 3 experiments. T-test*P<0.05; **P<0.005; ***P<0.001.

To determine whether the endogenous UGT1A9 and -1A10 genes are regulated by genistein, we
analysed the UGT1A9 and -1A10 mRNA levels following genistein treatment with or without
PPARY inhibition using GW9662 (Figure 4.9). We found that genistein induced UGT1A9 and -1A10
MRNA around 3-fold compared to vehicle treatment. Treatment with GW9662 abolished induction

of both UGT1A9 and -1A10 by genistein. These data suggest that the three intestinal UGT genes
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UGT1A8, -1A9 and -1A10 are regulated by genistein, and this is at least partially mediated by
PPARy. UGT1A9 was previously identified as both a PPARa and PPARY target gene (Barbier et
al., 2003).UGT1A9 is also the dominant hepatic UGT involved in glucuronidating genistein
(Pritchett et al., 2008). Meanwhile both UGT1A8 and UGT1A9 may play a role in glucuronidation of
genistein in intestine (Tang et al., 2009). We suggest that genistein induces UGT1A8 and UGT1A9

expression through the PPARY signalling pathway as part of a feedback mechanism that increases

its own clearance.
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Figure 4.9. Analysis of UGT1A9 and -1A10 mRNA induction by genistein.

Genistein induces mRNA expression of (A) UGT1A9 and (B) UGT1A10. PPARy antagonist GW9662
abolishes genistein action. The mRNA expression was normalised to 18S rRNA. Data are in duplicate from 2
experiments. T-test***P<0.001.

4.3.4 Analysis of UGT1A8-1A10 gene regulation by PPARy

To examine whether PPARYy positively regulates endogenous UGT1A8, a plasmid which allows
bicistronic expression of PPARy and retinoid X receptor-alpha (RXRa) was transfected into Caco-2
cells in the presence or absence of the PPARYy ligand rosiglitazone. The bicistronic expression
plasmid was used because PPARYy binds to its response elements within gene promoters as

obligate heterodimers with RXR (Ahmadian et al., 2013),

Caco-2 cells transfected with the PPARy and RXRa expression plasmid and treated with PPARy
agonist rosiglitazone show greater increase in UGT1A8 transcript levels than cells transfected with
empty vector (Figure 4.10). This data confirms that PPARYy positively activates the endogenous

UGT1AS8 gene.
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Figure 4.10. PPARy-RXRa overexpression enhances the ability of a PPARy agonist to induce UGT1A8
MRNA expression in Caco-2 cells.

Caco-2 cells were transfected with mPPARy2ARXRa-pcDNA3 vector in the presence and absence of PPARYy
activator rosiglitazone (10 uM). pcDNA3 was used as the empty vector control. The mRNA target expression
was normalised to 18S rRNA. Data are in duplicate from 2 experiments. T-test ***P<0.001.

While studies to this point clearly show that genistein action on the UGT1A8-1A10 -1kb promoters
(and likely -0.25kb promoters) is mediated by PPARY, the identity of the PPARYy binding element
within these promoters remains undefined. To begin to address this, we co-transfected -1kb-
UGT1A8 and UGT1A9 promoter constructs with mPPARy2ARXRa in COS-7 cells to replicate the
previously published study that defined a functional PPAR binding element (DR1) at -719 to -706nt
in the UGT1A9 promoter (Barbier et al., 2003). As shown in Figure 4.11A, PPARy and RXRa
overexpression together with rosiglitazone treatment increased UGT1A9 promoter activity by 3-
fold; this result was similar to that previously published (Barbier et al., 2003). PPARy and RXRa
overexpression combined with rosiglitazone treatment also increased UGT1A8 promoter activity by
2.4-fold. Mutation of the putative PPAR (DR1) element at location -818 to -805nt in the UGT1A8
promoter (Figure 4.11B) reduced induction of the UGT1A8 promoter, suggesting that rosiglitazone-

liganded PPARy mediates induction of the UGT1A8 promoter via the DR1 element.
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Figure 4.11. PPARy induces UGT1A8 promoter activity via a PPRE at location -818 to -805nt in COS-7
cells.

A. The wild-type -1kb UGT1A8 and UGT1A9 promoters as well as a mutated version of the -1kb UGT1A8
promoter lacking the predicted PPAR binding element (DR1) were co transfected into COS-7 cells with the
MPPARy2ARXRa-pcDNA3 expression vector. At 24-hours post transfection, rosiglitazone (10 uM) or vehicle
was added. Cells were harvested after 48 hours of treatment for luciferase assay. pRL-null Renilla reporter
vector was used to normalise for transfection efficiency. The data is presented relative to the pcDNA3 control
transfection condition (set at a value of 1). Data are in duplicate from 2 experiments. T-test *P<0.05;
**P<0.005. B. Schematic of the mutated-1kb-UGT1A8 promoter reporter construct. The predicted PPAR
binding element (DR1) within the promoter is indicated with the mutated bases shown in red font.

The UGT1A8 and UGT1A9 promoter study shown in Figure 4.11A was repeated in Caco-2 cells to
determine whether the regulatory mechanisms would be conserved between different cell models.
In the Caco-2 cell line promoter study, we employed three promoter constructs: the -1kb-UGT1A8

and UGT1A9 promoters, and a synthetic PPRE reporter construct that acted as a positive control.

As presented in Figure 4.12, activation by rosiglitazone-liganded PPARy was only observed for the
synthetic PPRE reporter construct in Caco-2 cells (Figure 4.12A). There was no activation of the -
1kb UGT1A8 and UGT1A9 promoters by rosiglitazone-liganded PPARy in Caco-2 cells. This was
in contrast to results obtained in COS-7 cells (see Figure 4.11A). When an expression vector for
the PPARYy co-activator-1 (PGC-1) was co-transfected, a modest (<1.5-fold) promoter activation
was observed (Figure 4.12B). This data suggests that liganded PPARy may require additional
factors to regulate UGT1A8 promoter activity in Caco-2 cells and these factors may include PGC-1

(Figure 4.12C).
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Figure 4.12. PPARy may require the co-activator PGC-1 to induce UGT1A8 promoter activity in Caco-2
cells.

A. The -1kb-UGT1A8 and UGT1A9 promoter constructs are not induced by expression of PPARy-RXRa and
treatment with PPARy agonist rosiglitazone in Caco-2 cells. The synthetic PPRE construct is induced by
expression PPARy-RXRa and treatment with rosiglitazone. B. The -1kb and -7kb-UGT1A8 promoter
constructs are weakly induced by co-expression of PPARy-RXRa and coactivator PGC-1 in Caco-2 cells.
pRL-null Renilla reporter vector was used to normalise for transfection efficiency of luciferase reporter. The
data is presented relative to the pcDNA3 control transfection condition (set at a value of 1). Data are in
duplicate from minimum of 3 experiments. T-test *P<0.05; **P<0.001. C. Schematic representation of
PPARYy action in Caco-2 cells; PPARy-RXRa dimers recruit PGC-1 to help activate the target gene.

There may be multiple explanations for why the UGT1A8 promoter responds differently to
rosiglitazone-liganded PPARYy in COS-7 cells relative to Caco-2 cells (Figure 4.12A). One
possibility is that other factors required for PPARYy function at the UGT1A8 promoter (including but

not limited to PGC-1) are limiting in Caco-2 cells.

In addition, it is important to note that the binding sites for PPARy and HNF4a are very similar both
corresponding to the direct-repeatl (DR-1) configuration of AGGTCAXAGGTCA, leading to the
possibility of competition for binding of these factors to the same DNA elements The DR1 element
located at-719nt/-706nt in the UGT1A9 promoter (which corresponds to the DR1 located at -818nt/-

805nt in the UGT1A8 promoter) has been reported to bind to HNF4a, supporting the potential for
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PPARy and HNF4a competition. The absence of HNF4a in COS7 cells (Jiang et al., 1995),
compared to its abundance in Caco-2 cells, might provide another explanation for why PPARy can
induce the UGT1A9 and UGT1A8 promoters via the DR1 element in COS7 cells but not in Caco-2

cells.

Finally, other cell-type specific variables such as nuclear receptor phosphorylation (which can alter
ligand binding, DNA binding, and recruitment of co-factors) could be responsible for cell-type
specific promoter activation. Several kinases are known to phosphorylate PPARs in different
contexts (Diradourian et al., 2005). In particular, (Chen et al., 2003) have shown that in the colon
cancer cell line HT-29, the PPARYy ligand ciglitazone induces ERK1/2 activity, resulting in PPARYy
phosphorylation which affects transcriptional activity. It is conceivable that genistein has as yet
unknown effects on PPARy phosphorylation and this would be a useful future direction for this

study.

4.3.5 Potential role of PPARa in regulating UGT1A8-1A10 gene expression

Like PPARy, PPARa is also known to mediates soy-isoflavone action (Ricketts et al., 2005). In this
section we investigated whether PPARa could induce UGT1A8 mRNA expression. Caco-2 cells
were transfected with an expression construct encoding a VP16-PPARa fusion protein. This
protein contains the PPARa DNA binding region linked to a constitutive activation domain (VP16).
The VP16 activation domain promotes assembly of an initiation complex and recruitment of
coactivators to activate gene transcription; hence PPARa ligand treatment is not required. The
VP16-PPARa expression plasmid was co-transfected with a GFP-expression plasmid so that
transfected Caco-2 cells cells could be identified and collected by FACSorting. Thus, only

GFP/VP16-PPARa-expressing cells were collected for RNA analysis.

As shown in Figure 4.13, VP16-PPARa induced endogenous UGT1AS8, -1A9 and -1A10 mRNA
levels by between 4 and 7 fold. A well-known PPARa target liver fatty acid-binding protein (L-
FABP) (Landrier et al., 2004), was increased around 40 fold. This data suggests that PPARa binds

to and regulates the UGT1A8-1A10 genes.
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Figure 4.13. VP16-PPARa induces UGT1A8, UGT1A9, UGT1A10 and L-FABP mRNA expression.

Caco-2 cells were transfected with VP16-PPARo and GFP expression vectors. FACsorting was used to
enrich expressing cells. A. UGT1A8, -1A9 and -1A10 mRNA levels assessed by gRT-PCR. B. L-FABP
MRNA level assessed by gqRT-PCR. Gene expression was normalised to 18S rRNA and then to the control
(empty vector) condition. Data are in duplicate from two experiments. T-test **P<0.001.

Next, we transiently co-transfected Caco?2 cells with the -1kb-UGT1A8 and -1A9 promoter
constructs and the mPPARa2ARXRa expression plasmid in the presence or absence of ligand
(500 uM of clofibric acid). PPARa2ARXRa and clofibric acid had no effect on the UGT1A8 or -1A9
promoters (Figure 4.14A). However, the synthetic PPRE reporter construct was activated over 5
fold by the combination of PPARa2ARXRa and clofibric acid (Figure 4.14A). These results echo
those seen with transfection of the PPARy2ARXRa expression plasmid in Caco2 cells (see section
4.3.4 of this Chapter); similar explanations can be postulated for the failure of PPARa and PPARY

to induce the UGT promoters in Caco-2 cells (see section 4.3.4).

The studies to this point indicated that PPARa and PPARYy activated by high affinity ligands
(rosiglitazone and clofibric acid) could induce the endogenous UGT1A8-1A10 mRNA in Caco2
cells. But these factors could not induce the various UGT promoter constructs that were tested in
Caco-2 cells. We have proposed that induction in Caco-2 cells requires additional protein
factors/modifications that are lacking in these cells. However, it is also possible that UGT promoter
regulation in these cells requires cis elements that are not contained within the tested promoter
regions. Bioinformatic prediction of transcription factor binding sites in the UGT1A8 promoter using
the Genome Browser at the University of California Santa Cruz (UCSC) and SABiosciences' Text

Mining Application (http://www.sabiosciences.com) revealed the presence of a potential PPARa
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binding site location between +101 to +113 bp from the UGT1A8 TSS (i.e. overlapping part of
exon-1). This segment downstream of the TSS is not included in the existing promoter constructs
that were tested, To investigate any role of this predicted PPARa site in UGT1A8 promoter
activation in Caco-2 cells, we cloned an extra 143 bp sequence including the predicted PPAR«a

binding site at the 3’ side of the existing -1kb promoter fragment in the -1kb-UGT1A8 pGL3

construct (Figure 4.14B).
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Figure 4.14. UGT1A8 and -1A9 -1kb promoters do not respond to ligand-activated PPARa in Caco-2
cells.

A. PPARa-RXRao was coexpressed in Caco-2 cells with the -1kb-UGT1A8 and UGT1A9 promoters or with a
synthetic PPRE reporter. Cells were treated with PPARa agonist clofibric acid for 48 hours. Only the PPRE
construct responded to PPARa activation B. Schematic showing the proximal 143bp spanning the 5UTR
and part of exon-1 of the UGT1A8 gene that was inserted into the -1kb-UGT1A8-pGL3 vector (generating -
1kb+143bpExon1-UGT1A8). The additional 143bp contains a predicted PPAR« response element located at
+101 to +113. Wildtype and mutant promoter constructs were made, with red font indicating the mutated
nucleotides in the predicted PPAR binding site. C. The 1k+143bpExon1-UGT1A8 wildtype and mutant
promoters were co-transfected with PPARaRXRa in the presence and absence of clofibric acid. Empty
pCDNAS3 vector was used as a control. pRL-null Renilla reporter vector was used to normalise for
transfection efficiency of luciferase reporter. Data are in duplicate from minimum of 3 experiments. T-
test*P<0.05.
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The new -1kb+143bp UGT1A8 promoter construct (containing the additional 143bp segment that
overlaps the new predicted PPARa binding site) did appear to be slightly responsive to expression
of mMPPARa2ARXRa in the presence of clofibric acid, but unfortunately the results were variable
between replicates and not statistically significant (Figure 4.14C). Hence, we cannot determine
whether this element plays any significant role in the observed induction of endogenous UGT1A8

MRNA expression by PPARa.

Ultimately, the conclusion drawn from the studies in this section is that expression of the
endogenous UGT1A8-1A10 genes is regulated by genistein by a mechanism that appears to
involve PPAR and ER factors. These UGT genes are also regulated by PPAR factors when they
are activated by classical ligands (rosiglitazone, clofibric acid). However, we are unable to define
discrete functional PPAR binding elements that mediate the induction of the UGT1A8-1A10
promoters by PPAR factors in Caco?2 cells. Moreover, the elements involved in activation by PPAR

in Caco-2 cells may be different to the elements involved in other cell types (such as COS7).

4.3.6 PPARa and PPARYy attenuate HNF4a-mediated UGT1A9 activation

It has been already mentioned that the major intestinal nuclear receptors PPARs and HNF4a can
interact and may also compete for binding to common DNA regulatory motifs. To investigate these
phenomenon further, we studied the -1kb UGT1A9 promoter that contains the previously identified
DR1 PPAR response element located at -719 to -706 nt (Barbier et al., 2003) as well as a the
novel CDX2/HNF4oa composite element around -50 to -45nt that we characterized extensively in
Chapter 3 (designated in Chapter 3 as the -47HNF4aRE). Both of these elements are predicted to
be able to bind to PPAR factors and also HNF4a. We compared the activity of the wild type -1kb
UGT1A9 promoter to that of variants in which either the DR1 PPAR response element located at -
719 to -706 nt had been mutated, or the CDX2/HNF4 element (for the purpose of this studies in
this section now designated as as a DR1 half site) at -50 to -45nt had been mutated. Figure 4.15A

shows the sequence elements of these two elements with the mutated nucleotides indicated.
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Figure 4.15. The presence of PPARa or -y repress HNF4a-mediated UGT1A9 promoter activation.

A. Schematic representation of -1kb-UGT1A9 wild-type and mutant constructs. The position of mutations is
indicated. Bases mutated by site directed mutagenesis are indicated in red font. B, C. -1kb-UGT1A9 wild-
type and mutant promoter response to expression of a combination of PPARy with HNF4a (B) or a
combination of PPARa with HNF4a (C) in Caco-2 cells. D. The PPRE construct response to PPARy or
PPARGa used as a positive control, pRL-null was used as internal control to normalise firefly expression.
Promoter responses were normalised to the empty vector condition (set as value of 1). Data are in duplicate
from minimum of 3 experiments. T-test*P<0.05; **P<0.005; ***P<0.001.

As shown in Figure 4.15B and C, activation of the UGT1A9 promoter by HNF4a is reduced by
mutation of the DR1 half-site at -50 to -45nt, but is not affected when DR1 PPRE at -719 to -706 is
mutated. This result is consistent with previous report that the DR1 PPRE at -719 to -706 (Barbier
et al., 2003) is specifically bound by PPAR factors, and not by HNF4a (Barbier et al., 2005). It is
also consistent with our knowledge that the site at -50 to -45nt binds to HNF4a (Chapter 3).

Although it appears that it is not the only site responsible for activation by HNF4a in Caco-2 cells,
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since mutating this element only reduces this activation by about half. This is in contrast to studies
in HepG2 cells, which identified one functional HNF4o-RE within the 1kb-UGT1A9 promoter

(Barbier et al., 2005).

Figure 4.15C and B confirm our previous data (Figure 4.14A and Figure 4.12A), showing that
PPARa or -y alone does not activate the -1kb UGT1A9 promoter. However, when PPARa or -y are
coexpressed with HNF4a, UGT1A9 promoter activation by HNF4a is reduced. In the 1kb-UGT1A8
promoter with mutated DR1 half-motifs, activation by HNF4a was abolished by coexpression of
PPARa and -y. The synthetic PPRE construct was used as a control and, as expected, the
response of the promoter to PPARa and -y in the presence of ligand was not affected by HNF4a

(Figure 4.15D).

Overall, these data suggest that: 1) the element at -50 to -45nt binds and mediates induction by
HNF4a, and this binding may be influenced by PPAR factors; 2) the DR1 PPAR element at -719 to
706 nt that was previously shown to bind PPAR factors in other contexts (Barbier et al., 2003) does
not mediate induction by PPAR factors in Caco-2 cells, this element also does not mediate any
significant induction by HNF4o.. One possible pathway for PPAR-to influence HNF4a binding or
activity is post-transcriptionally as discussed further in the Conclusions section. Future studies will
be required to determine how binding of HNF4a is influenced by PPAR factors and the extent to
which these factors form a regulatory network.

4.3.7 The putative DR1 PPAR response element in the UGT1A8 promoter is
important for transcriptional activation

Using Caco-2 cells, we analysed the importance of the putative PPAR response element in the
UGT1A8 promoter at position -818 to -805 nt, which corresponds to the functional DR1 PPAR
response element in UGT1A9. As shown in Figure 4.16, mutating this element decreases UGT1A8
promoter activity below basal level. This result suggests that, although we did not observe PPAR-
mediated UGT1A8 promoter activation in Caco-2 cells via this DR1 site, the element is important
for basal UGT1A8 promoter activity. It is possible that the binding of endogenous PPARa and -y,

which are abundant in Caco-2 cells, to the DR1 element contributes to basal promoter activity.
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Figure 4.16. A DR1 PPAR response element is important for UGT1A8 basal promoter activity.

Caco-2 cells were transfected with wild-type -1kb UGT1A8 promoter construct and a variant in which the
DR1 element was mutated, and subsequently assayed for luciferase expression. Promoter-less pGL3 basic
was used as negative control. Data are in duplicate from minimum of 3 experiments. T-test***P<0.001.

4.3.8 Neither NF-YA, nor C/EBP mediates genistein action in UGT1A8 regulation

As previously mentioned, genistein is the component of dietary soybeans that has been primarily
associated with a reduced risk of cancer, possibly due to its ability to induce growth arrest (Choi et
al., 1998, Matsukawa et al., 1993, Kuzumaki et al., 1998) by targeting genes involved in the cell

cycle. During this study, we noticed that Caco-2 cell growth was reduced after genistein treatment.

A growth arrest and DNA damage-inducible gene 45 (gadd45) gene has been reported to be
regulated by genistein in a prostate cancer cell line via nuclear factor-Y (NF-Y) (Oki et al., 2004).
Genistein induces NF-Y to bind a response element (CCAAT) in the gadd45 promoter and induce
transcriptional activity (Oki et al., 2004). NF-Y mediated genistein action via was also reported by
Shimizu et al. in regulation of bone sialoprotein (BSP), a protein involved in bone metastasis

(Shimizu and Ogata, 2002).

Like the BSP and gadd45 promoters, sequence analysis of the -1kb UGT1A8 promoter revealed a
considerable number of CCAAT sites, as schematically represented in Figure 4.17A. To examine
whether NF-Y mediates UGT1A8 promoter activation in Caco-2 cells, we co-transfected NF-Y sub-
unit A (NF-YA) with two UGT1A8 promoter constructs into the Caco-2 cells in the presence and

absence of genistein. The first promoter construct used in the assay was the -1kb-UGT1A8
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construct, which has 5 CCAAT sites, we also tested the -0.19kb-UGT1A8 construct that contains 2
CCAAT sites. As shown in Figure 4.17B, overexpressing NF-YA did not activate the UGT1A8
promoters, and genistein does not appear to activate NF-YA to induce the promoter. We also
analysed NF-YA mRNA expression in Caco-2 cells following genistein treatment; in contrast to the
findings of Oki et al., who reported an increase in NF-YA transcripts (Oki et al., 2004), genistein
had no affect on NF-YA levels in Caco-2 (Figure 4.17C). Thus, induction of UGT1A8 expression in

Caco-2 cells by genistein is unlikely to be mediated by NF-YA.
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Figure 4.17. NF-YA does not mediate induction of the UGT1A8 promoter by genistein.

A. Schematic diagram of -1kb-UGT1AS8 luciferase construct with the positions of CCAAT binding sites
indicated. B. Caco-2 cells were co-transfected with NF-YA and -1kb and -0.19kb UGT1A8 promoter
constructs, in the presence or absence of genistein (48-hours, 10 uM). The relative luciferase activity of
UGT1A8 promoter construct is indicated as fold-induction over pGL3 basic (promoter-less) (set as value of
1). Internal control pRL-null was used to normalise the luciferase activity. C. Caco-2 cells were treated with
10 uM genistein for 48 hours and assayed for NF-YA mRNA expression. The mRNA target expression was
normalised to 18S rRNA. Data are in duplicate from 3 experiments.
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Another factor that can bind to CCAAT-box motifs is the CCAAT/enhancer-binding protein alpha
(C/EBPa) (Johnson and McKnight, 1989). C/EBPa is expressed at high level in the intestine,
mainly in the proximal end; it is detected only in differentiated cells of intestinal villi, not in the crypt
region (Chandrasekaran and Gordon, 1993). C/EBPa has been identified to form a regulatory
feedback-loop with PPARYy, with the two transcription factors up-regulating each other to maintain a

differentiated state (Ramiji and Pelagia, 2002).

