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SUMMARY

Summary

Colorectal cancer (CRC) development is associated with epigenetic modifications,
including DNA methylation changes, altered histone modification patterns, and
dysregulated microRNA (miRNA) expression. While some dietary compounds can alter
colorectal cell behaviour through epigenetic mechanisms, their role in modifying
miRNA expression in CRC cells and normal colorectal tissue has been less studied. The
diet-derived compound butyrate, with its known role in histone modification, is a
plausible candidate for altering miRNA expression. This study examined dietary
regulation of miRNA expression in colorectal cells, and explored the role of butyrate
and other histone deacetylase inhibitors (HDIs) in modulating CRC risk through altered
miRNA expression. The down-stream consequences of these miRNA changes, and the
roles of miRNAs in the context of the anti-proliferative effects of HDIs, were
determined. In addition to exploring the action of butyrate, a potentially protective
dietary component, the study also investigated whether factors that possibly increase

CRC risk, such as high red meat intake, alter miRNA expression.

In vitro, butyrate and other HDIs altered levels of some miRNAs that are dysregulated in
CRC, including the oncogenic miR-17-92 miRNA cluster which is over-expressed in
CRC. Butyrate decreased miR-17-92 miRNA levels in CRC cells, with a corresponding
increase in expression of miR-17-92 targets, including cell cycle inhibitors and pro-
apoptotic genes. Mechanisms for this decrease included changes in regulators of miR-
17-92 host gene transcription, and altered histone acetylation and methylation patterns
centred around the transcription start site and promoter of the miR-17-92 host gene.
Decreased miR-17-92 expression may be partly responsible for the anti-proliferative
effects of HDIs, with introduction of miR-17-92 cluster miRNA mimics reversing this
effect and decreasing target gene transcript levels. Of the cluster members, miR-19a and
miR-19b were primarily responsible for promoting proliferation, while in a novel
finding, miR-18a acted in opposition to other members to decrease growth. Two pro-
proliferative genes, NEDD9 and CDKT79, were identified as novel miR-18a targets. This
study presents the first evidence of competing roles for miR-17-92 cluster members, in
the context of HDI-induced changes in CRC. miR-18a may play a homeostatic role in
containing the oncogenic effects of the entire cluster, but may be selectively decreased

in CRC compared with other cluster members.
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SUMMARY

In addition to the capacity of butyrate to reverse the dysregulation of miR-17-92
miRNAs in CRC cells 7z vitro, this action was demonstrated with resistant starch
supplementation 7 vive, in rectal biopsies from healthy human volunteers exposed to
high red meat levels. High red meat intake raised levels of miRNAs with oncogenic
potential, particularly miR-17-92 cluster miRNAs and miR-21. Resistant starch
supplementation raised faecal butyrate concentrations, and decreased miR-17-92 cluster
miRNAs to baseline levels. Iz »ivo modulation of miRNAs in colorectal cells by dietary
compounds has not previously been demonstrated in humans. Regulation of miRNA
expression demonstrates a plausible mechanism to explain some of the chemo-
protective effects of butyrate, and potentially carcinogenic properties of other dietary
components. Understanding how dietary compounds alter miRNA expression, and how
miRNAs modulate the action of HDIs, may provide new opportunities for CRC

therapies and prevention strategies.
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CHAPTER 1

Chapter 1. Introduction

1.1 Epigenetic modulation of gene expression

Colorectal cancer (CRC), which includes cancer of the colon, the rectosigmoid junction
and the rectum, is a major cause of morbidity and mortality worldwide (AIHW 2012,
IARC 2012). The majority of CRC cases occur sporadically, and their development may
be influenced by environmental and lifestyle factors, including diet (WCRF 2007).
Multiple epigenetic events are responsible for the onset and progression of CRC, in
addition to genetic changes (Toyota et al 1999, Esteller et al 2001, Zhu et al 2004,
Enroth et al 2011).