To examine the role of C/EBPa in UGT1A8 promoter activity, we co-transfected C/EBPa with the -
1kb and -0.19kb UGT1A8 promoter constructs in Caco-2 cells. As shown in Figure 4.18, C/EBPa

did not increase promoter activity. Thus, overall it is unlikely that induction of the UGT1A8-1A10

genes by genistein is mediated by CCAAT motifs as it is in other genistein-regulated genes.
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Figure 4.18. C/EBPa over-expression in Caco-2 cells does not induce UGT1A8 promoter activation.

Caco-2 cells were co-transfected with C/EBPa and -1kb and -0.19kb UGT1A8 promoter constructs. The
relative luciferase activity of the UGT1A8 promoter construct is presented as fold-induction over promoter-
less pGL3 basic construct (set as value of 1). Internal control pRL-null (Renilla) was used to normalise firefly
luciferase activity. Data are in duplicate from 3 experiments.

4.3.9 Possible roles for CDX2 and SMAD2 in UGT1AS8 regulation

Interaction of genistein with numerous transcription factor and subsequent modulation of their
transcriptional activity has been reported (reviewed in (Banerjee et al., 2008)). A study by Yu et al.

showed that genistein can induce phosphorylation of Smad proteins (Smad2 and -3), and facilitate
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the translocation of phosphorylated Smad (pSmad) from cell surface to nucleus to bind a Smad
binding element (SBE) and activate transforming growth factor beta 1 (TGF-1), an intestinal

expressed gene that induces growth arrest and apoptosis of colon cancer cells (Yu et al., 2005).

Another study (Mizutani et al., 2011) found that the SBE is bound by pSMAD with a low affinity,
and interaction with other transcription factors is required to induce transcriptional activation in a
tissue-specific manner. In human oesophageal cells, pPSMAD interacts with CDX2 forming a
transcriptional complex to bind and activate the promoter of Mucin-2 (MUC-2), a goblet cell

secreted protein (Mari et al., 2014).

To explore the possibility that induction of UGT1A8 by genistein involves SMAD factors in
interaction with CDX2, we cotransfected SMAD2 and CDX2 expression plasmids with the 1k-
UGT1A8 promoter construct, in the presence or absence of genistein. As shown in Figure 4.19,
CDX2 increased UGT1A8 promoter activity by approximately 1.7 fold and treatment with 10 uM
genistein for 48 hours demonstrated further induction to 3.5 fold. SMAD2 had no effect on the
UGT1A8 promoter, alone or in combination with CDX2, with or without genistein. This study used a
genistein concentration of 10 uM, which may not be adequate to phosphorylate SMAD2. In their
study, Yu et al. used 60 uM of genistein to induce SMAD phosphorylation (Yu et al., 2005) .
Unfortunately, time constraints prevented us from repeating the studies at a higher dose of
genistein. Nevertheless, an interesting interaction between genistein and CDX2 was detected, with
the two synergising to induce UGT1A8 promoter activation. The genistein and CDX2 synergy
found here is supported by a recent study (Du et al., 2016) showing that a synthetic genistein
derivative acts as an inducer for CDX2 binding to the APC and Axin2 promoters in colon cancer

cells (Du et al., 2016).
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Figure 4.19. UGT1A8 promoter response to genistein treatment in combination with SMAD2 and
CDX2 overexpression.

Caco-2 cells were co-transfected with SMAD2, CDX2 or a combination of SMAD2 and CDX2 expression
plasmid and the -1kb-UGT1A8 promoter constructs. Cells were treated with 10 uM genistein for 48 hours.
The relative luciferase activity of UGT1A8 promoter construct is indicated as fold-induction over the
promoter-less pGL3 basic construct (set as value of 1). Internal control pRL-null (Renilla) was used to
normalise the firefly luciferase activity. Data are in duplicate from 3 experiments. T-test*P<0.05; **P<0.005.

4.3.10 Genistein action involves altered histone modifications in the UGT1AS8
proximal promoter region

In parallel with the studies described above that sought to uncover transcription factors that
mediate induction of the UGT genes by genistein, we also examined whether genistein mediates
epigenetic modifications at target loci. Genistein has been reported to be able to inhibit DNA
methyltransferase activity, resulting in an increase in hypermethylation events and is associated
with induction of tumour suppressor genes (Qin et al., 2009, Majid et al., 2009, Meeran et al.,
2010). Reduced DNA methylation is accompanied by changes in histone methylation and

acetylation that render chromatin more accessible.

To assess the potential of genistein to induce chromatin modifications at target loci, we used ChIP
to examine the distribution of activating and repressive histone modifications within the proximal
UGT1A8 promoter region. Caco-2 cells were treated with genistein treatment (48 hours, 10 uM)
and ChIP was performed using the antibodies that detect histone H3 lysine 4 tri-methylation
(H3K4me3), histone H3 lysine acetylation (H3Kac); and histone H3 lysine 27 tri-methylation
(H3K27me3).
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The ChIP sample was analysed using gPCR with primers that bind to the UGT1A8 proximal (100
bp upstream from the UGT1AS start site) as well as a control non-target locus (hch12-gene desert
ChlIP). As demonstrated in Figure 4.20, genistein modestly increased the level of the activating
modifications H3K4me3 and H3Kac by 1.3 fold and 1.5 fold respectively within the 100 bp
promoter region of UGT1A8. No change was observed for the repressive histone marker,
H3K27me3. These results suggest that genistein might increase the accessibility of the UGT1A8
proximal promoter to transcription factors. These data are in broad accordance with a report that
genistein induced H3 and H4 acetylation resulting in upregulation of p21 and p16 in human
prostate cancer cells (Majid et al., 2008). Overall, our data suggest that both genistein and butyrate
may induce UGT1A8 gene expression at the epigenetic level, although clearly butyrate is a much

more potent epigenetic regulator than genistein.
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Figure 4.20. Genistein induces H3K4me3 and H3Kac enrichment at the UGT1A8 promoter.

Caco-2 cells were treated with 10 uM genistein or DMSO (vehicle control) for 48 hours and subjected to
ChlIP using antibodies for histone modifications (H3K4me3, H3K27me3 and H3Kac). PCR amplification of
precipitated genomic DNA samples detected enrichment of the proximal UGT1A8 promoter region in
H3K4me3 and H3Kac ChlIP samples from cells treated with genistein. Enrichment of the UGT1A8-100 region
was calculated by normalisation to the control locus (hch12 desert ChlIP), followed by normalisation over
thenon-immune IgG control ChIP condition and then over vehicle treatment, which was set to a value of 1.
Data are in duplicate from 2 experiments. T-test*P<0.05.
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4.3.11 Comparison of gene expression in human colonic cancer cell lines

As described in the literature review (Chapter 1, Section 1.5.1), Caco-2 cells are the most
commonly used colon-derived cell line to study intestinal UGTs. We mainly utilised Caco-2 cells in
this project to study the regulation of UGT1A8-1A10 genes; however, we consider it likely that
some outcomes may have been different in other model cell lines with differing basal levels of
relevant regulatory factors. To begin to understand the variation in the expression of these
regulatory factors in colon-derived cell lines, we cultured 4 colonic cell lines (Caco-2, HT-29, HCT-
116 and SW-480) in 4 culture conditions (low density and high-density culture in the presence and
absence of the NaB) (Figure 4.21). The Caco-2, HT-29, and HCT-116 cells grew more rapidly than
SW-480 cells. All cell lines showed retarded growth in response to 3 mM NaB but little cell death
(Figure 4.21). At higher concentration (5mM NaB), cell death was observed with minimal cell
survival (data not shown). This is consistent with previous reports using colorectal cancer cell lines,
and may involve both autophagy and apoptosis (Zhang et al., 2016). NaB treatment altered the
morphology of Caco-2, HT-29 and SW-480 cells, both at low and high-density seeding cells,
producing a more flattened shape and larger area. This was consistent with a report that clon
cancer cells are more flattened when reaching differentiation (Kim et al., 1980, Fok et al., 2012).
NaB has been shown to induce morphological HT-29 and HCT-116 differentiation (Saldanha et al.,
2014). We found that HCT-116 cells displayed a more spindle-like shape following NaB treatment,
a different morphological change compared to the other three cell lines; nevertheless, the HCT-116
changes were consistent with previous reports of their differentiation process (Saldanha et al.,

2014).

Caco-2 cultures forms enterocyte-like cells when fully differentiated; this was the only cell line to
show spontaneous formation of distinct domes once confluent, which is consistent with villus
formation by enterocytes (Figure 4.21 shows Caco-2 cells in high-density seeding without NaB

treatment).
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Figure 4.21. Growth and morphological variation of colon cancer cell lines.

Four colon cancer cell lines, Caco-2, HT-29, HCT-116 and SW-480, were cultured in different conditions in
low or high-density. Cells were treated with 3 mM differentiation agent, NaB, 48 hours after trypsinisation and
seeding (control = water). LD= Low Density (5x103 cells/well of 48 well-plate); HD= High Density (1x10°
cells/well of 48 well-plate); NaB= sodium butyrate. All images were taken using an EVOS® FL microscope in
bright field lighting 24 hours after NaB (or water control) treatment using 10x magnification. Scale bar, 400
um.

Total RNA was extracted from all cell lines cultured as described above: i.e. Caco-2, HT-29, HCT-
116 and SW-480 at low and high-density, with or without NaB treatment. The basal expression of
UGT1A8, -1A9 and -1A10, were compared. As shown in Figure 4.22, differential expression of
UGT1A8, -1A9 and -1A10 was observed. Interestingly, we found that the level of these three UGTs
in the SW-480 cell line was extremely low; it could not be detected by the gPCR cycle threshold,
and high-density condition slightly induced the basal level. When NaB was added, regardless of
the seeding density, UGT1AS8, -1A9 and -1A10 mRNA levels were increased around 3-5 fold

(Figure 4.22D). A similar pattern was observed in HCT-116 cell line when NaB was used to treat
139



the cells; it induced the three UGTs at around 30 fold higher compared to that in SW-480 (Figure
4.22B). However, unlike UGT1A8, -1A9 and -1A10 mRNA in SW-480 which was induced by high-
density seeding, the expression level of these genes were not affected by high-density seeding of
HCT-116 cells (Figure 4.22B), suggesting that activation of UGT1AS8, -1A9 and -1A10 is
differentially regulated in SW-480 and HCT-116 cells, which was not examined further in this study.
The extremely low basal levels of UGT1AS8, -1A9 and -1A10 caused these cell lines to be less

suitable models to examine UGT1AS8, -1A9 and -1A10 expression in enterocytes.

Conversely, we observed very high basal expression of UGT1A8, -1A9 and -1A10 in HT-29 cells
(Figure 4.22C), at over 600 times higher than that in Caco-2 cells (Figure 4.22A). Interestingly,
while UGT mRNAs in Caco-2 were induced by high-density seeding and NaB treatment, the level
of these UGTs (-1A8, -1A9 and -1A10) were not affected by both high-density and NaB, which
suggest that the level of UGT expression in HT-29 may have reached the maximum level in the

most accessible chromatin conformation.

We next examined the levels of CDX2 and HNF4a mRNA in the Caco-2 and HT-29 cell lines under
different conditions. As shown in Figure 4.22F, CDX2 mRNA in Caco-2 cells was increased by
high-density seeding and butyrate treatment alone; the highest level was reached when high-
density seeding and NaB treatment were combined. Interestingly, despite high mRNA levels of
UGT1AS8, -1A9 and -1A10 in HT-29 cells, the CDX2 level in HT-29 cells is very low, over 150 fold
lower than that in Caco-2. However, NaB treatment induced CDX2 mRNA in HT-29 significantly to
over 60 fold, suggesting that accessibility for transcription complexes to bind and activate CDX2
expression in HT-29 was modulated by NaB. This NaB-mediated induction of HNF4a, expression

was not observed in HT-29 cells (Figure 4.22C).

Figure 4.22E shows that in Caco-2 cells, high-density seeding induced HNF4a. mRNA by 4 fold
relative to low-density seeding, whereas the addition of NaB to high-density cells surprisingly
decreased the induction due to high-density. The induction of HNF4a by high density culture plus

NaB here was similar to HNF4a induction by NaB-induced differentiation of Caco-2 (Figure 4.2).
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Our results indicate that NaB did not affect HNF4a levels in low-density Caco-2 cells; however
NaB is reported to reduce HNF4a binding to its target DNA sequence (Rada-lglesias et al., 2007).
Moreover, as HNF4a may also be self-regulated (Lu, 2016); reduced HNF4a binding may
decrease its own expression, which in this case, may explain the mechanism of NaB-mediated

HNF4a mRNA reduction.

Despite high UGT1AS8, -1A9 and -1A10 mRNA levels in HT-29 cells, surprisingly, the level of
HNF4a expression in this cell was 10 times lower compared to that in Caco-2 (Figure 4.22E).
Consistent with HNF4o in Caco-2, NaB did not appear to affect HNF4a levels in HT-29 cells.
However, different to Caco-2, in which cell confluency induced HNF4a, expression, high-density
HT-29 culture did not affect the endogenous HNF4a level. As described in Chapter 3, although the
level of CDX2 and HNF4a in HT-29 cells is low, knocking down their expression decreased the
UGT1A8 mRNA level significantly, confirming UGT1A8 transcriptional regulation by Cdx2 and
HNF4a. We hypothesise that these transcription factors are able to readily access their binding
sites in the UGT1A8 promoter, recruit the transcriptional complex and activate gene transcription.

Further investigation in the future using ChIP analysis would be required to support this hypothesis.

Some of our studies examined whether co-transfection of the -1kb UGT1A8 promoter with PPARYy
and PPARa in HT-29 cells could reveal activation of the promoter that was not evident in Caco-2
(data not shown). However, we found that experimental replications did not show consistent

results; future study is required to address UGT1AS8 regulation in HT-29 cells.

Although Caco? cells effectively form a differentiated enterocyte that are useful in the study of
intestinal UGTSs, this cell type shows poor transfection efficiency. Poor efficiency can reduce the
magnitude of response of endogenous genes to transfected effector plasmids, because only a
small percentage of cells carrying the endogenous target gene receive the expression vector and
also because the number of copies of expression vector per cell is often low. The following section

discusses several methods that were tested to improve the transfection efficiency in Caco-2 cells.
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Figure 4.22. Basal mRNA expression of UGT1AS, -1A9, -1A10, CDX2 and HNF4a in human colonic cell

lines.

A. Caco-2. B. HCT-116. C. HT-29. and D. SW-480 cell lines were cultured in low or high density, and treated
with 3 mM NaB or water control for 48 hours. RNAs were extracted from the cell culture 24 hours post-NaB
treatment. gqRT-PCR analysis was performed on mRNA expression of UGT1AS8, -1A9 and -1A10. E. HNF4a
and F. CDX2 mRNA expression in Caco-2 and HT-29 was analysed. LD= Low Density (5x103 cells/well of 48
well-plate); HD= High Density (1x10° cells/well of 48 well-plate); NaB= sodium butyrate. All values were
normalised to 18S rRNA expression. Relative target gene expression level was calculated using the (2"-(Ct
value))*108. Values were measured in duplicate and are derived from 3 experiments. Data is expressed as

the mean + SE (bars).
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4.3.12 Optimizing Caco-2 transfection methods

The comparison of colonic cell lines discussed above (4.3.11) confirms that among the cell line
models tested here, Caco-2 remains the best choice to represent a differentiated enterocyte-like
model in which to study regulation of the intestinal UGT genes. As discussed, transfection
efficiency is often a major factor in determining a successful experiment and unfortunately the
Caco-2 cell line is relatively resistant to standard lipid-based transfection. Therefore, during our
study we tested several methods to improve transfection of Caco-2 cells. Most of luciferase
reporter transfection experiments used Lipofectamine®2000 as the transfection agent, although we
were aware that the transfection efficiency was quite low, usually 10% or less (Figure 4.23A).
However poor efficiency is offset by the fact that the promoter-reporter constructs and the effector
constructs that are tested for modulation of promoter activity, are all taken up by the same subset

of cells.

Poor transfection efficiency is a problem when assessing the response of endogenous genes (i.e.
at mRNA level) to a transfected effector plasmid. If the target gene is present in 100% of the cells
but the effector is only present in 10% of cells, the response of the target to the effector will be
minimal when measured across the whole cell population. To maximise efficiency, we used the
reverse transfection method where cells were transfected in suspension for all of our studies
(luciferase promoter response and mRNA analysis). In addition, we tested the ability of a variety of
liposomal transfection agents to transfect a GFP-expressing plasmid by imaging and counting
GFP-expressing cells. Of the three Lipofectamine variants, Lipofectamine®2000,
Lipofectamine®3000 and Lipofectamine®LTX, we found that Lipofectamine® LTX provided the
most efficient transfection at up to 50%, followed by Lipofectamine®3000. Lipofectamine®2000
was the least efficient transfection agent and also caused the most cell death necessitating

transfection of cells at higher density which further reduced efficiency (see Figure 4.23.

Interestingly, siRNAs transfected much more efficiently than plasmids with all reagents and in fact
Lipofectamine®2000 was very effective for transfection of SiIRNAs as judged using a fluorophore

labelled siRNA and also by the percentage knockdown of the targeted gene (e.g. CDX2 or HNF4).
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In general, transfection by electroporation is considered a very efficient procedure to introduce
DNA into bacterial, plant and mammalian cells. We tested electroporation procedure for Caco-2
cells with an optimised electroporation buffer called iso-osmolar electroporation buffer (IEB).
Although we observed very efficient transfection in two initial experiments (data shown in Chapter
3), ultimately, we could not obtain consistently high efficiencies whilst maintaining good cell
survival. Future work could further optimise electroporation parameters such as cell health prior to

electroporation, cuvette type, buffer composition, pulse settings and temperature.

We also tested the ability of feline immunodeficiency virus (FIV) based lentiviruses to transduce
Caco-2 cells. Lentivirus was packaged using a GFP-pTiger viral expression plasmid and
transduced into Caco-2 cells. We packaged virus under standard conditions that had previously
proven to be efficient and compared spinfection of the Caco-2 cells with normal transduction
(without spinning). Surprisingly, Caco2 cells were transduced very poorly under all conditions
(Figure 4.23B). As a control we transduced HEK293T and this indicated a high viral titre (not
shown). Thus we concluded that Caco-2 may be inherently resistant the FIV based lentivirus.

Other virus types were not tested during this study.
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Figure 4.23. Optimization of transfection methods for Caco-2 cells.

Multiple methods and reagents were tested to transfect Caco-2 cells using GFP-plasmids to assess
transfection efficiency. All images were taken using an EVOS® FL microscope 48 hours post-transfection at
10x magnification. A. Representative example of Caco-2 cells electroporated in IEB (isoosmolar
electroporation buffer) showing a low transfection efficiency of <10%. B. Caco-2 cells were unexpectedly
resistant to pTiger lentivirus transduction showing no transduced cells. C. Representative image of Caco-2
transfection using Lipofectamine® 2000; transfection efficiency was <10%. D. Representative image of
Caco-2 transfection using Lipofectamine® 3000; transfection efficiency was 10-30% E. Representative
image of Caco-2 transfection using Lipofectamine® LTX ; this was the most effective reagent with good cell
survival and transfection efficiency up to 50%.

4.4 Conclusions

Through screening of flavonoid-mediated UGT1A8 promoter induction in an enterocyte model of
differentiated Caco-2, we discovered that genistein is highly effective at activating the UGT1A8
promoter in NaB-induced differentiated Caco-2 cells. While NaB was shown in this study to be
capable of increasing UGT1A8 expression on its own, the effect of genistein and NaB at the
promoter and mRNA level was strongly synergistic. The use of NaB in generating a differentiated
enterocyte-like Caco-2 model is somewhat physiologically relevant because intestinal microbiota

naturally produces butyrate and it is an important regulator of intestinal homeostasis in vivo.
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Therefore, this study begins to address the significant contribution of microbiota to the activities of
dietary flavonoid compounds in the regulation of intestinal detoxification pathways mediated by
UGTs. At high concentrations (10 uM), genistein was reported to be mainly conjugated by UGT1AS8
in intestinal microsomes (Tang et al., 2009) thus induction of UGT1A8 by genistein could create a

feedback loop that increases genistein metabolism and clearance.

The major part of the studies described in this Chapter sought to determine the mechanism(s) of
induction of the UGT1A8 gene by genistein. It appeared that this mechanism was very complex
and no single mediator could be defined. Genistein induced UGT1A8 mRNA levels and this was
blocked by both a PPAR antagonist and an ER antagonist, suggesting that both pathways might be
involved. Varying length UGT1A8 promoter constructs (up to -7kb) also showed induction by
genistein; however, this was only blocked by the PPAR antagonist and not the ER antagonist,
suggesting that any contribution by the ER pathway was mediated by elements outside of this
promoter region (or were post-transcriptional). In agreement with this, we further found that the

UGT1A8 promoter was induced by a classical PPAR agonist but not by estradiol.

We found that both short (-0.25kb) and long (7kb) UGT1A8 promoter constructs could mediate a
response to the classical PPARY ligand rosiglitazone, and also to genistein, and both responses
were blocked by a PPAR antagonist. This result might be expected focus the search for a PPAR
response element within the proximal -0.25kb region. However, the only previously functionally
defined PPAR response element identified in the UGT1A8-1A10 genes was located approximately
-700 to -800nt upstream of the transcription start site (Uhlén et al.) in the UGT1A9 gene, moreover
we suspected that multiple PPAR REs might be present within these promoters. Hence, we
focussed on identifying elements that might mediate the response of the -1kb UGT1A8-1A10

promoters to PPAR factors in Caco-2 cells.

Subsequent analysis indeed showed that the all three of the -1kb UGT1A8-1A10 promoters were
induced by PPARY ligand rosiglitazone, and also by genistein, and both responses were blocked
by a PPAR antagonist. Moreover, the PPAR response element at approximately -700 to -800nt

upstream of the transcription start site in the UGT1A8 and -1A9 promoters appeared to be at least
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partly responsible for the activity of PPAR when liganded by rosiglitazone. We did not ultimately

confirm whether this element was involved in induction of the promoters by genistein.

Much of our analytical strategy was based on previous reports of the regulation of UGT1A9 by
PPAR factors that had been determined in non-intestinal contexts including COS7 cells and
hepatocytes. However, we found that overexpression of PPAR factors (even with bicistronic
overexpression of RXR) did not mediate induction of the UGT1A8 and -1A9 promoters in Caco-2
cells which was in contrast to results reported previously in other cell models. The fact that PPARy
is abundant in differentiated intestinal cells including Caco2 cells might explain why expression of
additional PPAR factors had no effect in Caco-2 cells. The excess PPAR protein may be not be
functional due to limiting amounts of other essential cofactors. In support of this idea, an increase
in UGT1A8 promoter activity was achieved when the PGC-1 coactivator was coexpressed with
PPARy. PPAR activity is complex and influenced by interactions of numerous other factors (Triff et
al., 2013, Pazienza et al., 2012, Su et al., 2007). Ultimately it is likely that multiple DNA elements
are involved in induction of the UGT1A8-1A10 promoters by genistein via PPAR factors, and these

remain to be defined.

Given that the PPAR factors and HNF4a bind to very similar DNA sequences and that PPARa and
PPARy can interact with HNF4a, (Martinez-Jimenez et al., 2010), the possibility of competition
between PPAR factors and HNF4q for binding to the previously defined PPAR response element
(at approximately -700 to -800nt) and the HNF4a binding element (at approximately -45bp) in the
UGT1A9 promoter was explored. This work led to the conclusion that PPAR factors might be able
to inhibit the binding or activity of HNF4q at this promoter. These studies support the idea that the
constitutive regulatory mechanisms that define developmental patterning of UGTs (see Chapter 3)

overlap with the inducible regulatory mechanisms that allow response to chemical insults.

The activities of PPAR factors and HNF4a are controlled by post-translational modifications
including phosphorylation. In a recent study, ERK1/2 activation-dependent HNF4a phosphorylation
was shown to inhibit HNF4a-dependent hepatic gene regulation (Veté et al., 2017). Since PPAR
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phosphorylation also involves ERK1/2 activation, this pathway may provide a functional
intersection between PPAR and HNF4a activities. The PPARSs are a doubled-edge sword, having
the potential to either stimulate or suppress carcinogenesis (Panigrahy et al., 2009). However,
expression of PPARy has been associated with good prognosis in colorectal cancer (Ogino et al.,
2009), and this might be viewed as consistent with its apparent ability to induce UGT1A8-1A10

genes in response to certain chemical ligands.

Our studies also revealed that genistein can increase the abundance of activating chromatin
modifications at the UGT1A8 proximal promoter. Similarly, butyrate is a HDAC inhibitor that
promotes histone hyperacetylation at differentiation-associated genes in intestinal cells (Delage
and Dashwood, 2008). Thus, both genistein and butyrate may act via epigenetic mechanisms,
although the effect of genistein on histone modification is modest and it is unlikely that this is the
main mechanism by which it induces UGT1A8-1A10 gene expression. Figure 4.24 presents a
schematic summary of the likely modes of action of genistein and butyrate in regulating UGT1A8

gene expression, based on results obtained in this study.

Understanding how genistein intake, from supplements or foods (e.g. soy), might impact on
intestinal UGT activity could lead to strategies to optimize its beneficial activities in promoting
intestinal-health and cancer protection. Moreover, it may give more insight into interactions that

could occur between genistein and drugs that are metabolized by UGT1AS8.
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Figure 4.24. Schematic representation of the mode of action of genistein and butyrate in regulating
UGT1AS8.

Genistein, butyrate, and their synergistic interaction were investigated in this study and it was revealed that
their mode of action in regulating UGT1A8 expression. This was mediated transcriptionally at least in part by
PPARy and -a, as well as via histone modification that creates more accessible chromatin facilitating binding
of transcriptional activators.

This study has also provided more insight into how by-products of microbiota activity (e.g butyrate)
may regulate intestinal UGTs. Research focusing on the effects of intestinal microbiota on gene
regulation has been emerging for the last two decades; however, data specifically on UGT gene
regulation has been minimal. Further investigation of the interaction of the microbiome with
intestinal xenobiotic metabolism will require a more physiologically native model such as
transgenic mice or intestinal organoids. In Chapter 5 we begin to explore intestinal organoid culture
from UGT1A8 transgenic mice as a system to better understand intestinal UGT function and

regulation.

Overall, based on results in this Chapter, we conclude that flavonoids and butyrate produced by
microbiota could protect the gut from toxic substances and carcinogens by induction of intestinal
UGTs, particularly UGT1AS8. This is likely to be an important mechanism by which dietary

consumption of flavonoid-containing and high fibre foods mediate their anti-cancer effects.

With the increasing interest in modulating the microbiome to control not just intestinal, but systemic
health, the findings of this Chapter have potential for translational benefit. Modulation of the

microbiome may be achieved by giving probiotics, which are specific bacterial
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strains/combinations, delivered orally or otherwise, or using prebiotics that promote growth of
‘healthy’ gut bacteria and include resistant starch which is fermented in colon to produce butyrate.
Moreover, there is growing interest in postbiotics, which are secondary metabolites produced by
microbiota, such as short chain fatty acids, that might be provided exogenously as a
drug/supplement/functional food. UGT enzymes may metabolize a number of dietary compounds
that regulate microbiota, as well as many of their secondary metabolites. As interest increases in
modulating both the intestinal biome and metabolome via diet- or drug-based approaches, it is
clear that a better understanding of intestinal UGT regulation and function will be required. It is very
likely that UGTs will become valuable as biomarkers or targets for personalized monitoring and/or

modulation of intestinal health.
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CHAPTER 5. EXPLORATION OF ENTEROID AND ORGANOID
CULTURE FROM UGT1A8/ LUCIFERASE-
TRANSGENIC MICE

5.1 Introduction

The human intestinal tract is one of the main sites of xenobiotic metabolism and detoxification, and

this is largely mediated by the enzymes encoded by the UGT1A8-1A10 gene cluster with the

UGT1AS8 isoform playing a prominent role. To date, the Caco-2 human colon cancer cell line has

been our model of choice to study UGT1A8 gene regulation and function. Analysis of literature

suggests that this model is also widely used by other groups studying intestinal drug and
xenobiotic metabolism. To provide a greater understanding of the physiological and
pharmacological roles of UGT1AS8 in vivo, studies would ideally be performed in a model that more
closely represents the human intestine, both structurally and functionally. Since the complexity of
the intestinal system has been difficult to model in vitro using cell cultures, studies have used
animal models such as mice. The Human UGT genes are quite poorly conserved in non-primate
species in terms of sequence, function, and regulation, thus it is not possible to simply study
mouse Ugt homologues of human UGT genes. Instead, transgenic mice carrying human UGT
gene loci have been developed (often called ‘humanised’ UGT mice). In our laboratory we
generated a ‘humanized’ UGT transgenic mouse (UGT1A8/Luc)-that carries a 13-kb segment of
the human UGT1A8 promoter region linked to a luciferase reporter. The expression of the UGT1A8
promoter in UGT1A8/Luc-mice has been shown by bioluminescence in the digestive tract, as

described in Chapter 1, section 1.5.3.

At the outset of this project we tentatively planned to use these mice to study the regulation of
UGT1A8 gene in the intact intestine. Two studies were considered: the first was analysis of
UGT1AS8 induction by flavonoids and genistein in vivo to complement the in vitro studies described
in Chapter 4; the second was analysis of the constitutive regulation of UGT1A8 by HNF4 a using
the HNF4 a inhibitor BI6015 in vivo to complement the in vitro studies described in Chapter 3.
However, due to time constraints, studies that involved treatments of large numbers of live mice

became infeasible. We thus decided to use our UGT1A8/Luc mice as a source of intestinal tissue
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to develop protocols for ex vivo culture of intestinal structures known as organoids. Such organoid
cultures could represent a valuable and experimental manipulable intermediate model between

simple 2D cell cultures and intact animals.

Self-organised three-dimensional (3D) organoid culture derived from intestinal stem cells as
developed by Sato et al., has excited multiple research disciplines for its capability to bridge the
gap between in vitro and in vivo models (Sato et al., 2009). It offers the prospect of an ‘easy to use’
physiologically native model for numerous areas of study, such as intestinal biology, development
and disease, drug discovery, metabolism, toxicology, gene therapy, and regenerative medicine
(Meneses et al., 2016). Intestinal organoids/enteroids are described as intestinal rudiments that

reproduce at least partly the complex architecture and functions of the intestine.

Organoids have been used extensively to study intestinal stem cell self-renewal, proliferation and
differentiation and are hence a powerful tool to investigate developmental patterning of intestinal
gene expression. Development of a UGT1A8/Luc-organoid system from UGT1A8/Luc-transgenic
mice would allow us to study the roles of various developmental regulators including CDX2 and
HNF4a in regulation of UGT1A8 during migration of cells from the crypt to the villus, by
manipulating the levels of these factors (refer to Chapter 3).Because the organoid undergoes
renewal of the luminal epithelial layer including producing an appropriate mixture of luminal cell
types, it is also likely to be useful for modelling the normal absorptive and detoxifying function of
the mature intestinal lumen. These mature organoids could be used to examine the effect of
dietary flavonoids and the intestinal environmental factor butyrate on UGT1A8 regulation, as well

as on organoid growth (see Chapter 4).

Use of organoid technology in toxicology is still a very new area, and the first application of
organoids to the study of Ugt1 null mouse intestine (Ugt1¥5°) was reported in 2017. These studies
assessed the toxicity of camptothecin-11 in organoids lacking Ugtl expression in intestinal
epithelial cells (Lu et al., 2017). This study by Lu et al. gives us confidence that establishing an
organoid system from our ‘humanised’ mouse to study UGT1AS8 is feasible and likely to be

beneficial.
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5.1.1 Intestinal stem cells and identification of markers

As discussed previously, intestinal epithelium undergoes continual homeostatic self-renewal during
which stem cells residing in the crypt give rise proliferating progenitor cells that begin to
differentiate as they migrate up to villi where they mature (Marshman et al., 2002). Structurally, the
crypt compartment forms epithelial invaginations that were named the crypts of Lieberkihn after
their discoverer, Jonathan Nathanael Lieberkiihn (1711-1756) (Clevers, 2013). Two populations of
intestinal stem cells are identified at the crypt base: the proliferative crypt base columnar (CBC)
stem cells, and the +4 population (Leushacke and Barker, 2014). The CBC cells are the active
engines producing proliferating progenitors (transit-amplifying (TA) cells) as well as maintaining the
supply of new CBC. These cells are frequently turned over, undergoing stochastic symmetric cell
division every 24 hours. The +4 cells are DNA-label-retaining cells (LRCs) located directly above
the terminally differentiated Paneth cells (Meneses et al., 2016, Leushacke and Barker, 2014).
They are damage-resistant, and their cellular division is very infrequent but they can be induced to

produce CBC cells in response to injury or catastrophic loss of the CBC cell pool.

Molecular markers and transgenic lineage-tracing techniques are used to specify CBC and +4
stem cells. The CBC are marked by expression of the Wnt target genes Lgr5 together with
Musashi-1, Prominin1/CD133 and Smoc2; whereas markers of +4 cells include Bmi-1, Hopx,
mTert and Lrigl (Leushacke and Barker, 2014, Meneses et al., 2016, Clevers, 2013). However, the
specificity of these markers for CBC and +4 cells is controversial. For example, a subset of
quiescent +4 label-retaining cells were found to express the CBC marker Lgr5. In pathological
conditions such as inflammation, these cells revert to CBC capable of extensive proliferation and
can contribute to intestinal tissue repair (Buczacki et al., 2013). LGR5+ cancer stem cells (LGR5+
CSC) have also been identified in human colorectal cancer cells, which are responsible for CSC
self-renewing capacity and support tumour growth (Shimokawa et al., 2017). Overall, the Lgr5
gene marks stem cell plasticity in crypt populations, and defines self-renewal and multipotency

properties.
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5.1.2 Organoid culture of intestinal epithelium

Identification of Lgr5 as an intestinal stem cell marker led to the development of ex vivo organoid
cultures that can be grown from a single stem cell, or a crypt fragment containing stem cells. When
derived from the small intestine, these organoids are termed enteroids, and when derived from the

colon they are termed colonoids (Stelzner et al., 2012).

Organoids provide a long-term culture system for primary intestine because they contain self-
renewing stem cells. Protocols for organoid culture have been established fairly recently. In 2009,
Ootani and colleagues described expansion of small and large intestinal fragments containing
epithelial and mesenchymal cells from neonatal mice for several months in culture. This occurred
in growth factor-independent conditions, by incorporating an air-liquid interphase with an
underlying stromal element that secretes relevant growth factors. The organoids were sphere-like
and contained all major intestinal cell types, with showed proliferation and multilineage
differentiation (Ootani et al., 2009). In the same year, Sato et al. designed a Matrigel based culture
system which allowed the generation of epithelial enteroids from an isolated Lgr5+ stem cell
population. Their methodology allowed for long term propagation (1.5 years). Their enteroids were
also spherical with multiple crypt-like regions containing Lgr5+ cells intermingled with Paneth cells
as well as proliferative TA population that gave rise to differentiated cells of all intestinal lineages
that ultimately shed into the lumen after approximately 5 days in culture. The architecture of the
organoid involves an apical surface facing the lumen and a basolateral domain in contact with the
Matrigel and culture media (Sato et al., 2009). No significant changes in cell karyotype occurred

over long-term passaging (Sato et al., 2009).

The crypt-villus units generated by Sato and colleagues are self-organising small intestinal
epithelial organoid structures, which surprisingly were built in the absence of mesenchymal cells.
This indicates an independency from growth support provided by the submucosal niche (Sato et
al., 2009). Their protocols for growing the enteroids however, depend absolutely on the presence
of essential components of secreted growth factors, including R-spondinl, noggin and epidermal

growth factor (EGF), with Matrigel to support the base of the 3-dimensional culture (Sato et al.,
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2009). Matrigel is a mixture of proteins mimicking extracellular matrix that is derived from
Englebreth-Holm-Swarm mouse tumor cells. It is rich in collagen, laminin (a1 and a2), and enactin
and provides basement membrane-like support for stem cells (Hughes et al., 2010, Sasaki et al.,

2002).

The critical factor in driving crypt proliferation in enteroid culture is the activation of Wnt signalling.
At least four Wnt genes (Wnt4, Wnt6, Wnt11l and Wnt14b) are specifically expressed in the
intestinal crypt, Wnt signalling is also reported to control the differentiation of intestinal secretory
cells (Pinto et al., 2003). Addition of the Wnt activator R-spondinl is essential for viable organoid
culture and Barker et al. found that R-spondinl acts as a ligand for Lgr5, a stem cell marker and
Wnt target gene (Barker et al., 2007). Crypt formation can be repressed by bone morphogenetic
protein (BMP) signalling; to inhibit BMP signalling, noggin is required in the organoid growth factor
cocktail (Haramis et al., 2004). Noggin is also important to maintain Lgr5 expression (Sato et al.,
2011). EGF addition is required to induce intestinal crypt proliferation and regulate intestinal
function (Dignass and Sturm, 2001). The protocol by Sato et al. also suggests addition of Rho-
associated protein kinase (ROCK) inhibitor to prevent anoikis when single stem cells are passaged
(Watanabe et al., 2007). ROCK inhibitor also acts as a synthetic Notch ligand, which is necessary
for stem cell maintenance (Sato et al., 2009). A summary of growth factors and supplements used

in enteroid culture is presented in Table 5.1.

Table 5.1. Growth factors and reagents for enteroid culture.

Reagent Function

Extracellular matrix

Structural support for 3-dimensional growth of intestinal epithelial stem cells
Matrigel (IESCs) through the laminin (a1 and a2 chains) and collagen enriched
extracellular matrix (Sasaki et al., 2002, Hughes et al., 2010).

Growth factor

R-spondin 1 |Inducer of intestinal crypt proliferation through B-catenin activation and
(Rspol) stabilisation (Kim et al., 2005).
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Inducer for expansion of crypt numbers (Haramis et al., 2004) and
Noggin 1 maintenance of Lgr5 expression through BMP signal inhibition (Sato et al.,
2011).
Epidermal Potent stimulator of intestinal cell proliferation and promotes intestinal
growth factor [regulatory function (e.g. enzyme production, transport system, and self-repair
(EGF) capability) (Dignass and Sturm, 2001).

Media supplement

B27 Supplement for serum free media, to help long term-survival of culture growth
(Brewer and Cotman, 1989).

N2 Supplement for serum free media, to help initial commitment, differentiation
and survival of post-mitotic cells in culture (Johe et al., 1996).

HEPES Maintains physiological pH of organoid growth media.
A ROCK inhibitor, preventing dissociation-induced apoptosis (anoikis) of IESCs

Y-27632 culture and the loss of Notch signalling (Watanabe et al., 2007, Sato et al.,
2009).

Table adapted from “Identification, Isolation and Culture of Intestinal Epithelial Stem Cells
form Murine Intestine”, by A.D Gracz, B.J. Puthoff, and S.T. Magness, Somatic Stem Cells:
Methods and Protocols, p.89. With permission from © Springer.

Although organoids can be formed from single stem cells and maintained long term with
appropriate growth factor support, (Pastuta et al., 2016) recently reported that organoid co-culture
with other cell types from intestine (such as neurons, myofibroblasts and collagen) improves
organoid growth and survival. Their findings confirm the importance of the mesenchymal element
of the lamina propria in 3D organoid culture (Lahar et al., 2011, Lei et al., 2014). Understanding the
mesenchymal-epithelial interaction in the intestinal stem cell niche may also enable identification of

the biomolecular mechanism of early tumorigenesis (Pastuta et al., 2016).

Overall, protocols for organoid preparation have become both more standardized (including the
development of commercial culture kits) but also more flexible recognizing that different types of

co-culture have different requirements for additional of trophic factors.
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5.1.3 Aims

Given the time constraints of this project and the labour-intensive nature of organoid culture, the
goals of this part of the project were quite modest. We sought to establish a mouse organoid
culture method in our laboratory and generate and maintain sufficient numbers of organoids to
develop protocols for transfection or transduction, and for analysis of gene expression (RNA or
protein analysis). Achieving these goals would allow us to manipulate known regulators of
intestinal UGT expression and assess the effects of these manipulations on the UGT1A8/Luc
reporter gene activity. Ultimately, we also hoped to transfer the knowledge gained here to human
organoid cultures so that a better understanding of the regulation of the main intestinal UGTs in a
physiologically-relevant yet readily manipulable human system could be achieved. This would
provide a critical foundation for understanding inter-individual variation in drug metabolism and

intestinal detoxification capacity.

Studies in this chapter aim to:

1. Generate an enteroid/organoid model from the UGT1A8/Luc-mice.

2. Observe the enteroid/organoid phenotype upon successful culture.

3. Explore methods for DNA delivery into organoids and for detection of gene expression by
immunostaining.

4. Assess the expression of the UGT1A8/Luc transgene and other intestinal specific genes in

organoids.

5.2 Methods

5.2.1 Development and maintenance of the UGT1A8/Luc transgenic mice

The UGT1A8/Luc-transgenic mice were developed in 2007 by Prof. Peter Mackenzie, Dr. Dong
Gui Hu, and Dr Dione Gardner-Stephen at Flinders University. The transgenic mice carry the 13-kb
promoter region of the human UGT1A8 gene linked to a luciferase reporter gene. Bioluminescence
imaging to assess firefly luciferase expression was performed by Ms. Joanna Gillis, Flinders

University. The UGT1A8/Luc-transgenic mice (Ethics approval AWC#825-13), were maintain at
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Flinders University until 2011 and then transferred to University of South Australia (UniSA) Animal
Facility (Ethics approval BC61-12), under the supervision of Dr. Michael Ward (School of

Pharmacy and Medical Sciences, University of South Australia). All mice handling and procedures
including euthanasia were approved by the Animal Welfare Committee (AWC) and the Institutional

Biosafety Committee (IBC) of UniSA.

5.2.2 Preparation of Matrigel, culture plates, and media

5.2.2.1 Matrigel preparation

Matrigel must be prepared prior to crypt isolation. Matrigel is in liquid form at 2-8°C and solidifies
when it warms above this temperature. Aliquots of Matrigel were frozen at -20°C; when required for
organoid culture the tubes were thawed on ice and kept on ice until use. Tubes for resuspending

the crypt pellet with Matrigel were also pre-chilled on ice to avoid premature gelling.

5.2.2.2 Preparation of enteroid/organoid culture media

Basal media for organoid culture was prepared using Advanced-DMEM/F12 containing 2 mM of
GlutaMax, 10 mM of HEPES buffer, 0.5U/mL of penicillin/streptomycin, 1 x of N2 supplement and 1
x of B-27®supplement. To prepare organoid growth media, 50 hg/mL of Mouse Recombinant
EGF, 100 ug/mL of Mouse Recombinant Noggin and 1ug/mL of Human Recombinant Rspondinl
were added to the basal media. ROCK-inhibitor Y-27632 was added to the growth media at 10 uM
for crypt plating and enteroid/organoid passaging. Supplemented media was stable for 2 weeks at

4°C.

A commercial organoid media, IntestiCult™ Organoid Growth Medium (Mouse), was also used in

this project. The IntestiCult™ media was prepared as instructed in the product manual.

5.2.2.3 Preparation of culture plates
Prior to plating crypts in Matrigel culture, culture plates were pre-incubated at 37°C to allow

Matrigel droplets to gel rapidly forming a dome in the well.

5.2.2.4 Preparation of enteroid/organoid freezing media
Enteroid/organoid freezing media contained 10% DMSO and 10% of Foetal Bovine Serum (FBS)

and 80% advanced-DMEM/F12.
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5.2.3 Isolation of mouse intestinal crypts

Adult UGT1A8/Luc-mice (16-24 weeks) were euthanised by carbon dioxide asphyxiation and the
chest cavity opened to access the intestinal tract. Ten cm of small intestine was harvested and
placed in cold PBS. Membranes, blood vessels and fat were removed completely from the
intestinal exterior. The intestine was flushed with cold PBS until it rinsed clean and then cut
longitudinally. The open intestinal sheets (intestinal lumen facing up) were gently washed 3 times
in a petri dish with cold PBS. Clean intestine was then cut into 2 mm pieces and put into a tube
containing 10 mL cold PBS. Using 10 mL pipettes pre-wetted with FBS (to prevent sticking),
intestinal sections were washed by gently pipetting up and down 3x to dislodge single cells and all
other debris. The pieces were allowed to settle by gravity and the supernatant containing debris of
the villus fraction was then removed as much as possible. Another 10 mL of cold PBS was added
and the washing process was repeated 15 to 20 times or until the PBS was clear. The intestinal
pieces were resuspended in 12 mL of ice-chilled enzyme-free dissociation buffer (Gibco®) and
incubated for 20 minutes at room temperature on a rocking platform in order to ‘loosen’ the crypt
from intestinal tissue. Supernatant of the first incubation was removed using a pipette by previously
settling intestinal pieces by gravity for 30 seconds. To dislodge the crypts from intestinal pieces, 10
mL of 0.1% BSA in PBS was added, and the intestinal pieces pipetted up and down three times.
The supernatant containing crypts was collected and labelled as fraction one. The steps to
dislodge the crypts by pipetting in 0.1% BSA/PBS were repeated five times until five fractions of
crypt solution were generated. Each fraction was observed under the microscope for the presence

of crypts. The third and fourth fractions typically contained the most crypts.