Epigenetic modulation is the alteration of gene expression or cellular phenotype without
changes to the underlying DNA sequence (WCRF 2007). One classic epigenetic
mechanism is the remodelling of chromatin leading to altered gene expression. Genomic
DNA is wrapped around histone proteins to form nucleosomes, which collectively form
a structure known as chromatin. Various levels of chromatin remodelling occur, and
include DNA methylation, histone modification, exchange of core histones with variant
histones, and disruption of basic nucleosome structure and histone DNA contacts

(Hake et al 2004).

Histone modifications largely occur along the tails of core histones that protrude from
the chromatin unit. These are subject to multiple post-translational modifications,
including methylation, acetylation, phosphorylation and other processes (Luger et al
1997, Strahl & Allis 2000). These histone modifications can open or compact the
chromatin structure and affect levels of transcription and gene expression (Luger et al
1997, Strahl & Allis 2000, Hake et al 2004, Campos & Reinberg 2009, Guil & Esteller
2009). Numerous enzymes are involved in histone modifications (Allis et al 2007,
Kouzarides 2007). Histone methyltransferases (HMT) and histone demethylases
(HDM), for example, control levels of histone methylation, while histone
acetyltransferases (HATSs) and histone deacetylases (HDACs) are responsible for
increasing and decreasing histone acetylation respectively. Increased histone acetylation
generally promotes a more relaxed chromatin structure, allowing transcriptional
activation, while decreased acetylation can lead to transcriptional repression (Turner
1998, Strahl & Allis 2000). Additional layers of complexity exist, however, with distinct
patterns of specific histone modifications shown to play particular roles in gene
activation or silencing. This complexity gave rise to the ‘histone code’ hypothesis, which
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proposed that one modification or combination of histone modifications could
determine a particular functional output (Strahl & Allis 2000, Jenuwein & Allis 2001).
The outcomes of histone modifications can be to initiate transcriptional activation,
silencing or other cellular responses, and are reviewed in more detail in Chapter 7 (Strahl

& Allis 2000, Jenuwein & Allis 2001).

DNA methylation, which is catalysed by DNA methyltransferase enzymes, can also
result in chromatin reconfiguration and transcriptional repression (Nan et al 1998).
DNA methylation involves the addition of a methyl group to cytosine residues at
adjacent cytosine and guanine nucleotides (CpG di-nucleotides). CpG di-nucleotides
occur in high concentration in certain areas of the genome, and are referred to as CpG
islands. CpG islands are often found at the 5’ promoter region of genes, and around
60% of genes have a CpG island at their promoter (Bird 2002). DNA methylation of a
CpG island at a gene promoter can lead to silencing of this gene, by directly inhibiting
binding of transcription factors and by recruiting transcription co-repressor complexes
that can cause chromatin reconfiguration (Boyes & Bird 1991, Cross et al 1997, Nan et

al 1997, Nan et al 1998).

In addition to chromatin remodelling, another common epigenetic machinery is the
regulation of gene expression by non-coding RNAs such as mictcoRNAs (miRNAs).
miRNAs are small non-coding RNA sequences that post-transcriptionally regulate the
expression of target genes by binding to complementary target mRNAs. They can cleave
complementary mRNAs, or where there is imperfect complementarity, can act through
translational inhibition and transcript destabilisation (Hutvagner & Zamore 2002,
Filipowicz et al 2008, Guo et al 2010). miRNAs have a unique place in the field of
epigenetics; they can be classified as epigenetic regulators of gene expression, but can
themselves experience altered transcription via epigenetic mechanisms. As outlined in
the sections below, epigenetic machineries play a vital role in the development and

progression of CRC, and may be influenced by dietary components.