To collect the crypts, each fraction was spun at 290 x g for 5 minutes at 4°C., the supernatant was
decanted and 1 mL of 0.1% BSA/PBS was added to resuspend the crypt pellet, and then
transferred into 1.5 mL tubes and labelled. The crypts were centrifuged again at 200 x g for 3
minutes at 4°C, the supernatant was removed and the pellet containing crypts was resuspended in

100 pL of room temperature complete growth media.
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5.2.4 Enteroid/organoid culture from isolated crypts

Isolated crypt suspensions in growth media were mixed with Matrigel in a 1:1 ratio by gently
pipetting up and down ten times to fully resuspend the mixture. Care was taken to avoid
introducing bubbles. Forty uL of Matrigel:crypt mixture was applied to each well of a prewarmed
48-well plate. The droplet of Matrigel:crypt mixture was plated into dome formation in the centre of
the well, as illustrated in Figure 5.1, followed by incubation at 37°C for 15-30 minutes to allow the
Matrigel to completely polymerise. An aliquot of 250 uL of complete media containing 10 uM
Y27623 was overlayed on the Matrigel dome in each well. The crypts were cultured in a CO>
incubator (37°C, 5% CO;) and media was replaced every 4 days with growth media without
Y27623. Passaging of the organoid was performed after 7-10 days of culture to avoid organoid
over-growth and excessive accumulation of shed cell debris in the lumen that may lead to organoid

death.

«—4 250 ulL growth media

——— 40 ul Matrigel : crypt (1:1)

Figure 5.1. lllustration of a Matrigel dome of enteroid/organoid culture, in a single well of 48 well-
plate.

Forty uL of Matrigel:crypt was plated and polymerised at 37°C, and 250 uL growth media added after the
Matrigel is set. The dome formation of Matrigel in the centre of the well allows pipette tips to reach the
bottom of the well to remove and replace the media without disturbing the dome.

5.2.5 Passaging of the organoid culture

The organoid culture was passaged after 7-10 days of culture when they turned dark in the center
indicating accumulation of shed cells in the lumen. Passaging of organoids was performed by
removing the growth media and adding 1 mL of enzyme-free dissociation buffer, then incubating
for 1 minute at room temperature followed by pipetting (using FBS-pre-wetted tips) up and down to
break up the Matrigel dome and organoids. The same pipette tip was used to transfer the organoid
suspension into a 10 mL canonical tube, to which another 1 mL of dissociation buffer was added.

The tube was incubated at room temperature for 15 minutes on a rocking platform, followed by
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centrifugation at 290 x g, 4°C, for 5 minutes. The supernatant was discarded by decantation, and
the cell pellet was washed with basal medium and centrifuged at 290 x g for 5 minutes at 4°C to
collect the pellet. At this point, the pellet could be frozen in freezing media (refer to section 5.2.2.4)
if desired. Following dissociation of the organoids into single cells, the washed pellet (from a single
well organoid culture) was resuspended in 80 uL of room temperature growth medium, and 80 uL
of pre-thawed Matrigel was added to the suspension. The total 160 uL mixture was distributed
across 4 wells by applying a 40 uL droplet of the mixture into a dome in the centre of each well.
After the Matrigel dome was set by incubation at 37°C, 250 pL growth media containing Y27623
was added to each well and the passaged organoid was cultured in the CO. incubator (37°C, 5%

COy).

5.2.6 Freezing organoids

Organoids could be frozen 3 days post-passaging. Organoids were dissociated into single cells as
described above (section 5.2.5). The pellet of single cells was resuspended in freezing media and
transferred to a labelled cryovial tube. One mL of freezing media was used for every 3 wells of
organoids collected. The organoid stock must be frozen slowly to -80°C, so the cryotube was
wrapped in several layers of paper towel before being stored at -80°C for 24 hours, and then

transferred to liquid nitrogen storage.

5.2.7 Enteroid/organoid transfection

5.2.7.1 Transfection of plasmid DNA

Transfection of enteroids/organoids was tested using Lipofectamine® 2000, with the experiments
performed in accordance with the manufacturer’s standard protocol. For each well of
enteroid/organoid culture in Matrigel, a complex of 1 ug pMMO045-GFP expression plasmid
combined with 5 uL of Lipofectamine was applied. To prepare the transfection complex, 1 ug of
pMMO045-GFP plasmid and 5 pL of Lipofectamine® 2000 reagent were each diluted with 50 pL of
advanced-DMEM/F12 serum free media in separate tubes and incubated at room temperature for
5 minutes. The DNA and Lipofectamine mixtures were combined and incubated for a further 20

minutes. Transfection of organoids was performed three days post passaging. The
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enteroid/organoid media was replaced with fresh growth media and Lipofectamine/DNA complex
was added to the well. Three days after transfection, enteroids/organoids were observed using an

EVOS® FL microscope.

5.2.7.2 siRNA transfection
SiRNA transfection in organoids were tested using Lipofectamine® 2000. Transfection was either

performed in dissociated organoid single cells, or in intact organoids in Matrigel on the third day
after organoid passaging. For both methods, a complex of Lipofectamine® 2000 with siRNA was
prepared according to the manufacturers’ instructions. In detail, 5 pmol of FAM labelled siRNA and
5 uL Lipofectamine® 2000 were each diluted in 50 uL of advanced-DMEM/F12 serum free media
and incubated for 5 minutes at room temperature. Both mixes were combined and incubated for a

further 20 minutes before being added to the cells/organoids.

Protocols for single cell organoid transfection was adapted from (Schwank et al., 2013). After
organoid dissociation, single cells from 1 well of organoid culture were resuspended in 250 pL
growth medium containing Y27632, and plated in 1 well of a 48 well-plate, and the Lipofectamine®
2000 + FAM labelled siRNA complex was added to the cells. The plate was centrifuged at 600 x g
for 1 hour at 32°C and then incubated for 4 hours at 37°C. Cells were transferred to 1.5 mL tubes
and spun at 1000 x g, 5 min. Cell pellets were resuspended in 40 uL of the Matrigel : growth media

(1:1) mixture and plated as described in the organoid passaging protocol.

siRNA transfection of growing organoids in Matrigel was performed at day 3 post-passaging as
follows. The prepared complex of Lipofectamine® 2000 + FAM labelled siRNA in fresh growth
media was added to the well containing organoid culture in Matrigel. Forty-eight hours post-

transfection, organoids were observed using an EVOS® FL microscope.

5.2.8 Organoid transduction

5.2.8.1 Lentiviral packaging and production
The GFP/pTiger lentivirus plasmid was packaged in HEK293T cells as described in Chapter 4 to

produce the lentiviral particles for transduction of organoids. Virus was frozen at -80 °C prior to use.

162



5.2.8.2 Transduction

Organoid transduction was performed by spinfection three days after organoid passaging. Frozen
virus suspension was thawed to room temperature and spun at 1000 rpm for 5 minutes to remove
any packaging cells in the suspension. The supernatant was transferred to a new tube and

Polybrene was added to a final concentration of 4 ug/mL. To infect the organoid with the virus,

organoid growth media was removed from the organoid culture, and virus suspension containing
polybrene was overlayed on top of the Matrigel (organoid culture), and the plate was spun at 3500
rpm for 2 hours at 32°C (spinfection). Following the spinfection, media containing the virus was

removed and replaced with organoid growth medium. Organoids were observed using an EVOS®

FL microscope three days after transduction.

5.2.9 Mouse tissue and enteroid/organoid RNA extraction, reverse transcription
and qRT-PCR

5.2.9.1 RNA extraction from mouse tissue

Mouse small intestine and colon tissue that was not used for organoid production was stored in
RNALater solution at 4 °C. Subsequently, total RNA was extracted from the tissue using TRIzol®
Reagent (Thermo Fisher Scientific). Two hundred pL of Trizol was added and a homogenisation
pestle was used to grind the tissues; another 800 uL of Trizol was then added and incubated for 5
minutes room temperature before addition or 200 uL chloroform. RNA was extracted and
precipitated as described in Chapter 2. The RNA pellet was air-dried and resuspended in 100 uL
RNAse-free H,O and heated at 65°C in a dry heating block for 5 minutes to aid RNA solubilisation.
RNA concentration was measured using NanoDrop™ microvolume spectrophotometers as

described in Chapter 2 and RNA samples were kept at -80°C until required.

5.2.9.2 Enteroid/organoid RNA extraction
Extraction of total RNA from enteroids/organoids was performed using TRIzol® Reagent (Thermo

Fisher Scientific) with glycogen addition in accordance to the manufacturer's manual. Growth
media was removed from organoid cultures and 1x cold PBS was applied on top of the Matrigel,
the enteroids/organoids were released from the Matrigel by pipetting using 1 mL pipette tips. This

was followed by centrifugation to collect the pellet. One mL of TRIzol® reagent was then added to
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each tube of enteroid/organoid and incubated at room temperature for 10 minutes on a rocking
platform. The TRIzol® suspension containing cell lysate was transferred to a 1.5 mL tube and
glycogen was added to a final concentration of 250 ug/mL (12.5 uL of 20 mg/mL glycogen stock).
The subsequent RNA extraction and precipitation steps were as described in Chapter 2. Each RNA
pellet was resuspended in 20 uL RNAse-free H,O and heated at 65°C for 5 minutes to aid RNA
solubilisation. RNA concentration was measured using NanoDrop™ microvolume

spectrophotometers as described in Chapter 2 and RNA samples were kept at -80°C until required.

5.2.9.3 Reverse-transcription (cDNA synthesis)
cDNA synthesis was performed using RNA from both tissues and enteroids/organoids as

described in Chapter 2.

5.2.9.4 Quantitative real-time PCR

Quantitative real-time PCR analysis of gene expression levels in cDNA samples was performed as
described in Chapter 2. The 244“*method (Livak and Schmittgen, 2001) was applied for

guantification. The Student's t-test used to assess the statistical significance of the results.

5.2.10 Whole mount immunofluorescence (IF) of organoids

Whole organoid immunostaining methods were tested using growing organoid cultures in Matrigel.
On the day of staining, the media was removed and the Matrigel dome washed with 1x PBS,
followed by fixation with 4% paraformaldehyde in PBS for 15 minutes at room temperature.
Organoids were washed after fixation with 1x PBS containing 0.1 M glycine, and gentle rocking of
the plate for 10 minutes at room temperature, three times. Further washing with 1x IF wash buffer
solution (PBS containing 0.2% Triton-X and 0.05% Tween) was performed three times for 10
minutes. After washing, the organoids were incubated in blocking buffer containing 3% horse
serum in IF wash buffer for 1.5 hours on a rocking platform at room temperature. The blocking
buffer was removed and replaced with primary antibody diluted in blocking buffer, at a final
concentration of 4 ug/mL, for 4 hours gently rocking or overnight on the bench. Primary antibody
solution was aspirated and organoids were washed again with 1x IF buffer three times, with 10

minutes of gentle rocking at room temperature for each wash. After the third wash, the IF wash
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solution was removed from the organoid culture and replaced with secondary antibody solution
diluted in blocking buffer at a final concentration of 10 ug/mL, incubated for 1 hour at room
temperature, with gentle rocking. After removal of the secondary antibody solution, the organoid
culture was washed with 1x IF buffer twice for 20 minutes each, again with gentle rocking. A final
wash with 1x PBS for 10 minutes was performed before imaging. Images were taken using an

EVOS® FL microscope.

5.2.11 Oligonucleotides

Table 5.2. Oligonucleotides used for gRT-PCR analysis of organoids and mouse tissue.

Name Sequence (5’ 2 3’)

gRT-PCR
mCdx2 F CACCATCAGGAGGAAAAGTGA
mCdx2 R CTGCGGTTCTGAAACCAAAT
MmHNF4a F CAGCAATGGACAGATGTGTGA
mHNF4a R TGGTGATGGCTGTGGAGTC
UgtlA7c F TGTGATGCCCAATGTGATCT
UgtlA7c R CAGAGGCGTTGACATAGGC
mPPARYy F AAGATGGAGTCCTCATCTCAGA
mPPARy R ACTCAAACTTGGGCTCCATAAAG
Firefly Luciferase F TACGATTTTGTGCCAGAGTCC
Firefly Luciferase R ATCCGGAATGATTTGATTGCC

5.3 Results and discussion

5.3.1 Generation of enteroids and colonoids from isolated crypts

To generate UGT1A8/Luc-mouse enteroids using a protocol adapted from (Sato et al., 2009). The
small intestinal crypts obtained from UGT1A8/Luc-mice were cultured in Matrigel as per the
protocol in section 5.2.4. Multiple crypts were plated in one drop of Matrigel for each well, and
overlayed with complete media containing R-spondin, noggin, EFG and ROCK inhibitor Y-27632.
Formation of crypt derived enteroids was determined to be successful following visual examination.

One day after the crypts were plated, they closed at the broken end and displayed a cup-like
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morphology; in the next few days they formed closed spherical enteroids and began to form buds,
indicating that Wnt signalling was activated. We replaced the media with complete media without
Y-27632 every 2-3 days. On days 5-10, the enteroids were well developed and ready for either
harvesting or passaging. Figure 5.2 shows enteroid formation in Matrigel culture from isolated
crypts of UGT1A8/Luc-mice. Enteroid morphology on day 8 was recorded, with a darker enteroid
lumen observed, indicating the lumen had filled with shed enterocytes, and these enteroids were
starting to distort. Passaging of the enteroids was performed approximately every 10 daysinal:5
ratio. Enteroids were dissociated mechanically by pipetting and re-plated. We found that addition of
Y-27632 is essential during passaging, as single dissociated enteroid cells failed to be maintained
in the absence of ROCK inhibitor Y-27632. This confirmed the required media conditions described

in (Sato et al., 2009).

Crypts isolation and
organoids expansion

Organoids observation
on day 8

Figure 5.2. Successful enteroid formation from crypts of UGT1A8/Luc-mice.

Small intestinal crypts were isolated and suspended in Matrigel, and plated with complete enteroid medium,
supplemented with R-spondin 1, epidermal growth factor (EGF), and Noggin. A. A representative field of
view from above a well of enteroid culture at day 8 at magnification of 2x. The number of enteroids were not
counted. B. Higher magnification of an enteroid at 10x. The budding formations demonstrated continuous
generation of crypt-villus structures reminiscent of mammalian intestinal epithelium. Images were taken using
an EVOS® FL microscope in bright field lighting.

Encouraged by the success of enteroid culture, we attempted generation of UGT1A8/Luc-mouse

colon organoids by applying the exact same culture conditions used for the mouse small intestinal
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organoids. We isolated colon crypts that were sufficient for plating in 1 well of Matrigel culture.
Interestingly, 2 days after culture initiation, while the small intestinal crypt showed growth and
changes into sphere-like structures, colon crypts maintained their original crypt morphology.
Shortly after day 3, despite media being refreshed, these colon crypts disintegrated and failed to
survive. This failed attempt to culture colon crypts may indicate that Wnt signalling was not
sufficiently activated to initiate the growth of the colon crypt, confirming that stem cell survival in
organoid systems is determined by adequate expression of Wnt signals (Sato et al., 2011).
Intestinal crypts on the other hand, constitutively express Wnt in their buds (organoid crypt
structure), with Wnt being actively produced by Paneth cells within (Sato et al., 2011). Attempting
UGT1A8/Luc-colon organoid formation using Wnt-supplemented culture media was not achievable

during the time frame of this project.

Despite the unsuccessful generation of UGT1A8/Luc-mouse colonoid cultures, we have succeeded
in maintaining the enteroid cultures for over 4 months before freezing them for long term storage

stocks.

5.3.2 Observation of structures during organoid culture

The National Institute of Health (NIH) Intestinal Stem Cell Consortium has proposed a
standardised nomenclature for intestinal in vitro culture, which defines the structures observed at
various stages of culture (Stelzner et al., 2012). In our preparation of UGT1A8/Luc-mouse
intestinal organoid culture, we observed three structures of these defined structures (Figure 5.3).
The first structure was the “enterosphere” (Figure 5.3A), which was observed 1 day after crypt
plating or after passaging the mature organoids. The enterosphere is a sphere-like structure with
distinct borders derived from either small intestinal crypts or single stem cells. Based on our
observation, especially after organoids were dissociated for passaging, there were variations in
enterosphere sizes and the length of time that enterosphere persisted in the culture. These
variations may relate to the extent of Wnt-related signalling in the structure (Lahar et al., 2011) and
the amount of growth factors in the media. The second structure observed was the “enteroid”

(Figure 5.3B), a multilobulated structure produced by continuing enterosphere growth. This 3-
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dimensional “mini-intestine” structure is defined as an intestinal epithelial crypt-villus unit
independent from the cellular elements of the mesenchymal niche (Zachos et al., 2016, Stelzner et
al., 2012). The third structure observed in the culture was “reconstituted intestinal organoid” cluster
that includes small intestinal epithelial structures adherent to intestinal fibroblasts in a co-culture
system (Pastufa et al., 2016) (Figure 5.3C). The “reconstituted intestinal organoid” structure was
found unintentionally during the second attempt to culture the UGT1A8/Luc-organoids.
Unfortunately, we initially defined this structure as an organoid culture “contaminated’ with
mesenchymal cells and did not take care to characterize it properly by identifying the mesenchymal
cell identity (i.e. fibroblast or intestinal subepithelial myofibroblast (ISEMF)). Based on the
appearance, we assumed that both fibroblast and ISEMF might both be present in the organoid co-
culture (Figure 5.3C). The presence of fibroblasts/ISEMFs affected the morphological structure of

the epithelial component, which is discussed in the following section (5.3.3).

Figure 5.3. Representative images of structures observed during UGT1A8/Luc-mice organoid
expansion.

Terms used for structure identification are based on the nomenclature for intestinal in vitro culture (Stelzner
et al., 2012). During intestinal epithelial expansion, three structures were identified in this study. A.
Enterosphere, a spherical structure, formation started within 3-24 hours at the beginning of crypt culture. B.
Enteroid, a mature organoid formation that was observed after 3-7 days of culture, and C. Reconstituted
intestinal organoid, a multicellular structure formed from intestinal epithelial and mesenchymal cell elements.
The culture consists of intestinal epithelial and intestinal fibroblast/ISEMFs. The flat ISEMFs are indicated by
the arrow. All images were taken using an EVOS® FL microscope in bright field lighting at 10x magnification.
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5.3.3 Organoid formation in the presence or absence of intestinal
fibroblasts/ISEMFs

It is well described that components of the niche at the base of intestinal crypts support the
regulation and maintenance of intestinal epithelial stem cells (IESCs), primarily mediated by Wnt
signalling (Yeung et al., 2011). On one of our attempts to culture the UGT1A8/Luc-mouse intestinal
epithelial cells, we unintentionally co-isolated fibroblasts/ISEMFs during crypt isolation, and
therefore co-cultured crypts with fibroblasts/ISEMFs population. We were subsequently able to
compare two conditions, which were epithelial cultures in the presence and absence of
fibroblasts/ISEMFs. The same Matrigel based culture technique and media were used to maintain
both conditions. We demonstrated that the presence of fibroblasts/ISEMFs, encouraged formation
of larger of epithelial structures (Figure 5.4). Unlike the epithelial-only enteroids that generated a
closed spherical crypt-villus structure with distinct crypt buds, the ‘reconstituted organoids’ that
included fibroblasts/ISEMFs generated large ‘open’ epithelial structure that had long invaginated
walls. This suggests the capacity of fibroblasts/ISEMFs to provide a structural frame for organoids
which is different to what the Matrigel provides. The extracellular matrix (ECM) and collagen that

were synthesised by the fibroblasts may contribute to shaping the organoid phenotype.

Although the budding was hardly seen in ‘reconstituted organoids’, they survived several rounds of
passaging, the epithelial organoid component grew much larger when compared to enteroids. This
suggests that the stemness was maintained and that they contained many proliferating cells;
moreover, it is likely that the fibroblasts/ISEMFs produce trophic factors that support epithelial

growth.

As mentioned above, these ‘reconstituted organoids’ were grown unintentionally, and we did not
apply any specific treatment to these cultures, therefore they were also grown in the Matrigel base.
However, we noticed that the Matrigel was degraded in this culture condition over time. This may
be caused by matrix metalloproteinase (MMPSs) production by the fibroblasts/ISEMFs (Pender et

al., 1997).

169



) \
\ﬁbrobla>
s crypt

Figure 5.4. Comparison of organoid culture in the presence and absence of fibroblasts/ISEMFs.

Images are representative morphology of organoid culture from isolated UGT1A8/Luc-mice small intestinal
crypts with and without fibroblasts/ISEMFs, in a complete organoid medium, within the same range of culture
time. A. represents organoid culture in the absence of fibroblasts which shows distinct sphere/budding
morphology. Scale bars are 400 um, at magnification of 10x. B. shows the growth of ‘reconstituted organoid’
in the presence of fibroblasts/ISEMFs which support growth of larger, open organoids in various irregular
shapes. Scale bars are 1000 pm, at magnification of 4x. All images were taken using an EVOS® FL
microscope in bright field lighting.

Although intestinal organoid culture of stromal cells generated a larger, open an elongated
epithelial structure, our findings showed that these fibroblasts/ISEMFs mesenchymal elements
were not capable of supporting the organoid growth in the absence of exogenous growth factors
(R-spondin, Noggin and EGF) (Figure 5.5). Thus, these unintentionally isolated fibroblasts/ISEMFs
are deemed non-supportive: while they likely produce factors that enhance growth, they cannot
fully replace the exogenous growth factors. Interestingly, we observed that the fibroblast/ISEMF
layer could not survive when the epithelial cells were removed or died, indicating that mutual cell-
cell communication between fibroblasts of the mesenchymal niche and epithelial cells are essential
for the survival of both cell types. Further work is required to characterise the signalling factors

involved in regulating the survival of both epithelial and stromal cells.

The characteristics of the non-supportive stromal cells isolated in this project are consistent with
findings of Lei et al, they categorised two types of fibroblasts and ISEMFs used in intestinal mouse
organoid co-culture: ‘supportive’ and ‘non-supportive’. The supportive stromal element comprised

ISEMFs isolated from infant mice aged less than 1 week; these ISEMFs support organoid growth
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in the absence of growth factors in the media. Supportive ISEMFs uniquely express high levels of
Rspo-2 but not Rspo-1, and Rspo-2 is more potent Wnt activator than Rspo-1 through binding to
Lgr5 (Lei et al., 2014). Adult and embryonic fibroblasts were found to be non-supportive of
epithelial organoid growth in the absence of added R-spondin (Lei et al., 2014). The UGT1A8/Luc-
mice used in our project were adults. Based on Lei et al's study, adult ISEMFs are non-supportive
since they do not exhibit high enough R-spondin levels to support epithelial organoid growth,

therefore exogenous growth factors, particularly Rspo, are required (Lei et al., 2014).

Figure 5.5. Organoid growth in the presence of fibroblasts/ISEMFs cannot be maintained without
exogenous growth factors.

A. Reconstituted intestinal organoid survives normally in growth factor supplemented media, whereas B.
Reconstituted organoid stops growing in the absence of growth factors and leads to fibroblast death. All
scale bars are 400 um. Images were taken using an EVOS® FL microscope in bright field lighting at 10x
magnification.

5.3.4 Exploration of gene delivery methods in UGT1A8/Luc-mouse intestinal
enteroids

In general, to understand gene function, expression and regulation, it is critical to be able to
genetically manipulate the experimental model system. The genetic manipulation includes gene
overexpression and gene silencing/knockdown. Hence, our first task after successfully growing the
UGT1A8/Luc-enteroid culture, was to identify which gene transfer methods may be effective in
enteroid culture. We tested two methods for transfer of an expression construct (using a GFP-
expression construct to assess efficiency): DNA-plasmid: liposomal transfection and lentiviral

transduction.
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We first transfection/transduction of intact enteroids/enterospheres. For lentiviral transduction, we
performed a spin-transduction protocol to increase efficiency. This method however was not as
successful as the lipofection method, which we performed based on standard Lipofectamine®
2000 protocols. Figure 5.6 shows the comparison of both DNA delivery protocols (lipofection and
lentiviral). Although we could not determine the precise transfection efficiency using
Lipofectamine® 2000, we were able to confirm that the intact enteroid is amenable to transfection
using Lipofectamine® 2000. Although recently a successful lentiviral transduction protocol has
been demonstrated in organoids (Van Lidth de Jeude et al., 2015), lipofection has the advantage of

ease of use.

Bright Field GFP (green) Bright Field GFP (green)

A--

Figure 5.6. GFP transfection into enteroids by lipofection and lentiviral transduction.

Enteroids were split, resuspended in Matrigel and cultured for 72 hours before transfections. Observation of
transfection efficacy was carried out after 72 hours using bright field and fluorescence microscopy. A.
Enteroids were observed to be successfully transfected using Lipofectamine®2000 in the Matrigel culture
based on GFP expression. B. Transduction using pTiger-GFP lentivirus in Matrigel-embedded organoid
culture was observed to be unsuccessful as it did not result in any GFP expression.

Lipofectamine® 2000 has been the liposomal reagent of choice in various studies in the organoid
system (Schwank et al., 2013, Drost et al., 2015) even though efficiencies do not appear to be very
high, i.e. .Schwank et al. found a 2.5% transfection efficiency using this reagent. Another method

that has been used fairly successfully is electroporation as published by Fuijii et al. (Fujii et al.,
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2015). They demonstrated an efficient gene transfer to organoids by modification of the
electroporation method, including the addition of 1.25% (v/v) DMSO to the culture medium and
treatment with GSK-3 inhibitor (CHIR99021) a few days before dissociating the organoid and
conducting electroporation. They found the electroporation protocol to be superior to lipofection
methods. Unfortunately, due to time constraints we were not able to test the electroporation

methods in this project.

Next, we tested whether siRNA transfection could be achieved the same liposomal reagent
Lipofectamine® 2000. Reconstituted organoids were utilised for siRNA transfections. A fluorescent
labelled, fluorescein amidite (FAM) siRNA was used for these experiments. We tried two
approaches for transfection: in the first we transfected dissociated single organoid cells and then
plating them in a Matrigel base; in the second approach, the dissociated organoid cells were grown

in Matrigel for 3 days into cyst or organoid phenotypes before transfection.

Observation of transfection following cell dissociation showed what appeared as successful FAM
SiRNA transfection with essentially all cells showing uptake of the siRNA 24 hours post-transfection
(Figure 5.7A). These cells however did not grow into organoids in Matrigel even after 7 days,
suggesting that transfection may have killed the cells. This problem was also encountered when

transfecting plasmid into dissociated cells (not shown).

FAM siRNA transfection of intact organoids on the other hand, was successful, with transfected
SiRNA clearly observed in the organoids (Figure 5.7B). However, siRNA transfection efficiency was
not determined in this study. To the best of our knowledge, exploration of siRNA transfection in the
enteroid/organoid using Lipofectamine® 2000 has not been reported previously. Collectively, DNA
or RNA delivery into UGT1A8/Luc-mouse organoids appear to be possible using lipofection

methods, albeit it with varying efficiencies.
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Bright Field FAM siRNA (green)

A

Figure 5.7. Transfection of fluorescent labelled, fluorescein amidite (FAM) siRNA into organoids.

A. A representative image of FAM siRNA transfected single cells of dissociated organoids. Organoids were
split into single cells, transfected with siRNA, and plated in Matrigel to grow. B. FAM siRNA transfection into
growing organoid. Organoids were grown in the Matrigel in the presence of fibroblast for 72 hours and
transfected with FAM siRNA. All images were taken 24 hours post-transfection, at 40x magnification using an
EVOS® FL microscope.

5.3.5 Immunofluorescent staining of organoid

Immunofluorescent staining was performed on a ‘reconstituted organoid’ culture derived from
UGT1A8/Luc-mice. We attempted to visualise the expression of the firefly-luciferase protein, which
is proportional to the UGT1A8 gene promoter activity using anti-luciferase antibody (Figure 5.8A).

Immunostaining with CDX2 antibody was also performed (Figure 5.8A).

Two reconstituted organoids on day 7 of growth (top and bottom Figure 5.8) were fixed and stained
using primary anti-CDX2 antibody (green), firefly luciferase antibody (blue) and flurophore-labelled
secondary antibodies. Organoid staining was imaged using a green filter for CDX2 and a blue filter
for luciferase (Figure 5.8A). CDX2 appeared to be localised within the nuclei, and positive CDX2
expression was observed along the line of the organoid cyst wall consistent with the presence of
organoid intestinal epithelium. UGT1A8/Luc expression appeared to be broadly expressed across

the structure and cytoplasmic.

Intestinal fibroblasts (in monolayer) from a UGT1A8/Luc ‘reconstituted organoid’ culture were
stained with anti-actin antibody, and cytoplasmic expression of actin was observed, confirming

fibroblast identity (Figure 5.8B).
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Figure 5.8. Immunofluorescence of organoids and intestinal fibroblast.

Immunofluorescent staining was performed in a Matrigel embedded organoid. A. Representative images of
UGT1A8/Luc-mice organoids expressing Cdx2 protein localised in the nuclei, and firefly luciferase in the cell
membranes. The top and bottom images are organoids cultured in different wells. B. Immunostaining of
intestinal fibroblasts expressing actin. All images were taken using an EVOS® FL microscope.

Overall, these data suggest that antibodies can penetrate Matrigel to mediate immunofluorescent
staining of the embedded organoids; however future work may be required to optimize the use of

different antibodies.

5.3.6 Challenges and opportunities in organoid culture

We have shown that organoid culture has great potential as an ‘ex vivo’ intestinal model system to
study UGTs. Technical difficulties encountered during UGT1A8/Luc-enteroid/organoid culture are
worthy of discussion here. A major concern is the unequal enteroid growth both in primary culture
and during secondary passaging where dissociation of organoids does not reliably produce singe
cell suspensions (Figure 5.9). The lack of uniformity in organoid growth may affect the

reproducibility of experimental manipulations designed to alter cell growth and response.
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Figure 5.9. Uneven organoid dissociation into single cells results in unequal organoid growth.

Blue arrows show various organoid structures which were observed after organoid passage. Image was
taken using an EVOS® FL microscope in bright field lighting at 4x magnification.

Another problem is natural progression of organoids towards a non-variable state in culture. Figure
5.10 shows the viability of two different organoids; the appearance of the healthy organoid was
marked by a clear lining of epithelial coherence, whereas the appearance of the “disrupted”
organoid was darker, and filled with dying or dead cells and disturbed epithelial lining.
Unfortunately, the organoids do not appear to all ‘age’ at the same rate, and the same culture may
show both viable and non-viable organoids. The presence of unhealthy organoids can comprise
the health of neighbouring organoids, hence once dying organoids are observed, the culture must

be passaged to avoid further deterioration.
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Figure 5.10. Comparison of two stages of organoid viability.

A. A representative image of a healthy and viable organoid. B. A representative image of an organoid with
many dead/dying cells. Both types of organoids may appear in the same culture well and cause difficulty in
guantification in an experimental treatment. Images were taken at 10x magnification using an EVOS® FL
microscope in bright field lighting.

Regular supplementation of media with fresh growth factors is important as lowered growth factor
concentrations prevent the enterosphere from growing into the enteroid or organoid (Figure 5.11).
Deficient R-spondin, noggin and EFG cause less activated Wnt signalling, and consistent with
previous report (Lahar et al., 2011), we found that if enteroid/organoid culture is not sufficiently
supported by growth factors, they may maintain their cyst-structure indefinitely without appropriate

growth and differentiation.

Figure 5.11. Persistent enterosphere structure after 4 weeks culture in growth factor deficient media.

Enterosphere structures observed in three wells were persistent as cysts without significant growth; this is
caused by insufficient growth factors in the media. Images were taken at 2x magnification using an EVOS®
FL microscope in bright field lighting.
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5.3.7 Detection of UGT1A8/luciferase expression in UGT1A8/Luc tissues and
enteroids.

We performed gRT-PCR analysis of luciferase expression in transgenic UGT1A8/Luc-mice
enteroids to investigate the activity of the UGT1A8 promoter via the linked firefly-luciferase reporter
transgene. The mouse small intestine and colon tissues were also analysed for luciferase
expression. Unfortunately, only RNA from UGT1A8/Luc small intestinal enteroids was able to be
collected, as our UGT1A8/Luc colonoid culture was not successful. The successfully grown
enteroids were harvested on day 7 for RNA analysis. We demonstrated that luciferase mRNA was
expressed in all UGT1A8/Luc mouse tissue samples, as well as the derived enteroids (Figure
5.12A). Consistent with UGT1A8 expression along the human gastrointestinal tract, which
increases towards the colon (Cheng et al., 1998), our result shows that expression of the
UGT1AS8/Luc reporter in the mouse colon is higher than in the small intestine. Furthermore, we
detected a level of UGT1A8/Luc expression in the enteroid that is comparable to that in the small
intestinal tissue. This result may indicate a similar level of cell maturity in the enteroid as in the

adult mouse intestine.

In this RNA-analysis study, we also compared the expression pattern of the UGT1A8/Luc reporter
to the expression of mouse Ugt8. This gene was chosen because of its similar activity between
human (UGT8) and mouse (ugt8) and its significant expression in the intestinal tract (small
intestine and colon) (Meech et al., 2015). Ugt8 mRNA analysis in mouse tissues indicates that its
colonic expression is dramatically higher than its small intestinal expression (Figure 5.12B),
whereas in human, colonic expression of UGT8 was reported to be equivalent to the small
intestinal expression (Meech et al., 2015). Interestingly however, consistent with UGT1A8/Luc
expression, expression of Ugt8 in mouse enteroids is comparable to that in mouse small intestinal

tissue.
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Figure 5.12. Expression of UGT1A8/Luc reporter and Ugt8 mRNA in tissues and enteroids from
UGT1A8/Luc-mice.

A. Expression of the human UGT1A8/Luc reporter (luciferase RNA) in mouse small intestinal enteroid is
comparable to that the mouse intestinal tissue. UGT1A8/Luc expression in colon tissue is higher than in
small intestinal tissue. B. A similar pattern of intestinally expressed Ugt8 to UGT1A8/Luc was displayed. The
expression level was calculated using the 2"-Ct method (*1000000). Average of expression in a minimum of
4 mice in replicated experiments was taken. All values were normalised by internal 18s (mouse) rRNA
expression.

5.3.8 Expression of mouse-Cdx2, Hnf4a, Ppary, and Ugtla7c in the UGT1A8/Luc
enteroids

The expression of intestinal genes in mature enteroids was assessed by qRT-PCR. Mouse Cdx2,
Hnf4a, Ppary and Ugtla7c were all expressed (Figure 5.13). High Cdx2 and Hnf4a expression in
the enteroids reflects active intestinal epithelial differentiation and turnover, and the critical roles of

these two factors in these processes (Boyd et al., 2009).

Ppary transcripts were also high in the enteroid (Figure 5.13), which is consistent with its important

role in intestinal cell migration, as well as epithelial cell differentiation (Chen et al., 2006).

179



Genes expressionin UGT1A8/Luc organoid

25000

20000

35
© 3
S g; 15000
u— X
o3
(5]
=E 10000
a e

5000

0 [ - ===
mPparg mHnf4a mCdx2 Ugtla7c
B Genes expression level 1351 2414 710 20182

Figure 5.13. Expression of mouse mPPARy, mHNF4a, mCdx2 and mouse Ugtla7c in UGT1A8/Luc
organoids.

The expression level was calculated using the 2”*-Ct method (*1000000). Average of expression in a
minimum of three organoid cultures was calculated. All values were normalised by internal 18s (mouse)
rRNA expression.

Finally, we examined the expression of the mouse Ugt gene which most corresponds to human
UGT1AS8. In a study by (Buckley and Klaassen, 2007), Ugtla7c expression was identified as being
absent in the liver and high in the gastrointestinal tract, with the Ugtla7c transcripts highest in the
colon. This pattern suggests that Ugtla7c may have similar functions in the mouse to human
UGT1A8. We found that Ugtla7c expression was very high in UGT1A8/Luc-enteroids (Figure

5.13), which may suggest a significant function in mouse small intestine.

5.4 Conclusion

These studies have shown that establishment of enteroid/organoid cultures from UGT1A8/Luc
mice is highly feasible, and that they provide a valuable model for studying intestinal development
and homeostasis. We successfully cultured intestinal crypts with the ability to self-organise into
enteroids which are independent from any mesenchymal element (Figure 5.3). We also
demonstrated that organoids can be cultured together with intestinal fibroblasts which promotes

more robust growth, even though the adult mouse fibroblasts are technically ‘non-supportive’ as
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they cannot fully replace exogenous growth factors, confirming previous reports from (Lei et al.,

2014).

We found that transfection using a liposomal agent is applicable to the enteroid/organoid model
within Matrigel culture, both for DNA and RNA delivery. We found that the organoid survival rate
was higher when the DNA-delivery was conducted in stable growing organoids rather than
dissociated single cells. However, the transfection efficiency was low and not every cell of the
organoid can be transfected. One possible solution to this problem is to transfect intact organoids
and later dissociate into single cells and grow new organoids: any organoids derived from
transfected stem cells should carry the transfected plasmid in all cells. Such organoids could be
isolated using GFP as a marker. In addition, other reagents could be tested to determine if they
can transfect dissociated cells with less toxicity, this optimisation should include testing the
electroporation method. Analysis of FAM labelled siRNA uptake suggests that SIRNA may
effectively target isolated cells and organoids; however assessing the effectiveness with which
gene knockdown can be achieved will require by performing gRTPCR analysis of a siRNA-target

gene.

Expression of UGT1A8/Luc in the enteroid system was confirmed by gRT-PCR analysis as well as
immunofluorescent staining. The gene expression profile of enteroids is reported as being similar
to freshly isolated crypt. We discovered a comparable expression of UGT1A8/Luc mRNA level
between enteroid and adult mouse small intestinal tissue, which suggests that the enteroid is a
good model to study UGT1A8 gene regulation. High expression of the intestinal specific regulators
Cdx2, Hnfda, Ppary in the enteroid further support the idea that enteroids can be used to study the
factors that control the developmental patterning of the UGT1A8 transgene, as well the patterning

of relevant mouse Ugt genes such as Ugt8 and Ugtla7c.

We also showed that protein expression can be examined in enteroids using immunofluorescence
staining of the enteroid/organoid embedded in Matrigel; although replication and further controls

are required to confirm the specificity of immunostaining performed in these conditions.
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Overall, we have established the fundamental methodology for intestinal organoid culture as well
as genetic manipulation of organoids and analysis of gene expression in organoids. These can be
applied to future studies of the UGT1AS8/Luc transgenic mouse. These studies would complement
findings reported in Chapter 3 and 4 as discussed in the Introduction to this Chapter. In addition,
human intestinal organoids should be generated to assess whether the transgene in the
UGT1A8/Luc mouse faithfully recapitulates the expression and regulation of the endogenous
UGT1A8 gene. As well as studying UGT regulation, knockdown or deletion (e.g. using CRISPR) of
intestinal UGTSs in organoid systems would provide a powerful model to assess the functions of

these UGTs in intestinal cell detoxification and drug metabolism, and in cancer.

It is frequently observed that failures in translating basic molecular research into clinical outcomes
are due to lack of clinically relevant models. Organoid models have been widely embraced as a
valuable intermediate between cellular, animal, and clinical studies that may improve the
translatability of preclinical research. Moreover, many laboratories are focussed on producing
organoid cultures from large numbers of patients that can be used in drug-screening in order to
find the most effective therapy for a given patient. This work is beginning to realize the goal of
personalized drug-targeting and development. Our establishment of organoid cultures to study
UGT expression, regulation, and ultimately function, provides a platform to better address the
bases of variation in drug metabolic capacity, and is likely to contribute to more effective

pharmacological validation and optimization, including personalized therapy.
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CHAPTER 6. GENERAL DISCUSSION AND CONCLUSION

UGT enzymes in the gastrointestinal tract play a critical role as a first line barrier against ingested
xenobiotics and in the pre-systemic metabolism of drugs. This project focussed on mechanisms
that control the constitutive and inducible expression of UGT genes in the intestine. Understanding
these two aspects of regulation is of considerable importance as the former ensures that UGTs are
expressed in the correct tissue-specific pattern, and the latter allows them to be dynamically
responsive to changed demand for detoxification capacity. The mechanisms underlying the
constitutive intestinal expression of the UGT1A8-1A10 genes were investigated in studies
described in Chapter 3. The inducible regulation of UGT1A8 by dietary chemicals, particularly
flavonoids, was investigated in studies described in Chapter 4. To complement this work, we
established a sophisticated organoid system to further investigate intestinal UGT regulation and

function in studies described in Chapter 5.

The expression of UDP-glucuronosyltransferases (UGTS) is well known to be regulated in a tissue-
specific fashion. While regulation of hepatic UGT expression by liver-specific transcription factors
has been extensively studied, less is known about control of intestinal expression by
developmental regulators. All UGT1A family members are present to some degree in the
gastrointestinal tract although only UGT1A7, UGT1A8 and UGT1A10 are specific to this tissue, of
these UGT1A7 is confined to stomach while UGT1A8 and -1A10 are expressed in intestine.
UGT1A9, while a member of the same gene cluster and abundant in intestine, is also expressed in

liver.

The expression of intestinal UGTs is highest in the differentiated epithelial cells that are exposed to
the luminal contents and lower in undifferentiated cells of the intestinal crypts. At the beginning of
this study, the role of CDX2 in specifying UGT expression in intestinal epithelial cells had been
relatively well defined. Known as the intestinal master regulator, CDX2 regulates intestinal
development during embryogenesis, and maintains cellular proliferation and differentiation during

intestinal epithelial renewal (Ralston and Rossant, 2008, Gao et al., 2009, Silberg et al., 2000).
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Studies in mouse show that Cdx2 partners with HNF4a to regulate intestinal specific genes (Olsen
et al., 2012); both factors interact and co-occupy target promoters in a combinatorial transcriptional

mechanism (Verzi et al., 2013, San Roman et al., 2015).

While CDX2 was shown to regulate UGT1A8 and -1A10 via a CDX2 response element (CDX2-RE)
that is conserved in these two genes but not conserved in UGT1A9 (Gregory et al., 2004a).
(Gregory et al., 2004b). However, previous studies had not defined any role for HNF4a. in intestinal
regulation of these genes. In this thesis project, we provided the first evidence of cooperative
regulation of UGT1AS8, -1A9 and -1A10 by CDX2 and HNF4a. We found that CDX2 and HNF4a
were required to maintain endogenous expression of UGT1AS8, -1A9 and -1A10, in Caco-2 cells. At
the promoter level, our major finding was identification of a novel 12 nt Cdx2/HNF4a synergistic
composite element located in the proximal promoters of these three genes. EMSA analysis
showed that the element was bound by both CDX2 and HNF4a via two adjacent but discrete
motifs. This is the first evidence showing CDX2 and HNF4a integration in such a short sequence
(12 nt), and is different from the previously described synergistic interaction of CDX2 and

HNF1la that is dependent on two more distantly spaced elements (Cdx2-RE at -70 bp and HNF1a-

RE at -105 bp from TSS) (Gregory et al., 2004a).

An additional significant finding was that the novel CDX2/HNF4a. composite element is functional
in the UGT1A9 promoter and mediates regulation of this gene by CDX2. Given that the previously
identified CDX2 RE in the UGT1A8 and -1A10 promoters was found to be non-functional in
UGT1A9, it has been unclear how intestinal regulation of UGT1A9 is determined. Our new findings

resolve this quandry.

Our studies of UGT1A9, which is both hepatic and intestinal, also gave greater insight into how
HNF4a might control hepatic and intestinal regulation via different regulatory modules. It appears
that the CDX2/HNF4o composite element does not function in hepatic cells where CDX2 is absent.
Instead, in this context, upstream HNF4a elements bind and mediate regulation of the UGT1A9

promoter. These upstream HNF4a elements are non-functional in UGT1AS8, -1A10, thus these
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genes are not expressed in liver. Hence we define an ‘intestinal module’ where CDX2 and HNF4«
interact to act synergistically and a ‘liver module’ where HNF4a functions either alone or with other

partners such as HNF1la (Barbier et al., 2005, Gardner-Stephen and Mackenzie, 2007).

One model that is consistent with our results is that the presence of CDX2 changes the function of
HNF4a such that it preferentially binds the ‘intestinal module’ rather than the ‘liver module’ in the
UGT1A9 promoter. This expands our understanding of intestinal vs hepatic UGT patterning

involving co-regulation by tissue specific developmental factors.

The inducible regulation of UGTs by ligand-activated transcription factors (TFs) allows dynamic
response to chemical insults (Hu et al., 2014a). Many such ligands are also UGT substrates thus
providing a direct feedback response (Bock, 2012). Substances contained in foods consumed daily
may be metabolised as substrates by intestinal UGTs and potentially also regulate the level of
UGTs. Flavonoids are thought to be responsible for many of the beneficial effects of diets rich in
fruits and vegetables. The activities of UGT enzymes contribute to the low bioavailability of
flavonoids (Wu et al., 2011, Gao and Hu, 2010). To understand how flavonoid compounds may
affect intestinal UGT regulation, we studied UGT1A8 which has intense activity towards flavonoids
(Mojarrabi and Mackenzie, 1998, Cheng et al., 1999). A differentiated Caco-2 cell model was used
to represent mature intestinal epithelial cells. Caco-2 cells were differentiated in two ways:
traditionally by 21 day culture, and by using sodium butyrate (NaB) as inducer for more rapid
differentiation (Yamashita et al., 2002). NaB was also considered relevant to the intestinal
environment where microbiota endogenously produce butyrate and it may play a role in colon
cancer prevention by promoting cellular differentiation (Candido et al., 1978, Kim et al., 1980). To
date, despite the great contribution butyrate makes to metabolic activities in the intestine,
information that links butyrate with xenobiotic metabolism, particularly involving UGT enzymes, has

been very limited.