1.2 Development and progression of colorectal cancer

1.2.1 Epidemiology of colorectal cancer

Worldwide, CRC is the third most common cancer, with around 1.2 million new cases
recorded in 2008 (IARC 2012). There is large geographical variation in the global
distribution of CRC, with the highest incidence in the USA, Australia, New Zealand,
and parts of Europe, the lowest incidence in Africa and Asia, and intermediate levels in
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South America IARC 2007, Jemal et al 2011, IARC 2012). Incidence can vary up to 10-
fold between countries with the highest and lowest rates, with almost 60% of cases
occurring in developed regions (IARC 2007, IARC 2012). While incidence may be
stabilising in long-standing developed countries, it is increasing rapidly in economically
developing countries (Center et al 2009, Jemal et al 2011). CRC is a major contributor to
both morbidity and mortality, particularly in countries which have the highest incidence
of the disease IARC 2012). Mortality is approximately half that of incidence, with
around 600,000 deaths recorded in 2008 worldwide, making CRC the fourth most
common cause of death from cancer IARC 2012). Mortality rates are decreasing in
some developed countries, due to improved treatment and early detection, but are

increasing in many developing countries (Center et al 2009, Jemal et al 2011).

In Australia, CRC is the second most frequently occurring cancer in the population,
with 14,255 people diagnosed with the disease in 2008 (13% of all cancer cases) (AIHW
2011). The age-standardised incidence rate in 2008 was 61.8 per 100,000, with risk of
diagnosis before age 85 at 1 in 12 (AIHW 2011). While cancer incidence projections to
2020 indicate that the number of new CRC cases per year may be stabilising, CRC will
remain among the most common cancers diagnosed in Australia in 2020 (AIHW 2012).
CRC is the second most common cause of cancer death in Australia, with 4,047 deaths
in 2007, accounting for 2.9% of all person deaths and 10.1% of all cancer deaths
(AIHW 2011). The age-standardised mortality rate in 2007 was 17.8 per 100,000, with
risk of dying from CRC before age 85 at 1 in 41 (AIHW 2011). In 2010, CRC was
estimated to be the second leading cause of the burden of disease due to cancer (37,800
disability-adjusted life years (DALYSs) in males (13% of cancer burden) and 30,300
DALYs in females (12% of cancer burden)). It was also the second highest cancer
contributing to years of life lost (YLL) due to premature death (55,800 YLL) (AIHW
2010). The total health expenditure in 2000 — 01 for CRC was $235 million (AIHW
2005).

The colon and rectum are the final sections of the digestive system in humans and most
vertebrates. Functions of the colon include storage of waste, absorption of water, salts
and some nutrients, and bacterial-aided fermentation of undigested material, before
elimination from the body (Cummings 1975, Ruppin et al 1980). The transformation of
normal colonic mucosa into invasive cancer can often take years to decades (Al-Sohaily

et al 2012). This development generally involves multiple steps, from aberrant crypt cells
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and epithelial hyperplasia, to adenomatous polyps, carcinoma, and metastasis (Muto et al

1975, Fearon & Vogelstein 1990).

In a healthy colorectum there exists a balance between proliferation, differentiation,
migration and apoptosis. The adult colorectal epithelium undergoes constant
regeneration as differentiated cells at the epithelial surface are shed and replaced by new
cells (Booth & Potten 2000, Mariadason et al 2002, Kosinski et al 2007). The lining of
the colon consists of millions of crypts, which each contain thousands of cells, including
multiple stem cells that maintain the crypts through continual division and
differentiation (Booth & Potten 2000, Yatabe et al 2001, Kim & Shibata 2002, Kosinski
et al 2007, Powell et al 2012). The stages of cell division include a resting phase (G),
growth and preparation of chromosomes for replication (G,), DNA replication (S),
preparation of cells for division (G,), and mitosis (M), with several checkpoints to check
for DNA damage or errors in replication (WCRFE 2007). Stem cell division can yield
more stem cells, and also cells that migrate upward through the crypt, proliferate and
differentiate (Snippert et al 2010). Differentiated epithelial cells have a rapid turnover,
while stem cells that are maintained at the base of the crypt can accumulate alterations
in the copied DNA over time, if not recognised by DNA repair mechanisms (Yatabe et
al 2001, Kim & Shibata 2002). Most alterations will be lost, but sometimes in a clonal
selection process a single crypt may sequentially collect multiple alterations that provide
a growth advantage (crypt niche succession); rarely, this combination of alterations
collectively confers a tumour phenotype (Kim & Shibata 2002, Barker et al 2009).
Alterations may lead to novel or increased function of oncogenes, or loss of function of
tumour suppressor genes, leading to the visible start of a growth advantage and

phenotypic progression (Fearon 2011).