We found that flavonoids only induced UGT1A8 promoter activity in butyrate-induced differentiated

Caco-2 cells and not in 21-day long-term differentiated cultures. This might have been due to
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different characteristics of the differentiated cultures, or due to a direct effect of the butyrate on
increasing the accessibility of the UGT1A8 promoter to ligand-dependent transcription factors. In
assaying both UGT1A8 promoter activation and RNA analysis, we found that genistein had the
greatest capability in inducing UGT1A8 expression and that genistein and NaB acted
synergistically. From a functional standpoint, this finding suggests that ingestion of genistein
together with dietary fibre that promotes butyrate production in the intestine might increase
UGT1AS8 expression. This could promote the metabolism of carcinogenic materials and reduce the
risk of carcinogenesis. Confirmation of this model would require studies in vivo, although it could
also be informed by studies using cancer-derived organoid models, including the emerging

technology of organoid/microbiota co-culture (Williamson et al., 2018).

Potential regulatory circuits involving genistein and UGT1A8 may not be surprising, as Tang et al.
reported that UGT1AS8 is the most potent UGT in genistein glucuronidation at a concentration of 10
uM and over (Tang et al., 2009). Hence, our data suggests that although UGT1A8 is responsible
for the low bioavailability of genistein, reciprocally, genistein exposure significantly increases
UGT1A8 expression. Given that flavonoids such as genistein have anti-cancer properties, whether
the increased metabolism of flavonoids due to induction of UGT1A8 would offset any protective

effects mediated by enhanced clearance of carcinogens is unclear.

A major component of our studies was identifying the mechanism by which genistein regulates the
UGT1A8 gene. Many studies have reported that the transcription factors PPARs (-a and -y) and
ERPB mediate gene transcription activation by genistein (Kuiper et al., 1998, Ricketts et al., 2005,
Chacko et al., 2005, Salam et al., 2008, Pallauf et al., 2017). Our studies using PPAR and ER
antagonists suggested that induction of UGT1A8 mRNA by genistein may involve both classes of
factors. However studies at the promoter level did not reveal any role for ER hence subsequent
studies focussed in PPAR factors. Interestingly, previous report suggests that genistein acts via
ERp at a low concentrations of <1 uM and via PPARY at higher concentrations (Dang, 2009, Patel
and Barnes, 2010), hence our results may relate to the fact that genistein was used at high

concentration in our studies.
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The use of PPAR agonists and overexpression of PPARa and -y genes confirmed that the
UGT1AS, -1A9 and -1A10 genes are all responsive to PPAR, and likely have functional PPAR
response elements (PPRES) in their proximal promoters. However, extensive studies failed to
define this element in the context of Caco-2 cells. This was inconsistent with studies in COS7 cells
where we were able to show the effect of PPARy on UGT1A8 promoter induction was mediated by
a PPRE at -818 bp. This PPRE corresponds to the PPRE identified previously by Barbier et al in
UGT1A9 that also functioned in COS7 in their studies (Barbier et al., 2003). It is intriguing that this
PPRE did not mediate the response to PPAR factors in Caco-2 cells, and suggests that nuclear
receptors function differently in different cellular contexts. We explored whether other intestinal
factors might be required to cooperate with PPAR in Caco-2 cells, either at a transcriptional or
post-transcriptional level. We saw evidence for antagonistic interaction between HNF4a and
PPARYy in regulation of UGT1A9 promoter activity. One possible explanation for this effect is
modulation of post-transcriptional mechanisms in association with ERK1/2 phosphorylation. PPARy
phosphorylation is known to involve ERK1/2 activation (Chen et al., 2003), and a recent report
showed that HNF4a-dependent gene regulation is inhibited by phosphorylation related-ERK1/2
activation (Vet6 et al., 2017). However, this interaction might mediate a tissue specific effect of

PPAR remains unclear.

We also found evidence that genistein can modulate the epigenetic status at the proximal promoter
of UGT1AS8, shown by enrichment of activating histone modifications. This effect might cooperate
with the known effect of butyrate on inhibiting histone deacetylases (HDACSs) (Davie, 2003). Thus,
it is possible that the synergistic action of genistein and butyrate involves chromatin modification.
Overall however, we consider that more work is required to fully understand how genistein

regulates the UGT1A8-1A10 genes in the intestinal context.

Our studies used the Caco-2 cell line model. However, even when differentiated this model does
not perfectly represent intestinal enterocytes; moreover, it cannot model the lineage progression of
intestinal stem cells and transit amplifying cells. Study of UGTs in this context would provide a

better understanding of how these progenitor cells might be protected from chemical insults,
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particularly since these are considered the cells of origin for cancer. While mice represent a
physiologically relevant system to study the intestinal genes, the human UGT genes do not have
direct homologs in mice. Our laboratory previously generated transgenic ‘humanised’ mice carrying
13kb of the UGT1A8 promoter linked to a luciferase reporter that could be used in our studies. We

elected to use these mice to establish the intestinal enteroid/organoid model in our laboratory.

Using the available protocols (Sato et al., 2009), we isolated intestinal crypts of UGT1A8/Luc mice
and generated two types of intestinal organoids. One was a self-organised ‘enteroid’ culture which
is independent of any mesenchymal element; the other was a ‘reconstituted intestinal organoid’
(shorted to ‘organoid’), which is a co-culture of epithelial and mesenchymal (fibroblast) components
(Stelzner et al., 2012). Our enteroids were closed spheres that showed distinctive budding events;
whereas organoids cultured with fibroblasts formed larger elongated epithelial structures that did
not close, suggesting fibroblast contribution to shaping the organoid. While our organoid co-culture
was not fully self-supportive (i.e. it required external growth factors), it grew more robustly than the
enteroids. Our findings were in agreement with previous reports that adult fibroblasts (unlike
neonatal) are a ‘non-supportive’ element. The phenotype of our mesenchymal component
resembled subepithelial myofibroblasts (ISEMFs); however, we did not confirm this with marker
analysis. ISEMFs from neonatal mice are known to express high level of Rspo-2 and is thus a
supported matrix in organoid culture (Lei et al., 2014). Both of our cultures (enteroid and organoid)
however, showed self-renewal capacity while maintaining their stem-ness during organoid

passages.

As genetic manipulation is essential in the study of transcriptional regulatory mechanisms, we
tested the effectiveness of DNA and RNA delivery systems using the simple protocol of lipofection
and also lentiviral transduction. Surprisingly, Lipofectamine® 2000 was modestly effective at
introducing plasmid DNA and very effective at introducing siRNA into organoids. While the
transfection efficiency was higher in dissociated organoid cells, the survival rate of these cells was
low. Furthermore, although lentiviral transfection generally shows efficient transfection, our study

showed that mature organoids were resistant to the lentiviral spinfection, and again, dissociating
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organoid cells prior to spinfection caused low survival rates. Optimisation of these transfection
methods and techniques is required in the future and other methods such as electroporation
should also be tested. Currently however, our data suggest that siRNA can be effectively

introduced and further studies will assess the efficacy of target gene knockdown.

It was important to determine whether the level of gene expression in organoids grown from
UGT1A8/Luc-mice paralleled expression levels in tissue. We found very good correspondence of
UGT1AS8/Luc reporter gene expression in intestinal organoids and intestinal tissue by analysis of
luciferase mRNA level. We also showed that two endogenous mouse intestinal Ugts, Ugt8 and
Ugtla7c, and the intestinal regulators Ppary, Hnf4o. and Cdx2 were all expressed equivalently in
organoids and intestine tissue. This data sets the stage for studies of UGT1A8 regulation in
organoids by knockdown of these factors, or chemical inhibition, as well as potentially
overexpression studies. As mentioned previously, there is also the potential to study the role of
dietary compounds and the microbiome in regulation of UGT expression and function using
organoids. Indeed, this model might be ideal to study the complex yet critical interplay of intrinsic
(transcriptional), endobiotic (including microbiome derived), and xenobiotic (dietary or

pharmacological) regulators in determining the metabolic capacity of the gut.

Studies to examine the consequences of loss of UGT function in the organoid model will require a
different mouse model — such as the humanized UGT1 mouse that carries the entire human UGT1
locus (protein coding and regulatory regions of all UGT1 genes). Knockdown of specific UGT
genes using siRNA in organoids from these mice could allow their contribution to the intestinal
metabolism of particular chemicals to be assessed, including clinically important drugs, as well as

potentially the consequences of their activity (or lack thereof) for carcinogenesis.

In summary, this project uncovered important new aspects of both constitutive and inducible
regulation of intestinal UGTs. In practical terms, our study supports the idea that activation of
intestinal UGTs contributes to the protective effect of foods containing-flavonoids, combined with
the activity of butyrate producing-microbiota, by enhancing detoxification capacity. This may

prompt the development of UGTs as biomarkers or even targets in the developing fields of
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microbiome modulation and functional foods. We also show how organoids may provide an easily
manipulated in vitro model system of normal intestine that could be used to achieve a deeper
understanding of intestinal UGT regulation and function, which may play an important role in drug

development as well as the emerging field of personalized drug selection.
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APPENDICES

Appendix 1

Chemicals

Supplier

Cell treatment chemicals

3,6-dihydroxyflavone
3,7-dihydroxyflavone
17-a-ethynylestradiol
19-hydroxy-4-androstene-3,17-dione
2’-hydroxyflavanone
4’-hydroxyflavanone
6’-hydroxyflavanone

3’-hydroxyflavone

4’-hydroxyflavone
5’-hydroxyflavone (Primuletin)
6’-hydroxyflavone
4’-methoxyflavanone
5’-methoxyflavanone
6’-methoxyflavanone
3,7,4-trihydroxyflavone
Baicalein

Biochanin A (5,7-dihydroxy-4’-methoxyisoflavone)
Chrysin

Corticosterone

Cortisone

Danazol

Dehydroisoandrosterone

Diethylstilbestrol

(-)-Epigallocatechin gallate

Estradiol

Estriol

Estrone

Flavanone

Flavone (2-phenyl-4H-1-benzopyran-4-one)
Galangin

Genistein

Morin

Sigma Chemical Co, St Louis, MO, USA

Sigma Chemical Co

Sigma Chemical Co

Sigma Chemical Co

Sigma Chemical Co

Sigma Chemical Co

Sigma Chemical Co

INDOFINE Chemical Company, Inc.,
Hillsborough, NJ, USA

INDOFINE Chemical Company, Inc.

Sigma Chemical Co

Sigma Chemical Co

Sigma Chemical Co

Sigma Chemical Co

Sigma Chemical Co

Sigma Chemical Co

Aldrich Chemical Company Inc.,
Milwaukee, WI, USA

Sigma Chemical Co

Aldrich Chemical Company Inc.

Sigma Chemical Co

Sigma Chemical Co

Sigma Chemical Co

Sigma Chemical Co

Sigma Chemical Co

Sigma Chemical Co

Sigma Chemical Co

Sigma Chemical Co

Sigma Chemical Co

Sigma Chemical Co

Sigma Chemical Co

Sigma Chemical Co

Sigma Chemical Co

Sigma Chemical Co
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Myricetin

(x)-naringenin (4°,5,7-trihydroxyflavanone)

Naringin (4’,5,7-trihydroxyflavanone 7-
rhamnoglucoside)

Norethindrone

D(-)-norgestrel

Prednisolone

Progesterone

Quercetin (3,3,4’,5,7-pentahydroxyflavone)

Sigma Chemical Co
Sigma Chemical Co

Sigma Chemical Co

Sigma Chemical Co
Sigma Chemical Co
Sigma Chemical Co
Sigma Chemical Co

Sigma Chemical Co

dehydrate
Tamoxifen Sigma Chemical Co
Testosterone Sigma Chemical Co
BI16015 Cayman Chemical, Ann Arbor, Ml, USA
Clofibric acid Sigma-Aldrich, St Louis, MO, USA
GW9662 Tocris Bioscience, Bristol, UK

Rosiglitazone

Sigma-Aldrich

Buffer chemicals

Acetic acid

Boric acid

Bovine serum albumin (BSA) solution
(200 mg/ml)

Bromophenol blue

Dimethyl sulfoxide (DMSO)

dithiothreitol (dTT)

Ethylenediaminetetra-acetic acid, di-sodium salt
(EDTA)

Glycerol

Glycine

HCI

Isopropanol

KCI

KH2PO4

Methanol

MgCl2

myo-inositol

Na:HPO4

NacCl

Nonidet P-40

Ajax Finechem, Seven Hills, NSW, Australia

Fluka Analytical (Honeywell), Morris Plains,
NJ, USA

New England Biolabs (Mackenzie et al.),

Beverley, MA, USA

Sigma Chemical Co

Merck, Darmstadt, Germany

Sigma-Aldrich

Biochemicals, Gymea, NSW, Australia

Amresco, Solon, OH, USA

Amresco

VWR International, Radnor, PA, USA
Chem-Supply, Gillman, SA, Australia
Amresco

Amresco

RCI Labscan, Bangkok, Thailand
Amresco

Merck

Ajax Finechem

Biochemicals

Fluka Analytical (Honeywell)
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Proteinase K
Sodium dodecyl sulphate (SDS)

Tris[hydroxymethyllJaminomethane

Triton-X
Xylene cyanol FF

NEB and Thermo Fisher Scientific

A.G. Scientific, San Diego, CA, USA

Astral Scientific, Taren Point, NSW,
Australia

Sigma-Aldrich

Sigma-Aldrich

Mammalian tissue culture

Dulbecco’s modified Eagle’s medium (DMEM)

Foetal calf serum

MEM non-essential amino acids
MEM sodium pyruvate

Tissue culture flasks and plates
Trypan blue

Trypsin-EDTA

Invitrogen/Life Technologies, Carlsbad, CA,
USA

HyClone (GE Healthcare), Chicago, IL,
USA, and Thermo Fisher Scientific

Invitrogen (Thermo Fisher Scientific)

Invitrogen (Thermo Fisher Scientific)

Nunc, Roskilde, Denmark

Sigma-Aldrich

Invitrogen (Thermo Fisher Scientific)

Organoid culture

Advanced-DMEM/F12

B-27 supplement

Enzyme Free Cell Dissociation Buffer Glutamax

HEPES

Human recombinant Rspondinl

IntestiCult™ Organoid Growth Medium
(Mouse)

Matrigel®

Mouse recombinant EGF

Mouse recombinant Noggin

N2 supplement

Penicillin/Streptomycin

Y-27632

Gibco (Thermo Fisher Scientific)

Gibco

Gibco

Gibco

PeproTech, Rocky Hill, NJ, USA

Stemcell Technologies, Vancouver, BC,
Canada

Sigma-Aldrich

PeproTech

PeproTech

Gibco

Gibco

Sigma-Aldrich

Transfection and Reporter Gene Assays

Dual-luciferase Reporter Assay System
Lipofectamine® 2000

Promega, Madison, WI, USA

Invitrogen (Life Technologies)

Electroporation

poly (deoxyinosinic-deoxycytidylic) (poly (dI-dC) | Sigma-Aldrich
Bacterial Culture
Agar Amresco
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Ampicillin

Kanamycin
Luria Broth (LB) EZMix

Aspen Pharmacare, KwaZulu-Natal, South
Africa
Sigma-Aldrich

Amresco

DNA Detection, Purification and Modification

30% Acrylamide/Bis solution 19:1
Agarose

Ethidium bromide

QIAGEN Plasmid Midiprep kit

Bio-Rad, Hercules, CA, USA
Astral Scientific
Amresco

Qiagen, Hilden, Germany

QIAprep Spin Miniprep kit Qiagen

QIAquick Gel Extraction kit Qiagen

QIAquick PCR Purification kit Qiagen

Quick Ligation kit NEB

Restriction enzymes NEB

RNA Purification and cDNA Synthesis

Amplification grade DNasel NEB

Chloroform VWR

NxGen M-MuLV Reverse Transcriptase Lucigen, Middleton, WI, USA
NxGen RNase Inhibitor Lucigen

TRIzol Thermo Fisher Scientific, Scoresby, VIC,
Australia

Polymerase Chain Reaction (PCR)

Deoxynucleotide-triphosphate mix (dNTP) NEB

GoTaq qPCR master mix Promega

Oligonucleotides
Phire HotStart DNA Polymerase
Phusion High-Fidelity DNA Polymerase

Geneworks or Integrated DNA Technologies

Thermo Scientific

Thermo Scientific

Western Blot

30% Acrylamide/Bis solution (29:1)

Ammonium persulphate

BioRad Protein Assay Reagent

Complete Proteinase Inhibitor tablets

N,N,N',N'-Tetramethyl-1-,2-diaminomethane
(Temed)

Skim milk powder

SuperSignal West Pico chemiluminescent (ECL)
HRP substrate

Bio-Rad

Amresco

Bio-Rad

Roche Diagnostics, Mannheim, Germany
Sigma-Aldrich

Fonterra Brands, NZ

Thermo Fisher Scientific
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Trans-blot nitrocellulose membrane

Tween-20

Bio-Rad

Astral Scientific

Chromatin Immunoprecipitation (ChlP)

ChIP grade Protein G magnetic beads
Formaldehyde

Protein A sepharose beads

Cell Signaling Technology, Danvers, MA, USA
Sigma-Aldrich
GE Healthcare

Antibodies

CDX2

DAPI (4’,6-diamidino-2-phenylindole)
Histone H3K acetylation

Histone H3K4 tri-methylation
Histone H3K27 tri-methylation
HNF4a

Luciferase

Normal rabbit IgG

Biogenex, San Ramon, CA, USA

Sigma-Aldrich

Millipore, Burlington, MA, USA (06-599)

Millipore (07-473)

Millipore (07-449)

Santa Cruz Biotechnology, Santa Cruz,
CA, USA (sc-6556)

Promega

Cell Signaling Technology (2779S)
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Appendix 2

General buffers (1x working solution)

Phosphate buffered saline (PBS)
137 mM NacCl
2.7 mM KCI
10 mM NazHPO4
1.8 mM KH2PO4
pH 7.4

Tris-acetate EDTA electrophoresis buffer
(TAE)

40 mM Tris (pH 7.6)

20 mM acetic acid

1 mM EDTA

Tris-borate EDTA electrophoresis buffer
(TBE)

89 mM Tris

89 mM boric acid

2mM EDTA

pH 8

SDS-PAGE running buffer
25 mM Tris
192 mM glycine
0.1% SDS
pH 8.3

SDS-PAGE transfer buffer
25 mM Tris
192 mM glycine
pH 8.3

20% methanol

Tris-buffered saline (TBS)
10 mM Tris
150 mM NacCl
pH 8

Chromatin Immunoprecipitation

Lysis Buffer 1 (Cell Lysis)
1% Nonidet P-40 (NP-40)
15 mM Tris
0.5 mM EGTA
15 mM NacCl
60 mM KCI
300 mM Sucrose
0.5 mM B-mercatoptoethanol
pH 8.0

Lysis Buffer 2 (Nuclear Lysis)
1% SDS
10 mM EDTA
50 mM Tris
pH 8.0

Dilution Buffer
0.01% SDS
1% Triton X-100
1.2 mM EDTA
16.7 mM Tris
150 mM NacCl
pH 8.0

High Salt Wash Buffer
0.1% SDS
1% Triton X-100
1 mMEDTA
20 mM TrisClI
500 mM NaCl
pH 8.0

LiCl Buffer
1% NP-40
1% deoxycholic acid sodium salt
1 mMEDTA
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SDS loading sample buffer (Laemmli buffer)

50 mM TrisHCL pH 6.8
10% SDS

30% glycerol

5% B-mercaptoethanol

0.02% bromophenol blue

Electrophoretic Mobility Shift Assay (EMSA)

Hypotonic Lysis Buffer
20 mM Tris
10 mM MgCl2
10 mM KCI
1 mM EDTA
10% glycerol
1% Triton X-100
1 mMDTT

10 mM glycerol-2-phosphate

pH 7.4

Nuclear Extract Buffer
20 mM HEPES
420 mM NacCl
5 mM EDTA
10% glycerol

10 mM glycerol-2-phosphate

EMSA Buffer
10 mM Tris
100 mM NacCl
1 mM MgClz
pH 8
20% glycerol

10 mM Tris
250 mM LiCl
pH 8.0

TE Buffer
1 mM EDTA
10 mM Tris
pH 8.0

Elution Buffer
20 mM Tris
5mM EDTA
50 mM NaCl
1% SDS
pH 8.0

Electroporation

Isoosmolar electroporation buffer (IEB)
0.3 mM KH2PO4
25 mM KCI
0.85 mM K2HPO4
280 mOsmol/kg myo-inositol

Western Blotting

Radioimmunoprecipitation assay buffer
(Chen et al.)

50 mM Tris-HCI, pH 8.0

150 mM NacCl

1% Nonidet P-40

0.5% sodium deoxycholate

0.1% sodium deodecyl sulphate (SDS)
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Abstract

The gastrointestinal tract (GIT) expresses several UDP-glucuronosyltransferases
(UGTSs) that act as a first line of defence against dietary toxins, and contribute to the
metabolism of orally administered drugs. The expression of UGT1A8, UGT1A9, and
UGT1AL0 in Gl tissues is known to be at least partly directed by the caudal
homeodomain transcription factor, CDX2. We sought to further define the factors
involved in regulation of the UGT1A8-1A10 genes and identified a novel composite
element located within the proximal promoters of these three genes that binds to both
CDX2 and the hepatocyte nuclear factor HNF4a, and mediates synergistic activation
by these factors. We also show that HNF4a and CDX2 are required for the expression
of these UGT genes in colon cancer cell lines, and show robust correlation of UGT
expression with CDX2 and HNF4a levels in normal human colon. Finally we show that
these factors are involved in the differential expression pattern of UGT1A8 and
UGT1A10, which are intestinal-specific, and that of UGT1A9, which is expressed in
both intestine and liver. These studies lead to a model for the developmental
patterning of UGT1A8, UGT1A9, and UGT1A10 in hepatic and/or extrahepatic tissues
involving discrete regulatory modules that may function (independently and
cooperatively) in a context- dependent manner.

INTRODUCTION

UDP-glucuronosyltransferases (UGTs) render lipophilic small molecules more
hydrophilic by conjugation with sugars, and are hence important for the inactivation
and elimination of a wide variety of exogenous and endogenous chemicals. The
human UGT superfamily comprises four families, each encoded at a separate genomic
locus. The UGT1 locus has an unusual shared exon structure, containing 13 individual
exons 1 located upstream of a set of shared exons 2-5 (Gong et al., 2001). A promoter
located 5' to each unique exon 1 drives independent transcription of separate nascent
RNA transcripts. Subsequent cis-splicing of each exon 1 to the shared exons creates
mRNAs with unique 5' regions but identical 3' ends (Ritter et al., 1992). The UGT1A
genes can be grouped into clusters based on sequence identity; for example the
adjacent UGT1A7, UGT1A8, UGT1A9 and UGT1A10 genes are >70% similar in their
first exon sequences, whereas they are <60% similar to the other UGT1A genes (Gong
et al., 2001).

UGTSs resident in the gastrointestinal tract (GIT) play significant roles in metabolism of
dietary chemicals and orally-delivered drugs. UGT1A7, UGT1A8 and UGT1A10 are
considered extrahepatic and are mainly expressed in the GIT. UGT1A7 is restricted to
the upper GIT (oesophagus and stomach), whilst UGT1A8 and UGT1A10 are detected
at low to high levels in jejunum and ileum, and at moderate to high levels in colon
(reviewed in (Ritter, 2007), with considerable inter-individual variation. UGT1A9 is
expressed in the GIT as well as in liver and kidney; GIT expression appears to be
mainly in the small intestine (duodenum, jejunum and ileum) with minimal levels in
colon (Ritter, 2007). Collectively the enzymes encoded by UGT1A8-1A10 are involved
in significant intestinal metabolism of nhumerous drugs including morphine, naloxone,
propranolol, acetaminiphen, ketoprofen, mycophenolic acid, raloxifen, resveratrol, and
quertcetin (Ritter, 2007).

The intestine is sustained by a stem cell population located in the crypts that give rise
to transit-amplifying cells that differentiate into absorptive cells (enterocytes) and
various secretory cell types as they migrate from the crypt to the villus. Genes involved
in xenobiotic and drug metabolism are up-regulated during differentiation (Mariadason
et al., 2002) and UGT protein is observed predominantly in villus enterocytes
(Strassburg et al., 2000). Caudal related homeobox 2 (CDX2) is a transcription factor
expressed in small intestine and colon epithelium in both proliferative crypt cells and
differentiated villus cells (Suh and Traber, 1996). It activates intestine-restricted genes
and is often termed a master regulator of intestinal identity (Fujiwara et al., 2009;
Silberg et al., 2002). Conditional deletion of Cdx2 in adult mice prevents expression of
genes critical to intestinal cell differentiation leading to loss of essential absorptive
functions (Hryniuk et al., 2012; Verzi et al., 2010). CDX2 has a humber of
transcriptional partners including HNF1 and GATA factors (Boudreau et al., 2002; San
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Roman et al., 2015; Ting et al., 2010). Recent work has revealed a critical role for
Hnf4a as a partner for Cdx2 in intestinal specific gene expression (San Roman et al.,
2015; Verzi et al., 2013). Genome wide ChIP-seq in mouse intestine identified
widespread co-recruitment of Cdx2 and Hnf4a to adjacent sites in chromatin (Verzi et
al., 2013). Simultaneous deletion of both Hnf4a and Cdx2 led to fatal malnutrition due
to greatly impaired survival and maturation of villus enterocytes, and revealed a role for
these two factors in control of brush border formation, and absorption (San Roman et
al., 2015). Moreover, CDX2 binds to the HNF4a promoter and regulates gene
expression (Boyd et al., 2010; Verzi et al., 2013), reinforcing the cooperativity of these
factors.

In addition to the high degree of conservation in the protein coding regions of UGT1A8-
1A10 (> 80%), their promoter regions are also closely conserved, particularly within the
proximal region ~500 bp upstream of the transcription start site (TSS) (Cheng et al.,
1998; Mojarrabi and Mackenzie, 1998; Strassburg et al., 1998). The UGT1AS8, -1A9,
and - 1A10 promoters were previously interrogated in Caco-2 colon cancer cells
identifying Hepatocyte nuclear factor 1 (HNF1a) and CDX2 as regulators (Gregory et
al., 2004). Although CDX2 recognition motifs were identified in the UGT1A8, -1A9 and
-1A10 promoters, binding of CDX2 to these motifs could be demonstrated only for
UGT1A8 and - 1A10; sequence differences in the presumptive ‘CDX2 motif in the
UGT1A9 promoter appeared to prevent CDX2 binding (Gregory et al., 2004), leaving
the mechanism of UGT1A9 regulation by CDX2 unresolved.

The current study shows that UGT1AS8, -1A9 and -1A10 expression is programmed by
the CDX2/HNF4a regulatory axis, and identifies a novel composite promotor element
that mediates synergistic activation by these factors. Further we propose a model for
regulation of intestinal/hepatic UGT1A9 by both CDX2 and HNF4a that differs
mechanistically from that of the intestine-specific UGT1A8 and -1A10 genes.

MATERIALS AND METHODS
UGT1AS8, -1A9, and -1A10 Promoter-Luciferase Constructs and mutagenesis.

The UGT1AS8, -1A9, and -1A10 promoter constructs in pGL3basic vector were
described previously (Gregory et al., 2003) including variants containing mutations of
the CDX2 binding site. Additional mutations including those in the novel HNF4/CDX2
element were generated using the QuikChange site-directed mutagenesis protocol
(Stratagene, La Jolla, CA) with the primers shown in Supplemental Table 1.

Cell Culture and Transfection.

Caco2 cells obtained from the American Type Culture Collection (Manassas, VA) were
cultured in Dulbecco's modified Eagle's medium supplemented with 10% fetal calf
serum, 1 mM sodium pyruvate, 0.1 mM mixture of nonessential amino acids
(Invitrogen, Carlsbad, CA) at 37°C in 5% COa.. Cells were plated into 48-well plates at
a density of 4 x 10* cells/well and transfected the following day with 0.2 ug of each
pGL3basic promoter- reporter construct and 0.02 ug of the Renilla reniformis vector
pRL-null (Promega, Madison, WI) using 2 pl/well Lipofectamine 2000 according to the
manufacturer's protocol (Invitrogen). For cotransfections, 0.2 ug of HNF4a, CDX2, or
both HNF4a and CDX2 expression vectors (effectors) were added to the above
reaction mix and normalized to a total of 0.4 uyg DNA with empty expression vector
pCMV5, before incubation with 1.2 pl/well Lipofectamine 2000. After 48h, the cells
were harvested in 50 pl of 1x passive lysis buffer and 20 pl assayed for firefly and
Renilla luciferase activities using the Dual-Luciferase Reporter Assay System
(Promega). Luminescence was measured using a Packard TopCount luminescence
and scintillation counter (Mt. Waverly, Victoria, Australia). Firefly luciferase readings
were normalized to the Renilla luciferase readings; the activities of each promoter
construct transfected with each effector were normalized to the activities with pCMV5
cotransfection. Data is shown as mean and standard deviation (SD) from three
replicates unless otherwise stated in the legend. Significance was assessed using
ANOVA and post hoc Tukey'’s test.

The HNF4a plasmid was generated in house in the pCMX vector. The Cdx2
expression plasmid was kind gift from Dr. Cathy Mitchelmore (University of
Copenhagen, Copenhagen, Denmark).

For analyses of endogenous UGT mRNA levels in response to expression of CDX2
and HNF4a cDNAs, we transfected cells with the various expression plasmids either
using Lipofectamine LTX according to the manufacturer’'s recommendations, or by
electroporation. Transfection of siRNAs targeting these transcription factors used
Lipofectamine 2000 according to the manufacturer's protocol; a scrambled siRNA
sequence was used as a hegative control in all SIRNA experiments.

To assess the reduction in CDX2 and HNF4a protein levels after siRNA transfection,
cell lysates were subjected to immunaoblotting analysis using anti-CDX2, anti-HNF4a
and B- actin antibodies as reported elsewhere (Hu et al., 2014b). Immunoblot band
densitometry was carried out using Multi Gauge Ver3.0 software (FUJIFILM, Tokyo,
Japan). Immunoblot data shown is from a representative experiment.
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RNA preparation and RT-PCR analysis

RNA was prepared from cells using TRIzol (Life Technologies, Carlsbad, California,
www.lifetechnologies.com); after DNase treatment, cDNA was synthesized using
NxGen M-MuLV reverse transcriptase (Lucigen, Wisconsin, www.lucigen.com) and
random primers (New England Biolabs, Ipswich, Massachusetts, www.neb.com).
Quantitative RT-PCR was performed using a Corbett Rotorgene (Qiagen, Venlo,
Limburg, Netherlands, www.giagen.com) and GoTaq SYBR green (Promega). Data
were normalized to the mRNA abundance of the housekeeping glyceraldehyde 3-
phosphate dehydrogenase (GAPDH). Data is shown as mean and SD from three
replicates. Significance was assessed using ANOVA and post hoc Tukey'’s test.

Chromatin Immunoprecipitation (ChIP)

ChIP-gPCR was carried out essentially as described previously (Hu and Mackenzie,
2009). In brief, Caco2 cells were transfected with the HNF4a expression plasmid or
empty pCMX plasmid using Lipofectamine LTX; 48 hours later, media was removed
and cells were treated with 1% formaldehyde for 10 min to crosslink DNA and proteins,
followed by quenching with glycine at a final concentration of 125 mM. Cells were
harvested, sonicated, and isolated chromatin subjected to immunoprecipitation with
10ug of antibody. Rabbit antibodies against HNF4a (sc-6556) and the rabbit pre-
immune IgG control (sc-2027) were purchased from Santa Cruz Biotechnology (Santa
Cruz, CA) Rabbit antibodies against CDX2 were from Biogenex (Biogenex, San
Ramon, CA). The resultant immune-precipitates were captured by Protein A
Sepharose CL-4B beads (GE Healthcare), washed and eluted as reported (Hu and
Mackenzie, 2009). Eluates were incubated at 65°C overnight to disassociate the
DNA/protein complexes and then digested with proteinase K to remove protein,
followed by phenol-chloroform extraction and ethanol precipitation to purify the DNA.
The DNA pellets were dissolved in 100 ul of Tris-EDTA buffer and 2 pl used as
template for qPCR to detect the relevant promoter loci or the control locus using
primers shown in Supplemental Table 1. Data is shown as mean and SD from three
replicates unless otherwise stated in the legend. Significance was assessed using
ANOVA and post hoc Tukey’s test.

Electrophoretic Mobility Shift Assays (EMSAS)

Caco?2 cells were transfected with the HNF4a expression plasmid or empty pCMX
plasmid using Lipofectamine LTX. Nuclear extracts were prepared as reported
previously (Meech and Mackenzie, 2010). Oligonucleotide probe sequences are
shown in Supplemental Table 1. The labelled probes were generated using the non-
radioactive LUEGO protocol (Jullien and Herman, 2011) that combines two

complementary target- specific oligonucleotides with a cy5-labelled universal
oligonucleotide (Integrated DNA Technologies). EMSAs were performed as reported
previously (Makarenkova et al., 2009) and analysed using the Typhoon Imaging
System (GE Life Sciences). For supershift analysis we used rabbit antibodies to
HNF4a (sc-6556; Santa Cruz Biotechnology) and CDX2 (Biogenex, San Ramon, CA)
at 1 yg per reaction.

Analyses of Colon Adenocarcinoma (COAD) Transcriptomic Data.

The Colon Adenocarcinoma (COAD) transcriptome profiling (RNAseq) dataset
generated by the Cancer Genome Atlas (TCGA) Research Network
(http://cancergenome.nih.gov/) was downloaded from TCGA data portal (https://gdc-
portal.nci.nih.gov/). The COAD RNAseq expression data from 41 normal colon
samples and 480 colon adenocarcinoma samples were represented in the form of
high-throughput sequencing counts. Genes (protein coding and noncoding) with a
mean of less than 10 counts were discarded; the counts of the remaining genes were
normalized using the upper quantile normalization method. Spearman’s correlation
analyses between the expression levels of two UGT genes (e.g. UGT1A8, -1A10) and
two transcription factors (CDX2, HNF4a) in a cohort of either 41 normal tissues or 480
cancerous tissues were conducted and graphed using GraphPad Prism 7.03 software
(GraphPad Inc., La Jolla, CA). A p value of 0.05 was considered statistically significant.

RESULTS
Synergistic regulation of the UGT1A8 promoter by CDX2 and HNF4a

In previous work we showed that HNF1a and CDX2 cooperatively regulated the
UGT1AS8, -1A9 and -1A10 genes, and identified a functional CDX2 binding site in the
UGT1A8 and -1A10 proximal promoters (Gregory et al., 2004). Recently HNF4a has
been shown to cooperate with CDX2 in the regulation of many intestinal genes (San
Roman et al., 2015; Verzi et al., 2013); our bioinformatic analysis together with
previous functional analyses (Gardner-Stephen and Mackenzie, 2007), predicted
potential HNF4a recognition motifs in the proximal promoters of UGT1A8, -1A9 and -
1A10 suggesting that this paradigm may also be applicable to intestinal-expressed
UGTs (see Supplemental Figure 1 for sequence alignments and motifs). To test this
idea, we began by examining the roles of CDX2 and HNF4a. in regulation of the
prototypical intestinal-specific UGT, UGT1A8. The UGT1A8 1kb promoter contains one
previously functionally defined CDX2 binding site (CDX2RE at -70bp) (Gregory et al.,
2004). There are three motifs upstream in the UGT1A8 promoter that are partially
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conserved with the HNF4o binding sites previously defined in UGT1A9 (Gardner-
Stephen and Mackenzie, 2007), (at -798, -360, and -290bp in UGT1A8). These motifs
were shown to be non-functional in UGT1AS8 in the liver cell line HepG2; however they
have not been functionally tested in an intestinal cell context (Figure 1A). We also
predicted a new HNF4a binding motif in the proximal region of UGT1A8 (at -44bp). To
test whether HNF4a may be involved in regulation of the UGT1A8 promoter in
intestinal cells, and whether this may involve CDX2, we co-transfected Caco2 cells
with promoter- luciferase reporters containing three different lengths of the UGT1A8
promoter, with CDX2, HNF4a, or the combination of CDX2 and HNF4a. As shown in
Figure 1B, the promoters were not transactivated by HNF4a alone, however they were
each transactivated by CDX2. Moreover the combination of HNF4o and CDX2
synergistically activated all three promoter constructs (Figure 1B).

The ability of HNF4o and CDX2 to synergize on all three UGT1A8 promoter constructs
suggested that the new predicted HNF4aRE at -44bp and the CDX2RE contained
within the proximal region (-190bp from the TSS) are primarily involved in synergy.
Consistent with this idea, mutation of the proximal (-44bp) HNF4aRE within the 1kb
promoter construct ablated the synergistic induction by CDX2 and HNF4a (Figure 1C);
ablation of distal (-811bp) HNF4aRE had no effect (not shown).

The proximity of the -44bp HNF4aRE to the previously identified CDX2 binding site (at
-70bp) (Gregory et al., 2004), suggested that this CDX2 site mediates the synergy with
HNF4a. To test this idea, we mutated the -70bp CDX2 site within the -190bp UGT1A8
promoter construct, and tested for induction by CDX2, HNF4a, or the combination of
CDX2 and HNF4a. Unexpectedly, whilst this mutation prevented induction by CDX2
alone, there was still synergistic activation by CDX2 and HNF4a (Figure 1D). Finally,
we tested the ability of a UGT1A8 promoter variant with a mutation in the initiator-like
element (Spl/inr) to be activated by these transcription factors. Again, this mutation
prevented induction by CDX2 alone, but there was still synergistic activation by CDX2
and HNF4a (Figure 1E). These data indicate that both the -70bp CDX2RE and the
Spl/inr element are redundant for HNF4a/CDX2synergy.

Identification of a novel composite element that binds both CDX2 and HNF4a

It was previously reported that HNF4a interacts with CDX2 (Verzi et al., 2010), thus we
considered the possibility that the UGT1A8 -70bp CDX2 element is redundant for
HNF4a/CDX2 synergy (Figure 1D) because CDX2 might be recruited directly to the
UGT1A8 -44bp HNF4aRE via interaction with HNF4o. To examine this possibility, we
performed EMSA with a probe corresponding to the -44bp HNF4aRE. Nuclear extracts
from cells transfected with HNF4a alone, or the combination of HNF4o and CDX2,

were tested for binding to the probe; antibody blockade/supershift and/or mutation of
the probe were used to interrogate the complexes formed. A consensus HNF4aRE
probe was also used as a positive control.

As shown in Figure 2A, HNF4a formed a strong complex on the consensus HNF4aRE
that was supershifted by HNF4a antibody (lanes 1, 2). The HNF4a extract formed a
comparatively weaker complex on the -44bp HNF4aRE probe (lane 3) but mutation of
the HNF4a core recognition motif prevented this complex from forming (lane 4)
indicating specificity; blockade of this complex with HNF4a antibody is also shown in
Supplemental Figure 2. Of note, previous studies showed that binding of HNF4a. to the
functional upstream HNF4oREs in UGT1A9 was also much weaker than to a
consensus HNF4a probe (Gardner- Stephen and Mackenzie, 2007). Extracts
containing both HNF4o and CDX2 formed an additional faster migrating complex on
the -44bp HNF4oRE probe (lanes 7, 8) that they did not form on the consensus
HNF4aRE probe (lanes 5, 6). This complex was not ablated by mutation of the core
HNF4o recognition motif (lane 8).

We speculated that this faster migrating complex contained CDX2; hence we next
tested whether extracts containing CDX2 alone could bind to the -44bp HNF4oRE
using EMSA/supershift analysis (Figure 2B). The -70bp CDX2RE probe was used as a
positive (consensus) control for CDX2 binding. CDX2 formed a robust complex with
the -70bp CDX2RE probe that could be shifted by CDX2 antibody (lanes 3, 4). The
CDX2 extract formed a comparatively weaker complex on the -44bp HNF4aRE probe
that was also shifted by CDX2 antibody (lanes 1, 2) (Figure 2B). These data, together
with that shown in Figure 2A, suggest that CDX2 might bind to the -44bp HNF4a RE
probe independently of HNF4a. We also examined whether HNF4a might bind to the -
70bp CDX2RE (Figure 2C). CDX2 formed a robust complex with this probe that was
shifted by CDX2 antibody (lanes 1, 2); however there were no additional complexes
formed by extracts that contain both CDX2 and HNF4a. (lanes 3, 4). This result
indicates that while CDX2 binds to the new element that we have designated the -44bp
HNF4oRE, HNF4a does not bind to the previously defined -70bp CDX2RE; this finding
is consistent with the redundancy of the -70bp CDX2RE for CDX2- HNF4a synergy
(Fig 1D).

Overall, these data suggest that the -44bp HNF4aRE, which we have identified as
mediating a novel synergistic response to HNF4a and CDX2, binds to both HNF4a.
and CDX2. Further analysis of the sequence of this element showed that it contains a
cryptic CDX2-like binding motif with the sequence TATT (Figure 3A). To test whether
this motif might mediate binding to CDX2, we mutated the motif in the -44bp HNF4o0RE
probe and performed EMSA with extracts containing both HNF4a and CDX2. As
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shown in Figure 3B, mutation of the HNF4a motif blocked formation of the HNF4a
complex but not the CDX2 complex (lanes 2, 3) whereas mutating the CDX2 motif (two
different mutations) completely blocked formation of the CDX2 complex (lanes 4, 5).
We further used unlabelled oligonucleotide competition to confirm the role of these two
motifs in binding to CDX2 and HNF4a respectively (Figure 3C). The -44bp HNF4a
probe formed both the CDX2 and HNF4 complexes (lane 1); a consensus HNF4oRE
competitor blocked formation of the HNF4a complex but had only a modest effect on
the CDX2 complex (lane 2). The consensus CDX2RE competitor blocked formation of
the CDX2 complex but not the HNF4o complex (lane 3), whereas the -44bp HNF4aRE
(self) competitor blocked both complexes (lane 4). A -44bp HNF40RE competitor with
a mutated HNF4a motif did not block the HNF4a complex but reduced the CDX2
complex (lane 5), in contrast a -44bp HNF4aRE competitor with a mutated CDX2 motif
had little effect on the CDX2 complex but blocked the HNF4a. complex (lanes 6, 7).
These data further confirm that the -44bp HNF4aRE is a composite of two motifs that
likely mediate adjacent binding of HNF4o and CDX2.

To assess the functional significance of the cryptic CDX2 motif in the -44bp HNF4aRE,
we mutated this motif in the context of the -190bp UGT1A8 promoter construct (Figure
4A) and assessed activation by CDX2 and HNF4a. Mutation of the cryptic CDX2 motif
inhibited the synergistic activation of the promoter by CDX2 and HNF4q. as effectively
as mutating the HNF4a motif, showing that both motifs are required for synergy
(Figure 4B).

A conserved CDX2 /HNF4a composite binding element regulates UGT1A8, -1A9
and -1A10 promoters in Caco?2 cells.

The sequence of the -44bp HNF4aRE in UGT1A8 is fully conserved in the UGT1A9
and -1A10 proximal promoters (Figure 5A). Consistent with this conservation,
chromatin immunoprecipitation (ChIP) assays using HNF4a antibody indicates that this
region of all three promoters recruits HNF4a in Caco2 cells (Figure 5B). UGT1A8 and
UGT1AL10 also bear the canonical -70bp CDX2 RE; however the equivalent -70bp
CDX2RE in UGT1A9 was reported to be unable to bind CDX2 in vitro due to sequence
divergences (mutations) (Gregory et al., 2004). UGT1A9 also contains several HNF4o
motifs distal to this proximal promoter segment (but within the 1kb promoter region)
that were previously shown to be involved in regulation in liver cells (Barbier et al.,
2005; Gardner-Stephen and Mackenzie, 2007). Hence we predicted that UGT1AS8 or -
1A10 would show mechanistically similar regulation by CDX2 and HNF4a; whereas
UGT1A9 may be regulated differently.

To confirm that UGT1A10 is regulated in an equivalent manner to UGT1A8, we

mutated the equivalent HNF40/CDX2 composite element in UGT1A10 (-47bp
HNF4aRE in UGT1A10) in both the -190bp and -1kb UGT1A10 promoters, and tested
their induction in Caco2 cells (Figure 5C). Both the 190bp and 1kb UGT1A10
promoters showed greater (synergistic) activation by CDX2 and HNF4a than by either
factor alone, and the synergy was ablated by mutation of the -47bp HNF4aRE (Figure
5C).