Aberrant crypts can progress to lesions that project above the surrounding mucosa, and
are termed polyps. Small hyperplastic polyps will only rarely progress to CRC, while
adenomatous polyps (adenomas), which are characterised by dysplastic morphology and
altered differentiation, are more likely to be precursors to CRC (Winawer et al 2000).
Some polyps, identified as serrated polyps, have a distinct development pathway not
seen in traditional adenomas, and progress to cancer via a different pathway, the
serrated neoplasia pathway (Torlakovic et al 2003, Konishi et al 2004, Spring et al 20006).
Only a fraction of adenomas will ever progress to CRC (Winawer et al 2006). CRC
tumours are characterised by uncontrolled growth and evasion of apoptosis, sustained
angiogenesis, and eventual tissue invasion and metastasis (WCRF 2007). The process of

invasion and metastasis involves detachment of tumour cells from the primary site,
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migration, invasion of blood or lymphatic vessels, dissemination, and finally settlement

in the distant site (Al-Sohaily et al 2012).

CRC may be detected through routine screening, such as a faecal occult blood test,
sigmoidoscopy or colonoscopy, or may first present with the development of
symptoms. Symptoms are common in advanced CRC when prognosis is poor but are
less common and obvious early in the disease (Cappell 2008). A two-step process is
commonly employed to detect early stage CRC, with a colonoscopy performed when an
initial faecal occult blood test is positive (Levin et al 2008). Besides serving as a
detection method, a colonoscopy allows biopsies to be performed, and pre-cancerous
polyps to be removed, thereby preventing CRC development (Winawer et al 1993,
Cappell & Friedel 2002). CRC diagnosis and staging can incorporate clinical and
pathologic examination. The TNM staging system, developed by the American Joint
Committee on Cancer (AJCC) and the International Union Against Cancer (UICC), is
commonly used, and is based on the extent of the tumour (T), the extent of spread to
the lymph nodes (N), and the presence of metastasis (M). Overall cancer staging can
classify cancers as Stage 0 (carcinoma in situ), Stage I (localised cancer), Stage II or 111
(locally advanced cancer, with degrees of lymph node involvement), or Stage IV (cancer

is metastasised, or spread to other organs) (AJCC 2010).

Treatment strategies for CRC are dependent on tumour stage (Crea et al 2011). Early
stage CRC that is confined to the sub-mucosa can be treated by surgical resection with
curative intent. Surgical excision is the preferred option for localised tumours, while
adjuvant chemotherapy may be employed after surgical resection, particularly in patients
with lymph node invasion (Cunningham et al 2010). Metastatic CRC patients may be
treated with chemotherapeutic agents and best supportive care. While a five-year
survival rate of approximately 90% is possible when CRC is detected and treated eatly,
when metastatic disease is detected the median survival is approximately six months

(Kohne & Lenz 2009).

Normal colorectal regeneration requires balanced molecular control, with multiple gene
expression pathways involved in creating and maintaining this balance. Examples of
pathways that maintain a normal colorectal phenotype include the WNT-B-catenin
signalling pathway which is involved in maintaining proliferation (Mariadason et al 2001,

Batlle et al 2002, van de Wetering et al 2002), the TGF-§ superfamily signalling pathway
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which plays a role in tissue homeostasis (Becker et al 2004, Bellam & Pasche 2010), and
the Notch signalling pathway which influences cell fate and differentiation (Fre et al
2005, Okamoto et al 2009, Zheng et al 2009). CRC progression generally requires
multiple genetic and epigenetic events resulting in the loss-of-function of tumour
suppressor genes and gain-of-function of oncogenes, and dysregulation of signalling
pathways involved in cellular metabolism, proliferation, differentiation, survival and
apoptosis (Fearnhead et al 2002, Al-Sohaily et al 2012). Approximately 5% of CRC cases
are caused by inherited genetic mutations. Known inherited conditions that predispose
to CRC include, among others, familial adenomatous polyposis (FAP) which is an
autosomal dominant disorder caused by germ line mutations of the adenomatosis
polyposis coli (APC) tumour suppressor gene (Kinzler et al 1991), and hereditary non-
polyposis colorectal cancer (HNPCC) or Lynch syndrome which is also an autosomal
dominant disorder caused by germ line mutations in DNA mismatch repair genes
(Fishel et al 1993, Bronner et al 1994, Papadopoulos et al 1994). The remaining 95% of
CRC cases occur sporadically via a series of genetic and epigenetic changes, brought
about by intrinsic and extrinsic forces. Of this majority, a percentage (~20%) will have a
positive family history but cannot be categorised as having any known hereditary CRC
syndrome; these cases may have an underlying inherited predisposition, or common

environmental and lifestyle factors (Power et al 2010).

The first molecular model of CRC development was offered by Fearon and Vogelstein
(1990), which proposed that the mutational activation of oncogenes and inactivation of
tumour suppressor genes, and the mutation of at least four or five genes, were required
for cancer development. The total accumulation of changes, rather than their order, was
seen as responsible for determining the tumour’s biologic properties (Fearon &
Vogelstein 1990). Since this model, multiple genes have been investigated for their link
to CRC development, but only a limited number of gene mutations have been found in
a sizable proportion of CRCs, and their combination in the same cancer is less common
(Fearon 2011). One common genetic change often associated with adenomatous polyps
is loss of function of the tumour-suppressor gene APC. Approximately 70 — 80% of
sporadic colorectal adenomas and carcinomas have somatic mutations that inactivate
APC (Fearon 2011). In one CRC model, .4APC has been described as a ‘gatekeeper’ gene
due to its responsibility in maintaining balance in colon cell numbers (Kinzler &
Vogelstein 1997). In this model, other genes that maintain genetic integrity, such as
DNA mismatch repair genes, may be referred to as ‘caretaker genes’ (Kinzler &

Vogelstein 1997). APC assists in the control of cell adhesion, migration, chromosomal
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segregation, and apoptosis in the colonic crypt, and is a regulator of the 3-catenin-
dependent WNT signalling pathway (He et al 1998). Loss of APC function leads to
accumulation of B-catenin, which in turn binds to transcription factors and alters the
expression of multiple genes affecting cell cycle progression, proliferation,
differentiation, migration, apoptosis, and angiogenesis (He et al 1998, Tetsu &
McCormick 1999). Mutations of the potential oncogene KRAS (v-Ki-ras2 Kirsten rat
sarcoma viral oncogene homolog) are also found to occur in many early to late
adenomas, while mutations of the tumour suppressor p53 (tumour protein p53 or TP53)
will tend to occur later, and may promote the change from adenoma to carcinoma
(Vogelstein et al 1988, Fearnhead et al 2002). Other oncogenes that have altered
function in a significant fraction of sporadic CRCs include PIK3CA, BRAF, NRAS,
EGFR, CDK8, C-MYC, CCNET, CINNB1, ERBB2, and MYB, while other tumour
suppressors that are commonly mutated include PTEN, FBXW7, SMAD2, SMAD3,
SMAD4, TGEBIIR, TCF71.2, ACV'R2, BAX and MCC (Fearon 2011). Various
molecular pathways of CRC have been demonstrated, which lead to different cancer
phenotypes. Currently three distinct molecular pathways have been identified, including
the Chromosomal Instability (CIN) pathway, the Microsatellite Instability (MSI)
pathway, and the CpG Island Methylator Phenotype (CIMP) pathway, although these

pathways are not mutually exclusive (Jass 2007).