We next mutated the equivalent HNF4a/CDX2 composite element in UGT1A9 (- 57bp
HNF4aRE in UGT1A9) in both the -190bp and -1kb UGT1A9 promoters, and tested
their induction in Caco2 cells (Figure 5D). The wild-type -190bp proximal promoter
construct showed no induction by CDX2 alone, but modest synergistic induction by
HNF4a and CDX2. The lack of induction by CDX2 alone is in contrast to UGT1A8 and
UGT1A10, and is consistent with the reported non-functional/mutated CDX2 motif at
approximately -70bp (Gregory et al., 2004). Importantly, synergistic activation by CDX2
and HNF4a was lost when the -57bp HNF4aRE was mutated, indicating that the
HNF4a/CDX2 composite element in the proximal UGT1A9 promoter can function
similarly to that in UGT1A8 and UGT1A10. The longer -1kb UGT1A9 promoter was
transactivated by HNF4a alone (unlike the -1kb UGT1A8 promoter), presumably due
to the previously described functional upstream HNF4a sites (Barbier et al., 2005;
Gardner-Stephen and Mackenzie, 2007). The - 1kb UGT1A9 promoter did not show
induction by CDX2 alone, and interestingly, co- expression of CDX2 and HNF4a
reduced activation of the -1kb promoter relative to HNF4a alone. This latter result may
indicate competition between binding of HNF4a. to the upstream HNF4oREs and the
proximal -57bp HNF4aRE, as discussed later.

Overall, the data presented here indicate that the new HNF4a/CDX2 composite
element can mediate HNF40/CDX2 synergy on the UGT1AS8, -1A9 and -1A10 proximal
promoters. The discovery of this new composite element suggests a mechanism by
which CDX2 might influence UGT1A9 promoter activity in intestinal cells, given that the
previously identified ‘canonical’ -70bp CDX2 RE was found to be non-functional
(Gregory et al., 2004).

CDX2 and HNF4a regulate endogenous UGT1A8, -1A9 and -1A10 in Caco?2 cells

Given the clear role for CDX2 and HNF4a in regulating the UGT1AS8, -1A9 and -1A10
promoters, it was important to define their role in regulating the endogenous UGT
genes. We determined that Caco2 cells express moderate-high levels of both HNF4a
and CDX2, hence we elected to use siRNA-mediated knockdown of these factors to
assess their roles in regulation of these UGT genes. The efficacy of the HNF4a and
CDX2 siRNAs in reducing their target mMRNA and protein levels is shown in
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Supplemental Figure 3. As shown in Figure 6A, HNF4a siRNA produced a 20-30%
decrease of all three UGT genes, whilst CDX2 siRNA produced a 50-70% decrease of
all three genes. We also tested the ability of these siRNAs to alter UGT expression in
HT29 cells which have higher levels of both HNF4a and CDX2 than Caco2 cells. Both
HNF4o and CDX2 siRNA produced a 40-50% decrease of all three genes. Treatment
of cells with the HNF4a inhibitor BI6015 (Kiselyuk et al., 2012) also reduced
expression of all three UGT genes in Caco? cells, although the effect was only
significant for UGT1A8 and -1A9 (Figure 6C). Overall these data indicate that both
CDX2 and HNF4a are needed to maintain the expression level of endogenous
UGT1AS, -1A9 and -1A10 in intestinal derived Caco2 and HT29 cells.

Previous work in mice showed that loss of CDX2 impaired HNF4a. binding at co-
occupied loci in intestinal cells (but not vice versa). To examine the dependence of
these factors in regulation of UGT1A8, we used ChlIP to test whether binding of
exogenously- expressed HNF4a to the UGT1A8 promoter would be affected by
knockdown of endogenous CDX2. We transfected the HNF4a expression plasmid with
either CDX2-siRNA or scrambled control-siRNA, and then performed ChIP using
antibodies to CDX2 and HNF4a.. Binding of exogenous HNF4a to the UGT1A8
proximal promoter was inhibited after knockdown of endogenous CDX2. As expected,
binding of endogenous CDX2 was also prevented by CDX2 knockdown (Figure 6D).

HNF4a is reported to be regulated by CDX2 (Verzi et al., 2013); consistent with this
report, we found that CDX2 siRNA reduced not only CDX2 mRNA levels but also
HNF4a mRNA levels (Supplemental Figure 3). Interestingly however, HNF4a siRNA
reduced not only HNF4a levels but also CDX2 levels (Supplemental Figure 3 and 4),
and a similar result was seen after treatment of cells with the HNF4a inhibitor BI6015
(Supplemental Figure 3). The regulation of CDX2 expression by HNF4a has not been
previously reported. However, CDX2 was shown to bind to its own gene promoter in
Caco2 cells (Boyd et al., 2010), and CDX2 and HNF4q interact, thus it is plausible that
knocking down HNF4q. affects CDX2 autoregulation.

Regulation of UGT1A9 by CDX2 and HNF4a. is mechanistically different than
regulation of UGT1A8 and -1A10.

Our data using different length promoter constructs suggests that the regulation of
UGT1A9 by HNF4a and CDX2 has two distinct components. The composite
HNF4a/CDX2 element shared between UGT1A8, -1A9 and -1A10 appears to mediate
mechanistically similar synergistic regulation of all three proximal promoters. However,
the HNF4a sites

located further upstream in the UGT1A9 promoter (that are not conserved in UGT1A8
and - 1A10) appear to mediate independent regulation of this gene by HNF4q.
Differential use of these regulatory modules may play a key role in the different
expression pattern of UGT1A9 (which is both intestinal and hepatic) relative to
intestinal-specific UGT1A8 and -1A10. To further explore this idea we first asked
whether overexpression of CDX2 and HNF4o had a different effect on endogenous
UGT1A8 and -1A9 mRNA levels in intestinal (Caco2) and liver (HepG2) cell lines. In
Caco2 cells, UGT1A8 mRNA was induced by transfection of a CDX2 expression
plasmid alone, and synergistically by HNF4a and CDX2 together, consistent with our
luciferase promoter assays. In HepG2 cells, CDX2 alone could not increase UGT1A8
MRNA,; however there was slight induction by CDX2 and HNF4a together (Figure 7A).
CDX2 could not induce UGT1A9 mRNA in either Caco2 or HepG2 cells, either alone or
together with HNF4a. In contrast, HNF4a alone robustly induced UGT1A9 expression
in both Caco-2 cells and in HepG2 cells (Figure 7A).

These data are broadly consistent with our promoter-reporter data and indicate that the
endogenous UGT1A8 gene requires CDX2 for induction by HNF4a. In contrast,
HNF4a can increase UGT1A9 mRNA expression in a CDX2-independent manner. In
further support of these findings, in HepG2 cells, HNF4a siRNA had no effect on
UGT1A8 mRNA, but dramatically reduced UGT1A9 mRNA levels (Figure 7B).

To augment these findings with data from an in vivo context, we examined whether the
expression levels of UGT1A8 and UGT1A10 were correlated with levels of CDX2 and
HNF4a in normal colon and in colon cancer using the TCGA database. In normal colon
samples (n=41), UGT1A8 and UGT1A10 mRNA levels were extremely tightly
correlated. Moreover, both genes showed a very robust correlation with levels of both
CDX2 and HNF4a (Figure 8). When we examined colon cancer samples, there was
still a strong correlation between UGT1A8 and UGT1A10 levels; however the
correlation of both genes with levels of both CDX2 and HNF4a was weaker, albeit still
statistically significant, for all comparisons except for UGT1A10 and HNF4a
(Supplemental Figure 5)

DISCUSSION

Previous work has attempted to define the DNA elements and transcription factors
responsible for the extrahepatic expression of the UGT1A7-1A10 gene cluster. CDX2
and HNF1a were shown to play important roles in intestinal cell expression of UGT1A8
(Gregory et al., 2004). HNF1a also regulates oesophageal cell expression of UGT1A7
in cooperation with HNF4a (Ehmer et al., 2010). The sole member of this cluster that is
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expressed in liver, UGT1A9, is regulated in liver cells by HNF4a and this also involves
cooperation with HNF1a (Barbier et al., 2005; Gardner-Stephen and Mackenzie,
2007). Recent genome-wide binding studies have revealed that CDX2 and HNF4a
bind at adjacent sites in the developing intestine, and placed these two factors at the
centre of an intestine-specific gene regulatory network (San Roman et al., 2015). Our
new findings suggest that the tissue-specific patterning of UGT1A8-1A10 expression is
also determined by this fundamental developmental CDX2/HNF4q regulatory nexus.

A major finding of our study was the identification of a new composite 12nt element
that binds to both CDX2 and HNF4a in the UGT1A8-1A10 proximal promoters. CDX2
and HNF4a have been reported to interact (Verzi et al., 2010), however using
mutagenesis and EMSA we were able to dismiss the hypothesis that CDX2 was
recruited indirectly to this element via interaction with HNF4a, and confirm that the
cryptic TATT motif within the element recruits CDX2 directly. The relative positions of
CDX2 and HNF4a binding motifs have not been defined at high resolution by previous
ChlIP studies (Verzi et al., 2010), thus to our knowledge this is the first report of CDX2
and HNF4a binding events being integrated within a such a short (12nt) sequence.
One curious aspect of our EMSA data is that interaction of the composite element
probe (-44bp HNF4oaRE) with extracts containing both CDX2 and HNF4a produced
two distinct complexes that migrated equivalently to the complexes formed with
separate CDX2 and HNF4a extracts. This suggests that the two proteins bind different
populations of probe molecules, rather than binding simultaneously to the same
molecules (which would be expected to produce a slower migrating complex).
However, this might be an artefact of the technique; in particular, steric hindrance may
prevent co-binding to the short probe. In contrast, the native element within genomic
DNA could undergo conformational changes that prevent such steric hindrance (Ismail
et al., 2010). Regardless, simultaneous binding of both factors is the best explanation
for the observation that their synergy is lost upon mutation of either motif; in future
work this might be further supported by analyses such as re-ChlP. Our observation
that HNF4a recruitment to the UGT1A8 proximal promoter requires the presence of
CDX2 is also consistent with the previous report that CDX2 promotes binding of
HNF4a through chromatin remodelling (Verzi et al., 2013).

Previous work identified a conserved CDX2 binding site in the UGT1A8 and -1A10
promoters (at -70bp in UGT1A8) that is important for their activity in intestinal cells
(Gregory et al., 2004). It also showed that CDX2 and HNF1a cooperate to
transactivate the UGT1A8 promoter (see Figure 9A). However, this work did not
resolve how UGT1A9 expression is activated in intestinal cells, given that the UGT1A9
promoter lacks the equivalent functional CDX2 motif (Gregory et al., 2004). This
guandary has been resolved in part by our identification of the novel composite
HNF40/CDX2 element that is fully conserved in UGT1AS8, -1A9, and -1A10 and that

can mediate synergistic induction of all three proximal promoters by CDX2 and
HNF4a. We also showed that the -70bp CDX2 motif in the UGT1A8 promoter that
mediated HNF1a/CDX2 synergy (Gregory et al., 2004), is not involved in
HNF4a/CDX2 synergy. Hence at least two different elements that nucleate different
complexes mediate regulation of UGT1A8 and -1A10 by CDX2 in intestinal cells
(Figure 9A). With regard to the complex regulation of UGT1A9 in hepatic and intestinal
cells, we propose a model in which two regulatory modules within the 1kb UGT1A9
promoter are used in different cellular contexts. When examining short UGT1A9
promoter constructs that omit the upstream HNF4aREs but include the proximal
(approximately -57bp) HNF40/CDX2 composite element, we observed the same
HNF4a/CDX2 synergy that is seen with the UGT1A8 and -1A10 promoters. Thus we
propose that this is the core ‘intestinal module’ for all three UGT genes. The function of
this module may be augmented by the -70bp CDX2 element specifically in the
UGT1A8 and -1A10 genes (Figure 9A). Studies of the long UGT1A9 promoter
construct indicate a separate ‘hepatic module’ involving the upstream HNF4aREs. In
this model, HNF4a/CDX2 heterodimers activate UGT1A9 through the proximal
composite element whilst HNF4a homodimers activate through the upstream
HNF4aREs (Figure 9B, C). The observation that the -1kb UGT1A9 promoter construct
was activated more by HNF4a alone than by co-expression of HNF4a and CDX2
(Figure 5D), suggests that the upstream HNF4aREs can mediate greater activation
than the proximal element.

One observation that is not consistent with the model described above is that co-
expression of HNF4a and CDX2 did not increase levels of endogenous UGT1A9
mRNA in Caco2 cells (Figure 7). The result implies that overexpressed HNF4a/CDX2
heterodimers could not access/activate the proximal composite element within the
native promoter in this context. It is conceivable that this is due to an unfavourable
chromatin configuration in Caco? cells. Although cancer cell lines represent simple
and tractable models for gene regulation studies, they have limitations as a
developmental model. In particular, the chromatin structures that underlie
developmentally-appropriate gene regulation by master regulators such as CDX2 may
not be fully recapitulated in cancer cells. The developmental patterning of extrahepatic
UGTs should be further studied normal intestinal models; this could involve mice
carrying the human UGT1 locus, and/or human intestinal organoids. The HNF4a
inhibitor BI6015 might be a useful tool in the in vivo context as it robustly inhibited
UGT1A8-1A10 and CDX2 expression. Interestingly, BI6015 did not alter the level of
HNF4a protein (a proposed mechanism of action) and we postulate that it may inhibit
the ability of HNF4a. to recruit coactivators. In addition, it is now possible to study
regulatory elements in a native chromatin context by genomic deletion/mutation using
CRISPR. These are directions that we are currently pursuing in order to better
understand the roles of the distal and proximal HNF4o REs in UGT1A9 regulation in
liver and intestinal cell contexts.
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Discrepancies between normal intestinal tissue and cancer models were also apparent
in our analyses of the TCGA database. While UGT1A8 and -1A10 levels were very
closely correlated with CDX2 and HNF4a. levels in normal colon, there were less
robust (although still generally significant) correlations in colon cancer samples. This
may reflect the deregulation of core developmental programs in cancer. It was
previously reported that CDX2 can promote both differentiation and proliferation in
combination with different partners (San Roman et al., 2015). Hence tumours with very
different degrees of differentiation may have similar levels of CDX2, but express
differing downstream programs including drug/xenobiotic metabolism.

Overall, these studies give greater insight into the control of intestinal UGT genes by
core developmental regulators. Future studies should focus on the interplay of these
developmental programs with exogenous signals (e.g. dietary chemicals and microbial
metabolites) in order to understand the wide inter-individual variation in UGT levels

seen in adult intestine, which in turn leads to variation in drug metabolism and
detoxification capacity.
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LEGENDS FOR FIGURES

Figure 1. Synergistic regulation of the UGT1A8 promoter by CDX2 and HNF4a.. A.
Schematic of the 1kb UGT1A8 promoter region showing the positions of three
predicted CDX2 binding sites, two potential HNF4a binding sites, and the Spl/inr
element, +1 indicates the transcription start site (see text). B. CDX2 and HNF4q,
synergistically regulate UGT1A8 promoter-reporter constructs containing either the -
190bp, -250bp, or -1000bp region of the promoter. C. Mutation of the proximal (-44bp)
but not the distal (-811bp) HNF4a motif in the UGT1A8 1kb promoter blocks
synergistic induction. D. Mutation of the CDX2 binding site at -70bp site blocks
induction by CDX2 alone but not the synergistic induction. E Mutation of the Spl/Inr
like element blocks induction by CDX2 alone but not the synergistic induction. For
each panel except 1B, the data is the mean of 2 or 3 independent experiments; for
panel 1B, a representative experiment performed in triplicate is shown. * P < 0.05; **
P <0.01; *** P <0.001 using ANOVA and post hoc Tukey'’s test.

Figure 2. EMSA analysis of HNF4a binding to the UGT1A8 -44bp HNF4oRE A. Lanes
1, 2, 5, 6: an HNF4a consensus probe incubated with extracts containing either
HNF4o or HNF40+CDX2; addition of anti-HNF4a antibody (lane 5) inhibits complex
formation. Lanes 3, 4: wildtype or mutated UGT1A8 -44bp HNF4a probes incubated
with extracts containing HNF4a. Lanes 7, 8: wildtype or mutated UGT1A8 -44bp
HNF4a probes incubated with extracts containing HNF4o+CDX2. B. Lanes 1, 2: the
UGT1A8 -44bp HNF4aRE probe incubated with extracts containing CDX2, without
(lane 1) or with (lane 2) addition of CDX2 antibody. Lanes 3, 4: the UGT1A8 -70bp
CDX2RE probe incubated with extracts containing CDX2, without (lane 3) or with (lane
4) addition of CDX2 antibody. C. Lanes 1-4; the -70bp CDX2RE probe incubated with
extracts that contain CDX2 alone (lanes 1, 2) or CDX2+HNF4a, without (lanes 1, 3) or
with (lanes 2, 4) addition of CDX2 antibody. Lane 5: consensus HNF4a probe
incubated with extracts containing CDX2+HNF4a.

Figure 3. EMSA mutational analysis of HNF4o and CDX2 binding to the UGT1A8 -
44bp HNF4oRE. A. Sequence of the UGT1A8 -44bp HNF4aRE showing the
predicted HNF4a and CDX2 binding motifs. B. Lane 1: consensus HNF4a probe
incubated with extracts containing HNF4o+CDX2. Lane 2: the 44bp HNF4aRE
wildtype probe incubated with extract containing HNF4a+CDX2. Lanes 3-5: -44bp
HNF4aRE probes with mutation of either the HNF4 o motif (lane 3), or the CDX2 motif
(lanes 4, 5) incubated with extracts containing HNF4a+CDX2 . C. The -44bp
HNF4aRE wildtype probe incubated with extract containing HNF4oa+CDX2 without
(lane 1), or with (lanes 2-7) various unlabelled competitor oligonucleotides. Lane 2:
consensus HNF4aRE competitor. Lane 3: -70bp CDX2RE competitor. Lane 4: wildtype
-44bp HNF4aRE competitor. Lane 5: -44bp HNF4aRE competitor with mutation of the
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HNF4a motif. Lane 6,7: -44bp HNF4aRE competitor with mutation of the CDX2 motif.

Figure 4. Mutation of either the CDX2 or HNF4a motif within the UGT1A8 -44bp
HNF4aRE prevents synergistic promoter activation. A. Schematic showing mutations
generated in the CDX2 and HNF4a motifs within the -44bp HNF4aRE in the UGT1A8 -
190 promoter construct. B. Regulation of the UGT1A8 promoter constructs by CDX2,
HNF4a, or CDX2+HNF4a. For each dataset, n = 3 independent experiments; * P <
0.05; ** P < 0.01; *** P < 0.001 using ANOVA and post hoc Tukey’s test.

Figure 5. A HNF4a/CDX2 composite binding element is conserved in the UGT1A8-
1A10 proximal promoters. A. Alignment of the UGT1A8, -1A9, and -1A10 proximal
promoters shows complete conservation of the HNF4a/CDX2 composite binding
element. B. ChIP- gPCR analysis testing binding of HNF4a to regions spanning the
HNF4a/CDX2 composite binding element in the proximal promoter regions of the
UGT1AS8, -1A9, and -1A10 genes. C. Regulation of the -0.19kb and -1kb UGT1A10
promoter constructs by CDX2, HNF4a, or CDX2+HNF4a. D. Regulation of the -0.19kb
and -1kb UGT1A9 promoter constructs by CDX2, HNF4a, or CDX2+HNF4a. For each
dataset, n = 2 or 3 independent experiments; * P < 0.05; ** P < 0.01; *** P < 0.001
using ANOVA and post hoc Tukey'’s test.

Figure 6. Inhibition of UGT1A8-1A10 gene expression by siRNAs or inhibitors
targeting HNF4a and/or CDX2. A. Transfection of Caco2 cells with either HNF4a or
CDX2 siRNA decreases the level of UGT1AS, -1A9, and -1A10 mRNAs. B.
Transfection of HT29 cells with either HNF4a siRNA or CDX2 siRNA and
measurement of UGT1AS8, -1A9, and -1A10 mRNA levels. C. Treatment of Caco2 cells
with HNF4a inhibitor BI6015 and measurement of UGT1A8, -1A9, and -1A10 mRNA
levels. For each dataset, n = 2 or 3 independent experiments; * P < 0.05; ** P < 0.01;
*** P < 0.001 using ANOVA and post hoc Tukey’s test.

Figure 7. UGT1A8 and UGT1A9 show differential regulation by CDX2 and HNF4a in
hepatic and intestinal cell lines. A. Transfection of HepG2 and Caco2 cells with HNF4a
and CDX2 expression plasmids and measurement of UGT1A8 and -1A9 mRNA levels.
B. Transfection of HepG2 cells with HNF4a siRNA and measurement of HNF4a,
UGT1A8 and -1A9 mRNA levels. For each dataset, n = 2 or 3 independent
experiments; * P < 0.05; ** P < 0.01; *** P < 0.001 using ANOVA and post hoc Tukey’s
test.

Figure 8. Analysis of UGT1A8-1A10, CDX2 and HNF4a levels in normal colon
samples (n=41) using the Colon Adenocarcinoma (COAD) dataset generated by the
Cancer Genome Atlas (TCGA) Research Network: http://cancergenome.nih.gov/. A.
Correlation of UGT1A8

and UGT1A10 levels in normal colon samples. B, C. Correlation of UGT1A8 with levels
of CDX2 (B) and HNF4a (C) in normal colon samples D, E. Correlation of UGT1A10
with levels of CDX2 (D) and HNF4a. (E) in normal colon samples. All data analysis
used the Spearman rank method with GraphPad Prism 7.03 software (GraphPad Inc.,
La Jolla, CA); a P value of 0.05 was considered statistically significant; r = correlation
coefficient.

Figure 9. A model for the regulation of UGT1A8/1A10 and UGT1A9 by HNF4a and
CDX2. A. In the UGT1A8/1A10 proximal promoters, a two part intestinal module that
includes (1) the new HNF4a /CDX2 composite element (-44bp in UGT1A8), and (Il) the
previously defined CDX2 (-70bp) and HNF1a sites (-100bp). When CDX2 is high (e.g.
intestine), the proximal HNF4a /CDX2 composite element () recruits HNF4a/CDX2
heterodimers, the upstream elements (Il) may augment this response (green bracket).
B. The UGT1A9 promoter contains the intestinal module (1) centred on the
HNF4/CDX2 composite element that is shared with UGT1A8 and -1A10, as well as a
hepatic regulatory module involving upstream HNF4aREs. When CDX2 is high (e.g.
intestine), HNF4a forms heterodimers with CDX2 that bind the intestinal module; these
may also cooperate with HNF1a (green bracket). C. When CDX2 is low/absent (e.g.
liver), HNF4a forms homodimers that bind the hepatic module, these may also
cooperate with HNF1a (green bracket). Chromatin architecture may help determine the
relative accessibility of these modules.
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