In the CIN pathway, defects in chromosome segregation lead to loss or gain of
chromosomes or chromosome regions containing genes important in the cancer
development process (Lengauer et al 1997, Wang et al 2004). This pathway is associated
with chromosome number imbalance (aneuploidy), chromosomal genomic
amplifications, and loss of heterozygosity (Thiagalingam et al 2001). A large fraction of
sporadic CRCs, approximately 65 — 70%, present with altered chromosome number or
structure (Al-Sohaily et al 2012). Broad chromosome amplifications and deletions have
been observed in CRC, in addition to focal gains or losses in regions containing
important cancer genes (Thiagalingam et al 2001, Wang et al 2004). Specific mutations
in oncogenes and tumour suppressor genes can occur in addition to these karyotype
abnormalities. Common chromosomes and genes affected in the CIN pathway include
the 5p allele which harbours the APC and MCC (mutated in colorectal cancers) genes,
the 8p allele, the 17p allele which contains p53, and the 18q allele (Vogelstein et al 1988,
Jen et al 1994, Chughtai et al 1999).

Another molecular pathway for CRC development is the MSI pathway. Microsatellites
are short repeat nucleotide sequences prone to errors, particularly base-pair mismatches,
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during DNA replication. Normally, these errors are recognised and repaired by the
DNA mismatch repair system. MSI occurs when the mismatch repair system is unable
to recognise and correct these errors (Ionov et al 1993, Thibodeau et al 1993). Defects
in mismatch repair genes such as MILLH7, PMS2, MSH2, MSH3 and MSHG6 can occur in
hereditary conditions, and in a subset of sporadic CRC (Fishel et al 1993, Bronner et al
1994, Papadopoulos et al 1994, Yin et al 1997, Nicolaides et al 1998). Approximately
15% of sporadic CRC are characterised by MSI, resulting from genetic or epigenetic
inactivation of mismatch repair function (Ionov et al 1993, Thibodeau et al 1993,
Suraweera et al 2002). In sporadic CRC cases with MSI, epigenetic inactivation of the
DNA mismatch repair protein Mutl. homolog 1 (MILHT) is more frequent (Herman et
al 1998, Toyota et al 1999). Specific microsatellite loci are usually examined to identify
MSI, and define tumours as MSI-high, MSI-low, or microsatellite stable (MSS), or with
elevated microsatellite instability at selected tetra-nucleotide repeats (EMAST)
(Suraweera et al 2002, Haugen et al 2008). MSI is essentially an indication of defective
mismatch repair function. Cells with mismatch repair gene mutations cannot repair
spontaneous DNA errors and progressively accumulate mutations throughout the
genome, resulting in tumour development. A number of genes have coding repeats that
are susceptible to mutations when mismatch repair is defective, including cancer-
relevant genes involved in DNA repair, cell cycle control, apoptosis, and signal

transduction (Al-Sohaily et al 2012).

The role of epigenetics in the development of CRC was acknowledged with the
description of the CIMP pathway for CRC development, which specifically refers to the
epigenetic modification of DNA methylation that can occur at CpG islands. In CRC,
promoter-specific CpG island hypermethylation is an alternative mechanism to genetic
mutations for the silencing of tumour suppressor genes; this is likely an early event in
tumourigenesis, and can be more frequent than genetic changes (Toyota et al 1999,
Esteller et al 2001, Weisenberger et al 2000, Schuebel et al 2007). Genes with tumour
suppressor function that are commonly hypermethylated in CRC include cyclin-
dependent kinase inhibitor 2A (CDKIN2A), the DNA mismatch repair protein MILH7,
and the DNA repair protein O-6-methylguanine-DNA methyltransferase (MGMT)
(Toyota et al 1999, Shen et al 2005). CIMP refers to the presence of hypermethylation
of multiple genes, and specific markers are examined to identify CIMP positive (CIMP-
high) tumours. CIMP-high tumours account for 15 — 20% of sporadic CRC. While there
is some debate as to whether the CIMP represents a truly distinct pathway, CIMP

tumours have been shown to have unique clinical and pathologic features (Hawkins et al



CHAPTER 1

2002, Jass 2007). The CIMP classification has some overlap with MSI; for example, the
silencing of the MILH7 mismatch repair gene in sporadic MSI-high CRC is usually
caused by hypermethylation (Herman et al 1998). There are several examples of the
same genes being affected in CRC regardless of the underlying molecular pathway, for
example loss of APC function is common in many CRC, but this can occur through
various mutations, chromosomal abnormalities and loss of heterozygosity, and/or
promoter methylation (Miyoshi et al 1992, Huang et al 1996, Hiltunen et al 1997, Sturlan
et al 1999, Fodde et al 2001).

Besides the recognised role of promoter DNA hypermethylation in CRC development,
other epigenetic mechanisms including global DNA hypomethylation, histone
modifications and alterations in miRNA expression can also contribute to CRC
development. In contrast to the high levels of gene promoter methylation present in
many tumours, global DNA hypomethylation has also been observed in CRC, which
may also predispose to genomic instability and disruption of normal gene expression
patterns (Matsuzaki et al 2005, Rodriguez et al 2006). CRC is also associated with altered
patterns of histone modifications, and dysregulation of proteins responsible for these
modifications (Zhu et al 2004, Wilson et al 2006, Enroth et al 2011). Disruption of
normal miRNA expression levels has also been shown in CRC, with increased levels of
some miRNAs with oncogenic potential, and decreased levels of some miRNAs with
tumour suppressor roles, as detailed in Section 1.3 (Michael et al 2003, Cummins et al

2000, Slaby et al 2007).

CRC risk is a combination of genetic predisposition and lifestyle and environmental
factors. A small fraction of CRCs result from inherited germ line mutations in genes
associated with cancer; while the remaining majority involve alterations accumulated
over time, due to genetic mutations or epigenetic changes (WCRF 2007). Increasing age
is one of the most important risk factors for CRC, with over 90% of sporadic CRCs
occurring in individuals over the age of 50 (Al-Sohaily et al 2012). In addition to the
accumulation of mutations over time, epigenetic changes also accelerate with age;
increased DNA methylation, for example, has been shown to correlate with advanced
age (Toyota et al 1999, Fraga et al 2005a). Family history is also an important risk factor,
even when a known hereditary syndrome is not present (Power et al 2010). Internal
factors likely to modify risk include oxidative stress, inflammation, and hormonal

changes. Environmental and lifestyle risk factors include obesity and physical inactivity,
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tobacco and cigarette smoke, and alcohol consumption, as well as excess consumption
of potentially carcinogenic food substances and inadequate consumption of protective
dietary components (WCRF 2007, Mathers et al 2010, Al-Sohaily et al 2012). While
aging and genetic susceptibility are irreversible, some CRCs may be prevented by
altering environmental risk factors, in order to minimise inflammation and exposure to
mutagens, reduce epithelial cell proliferation, and support the apoptotic removal of

damaged cells (Lund et al 2011).

1.3 Diet and colorectal cancer

Dietary components can directly affect the genome, and can also epigenetically alter
gene expression without altering the DNA sequence (WCRF 2007). The latter is termed
nutritional epigenetics, which is the non-coding modification of genes through changes
in DNA methylation, histone homeostasis, miRNA levels and DNA stability, in
response to nutrition (WCRFE 2007). Colonic epithelial cells are directly exposed to
dietary compounds, and a significant proportion of CRCs may be diet related.
Carcinogens ingested as part of, or with, foods and drinks can interact directly with the
cells lining the colon and rectum if they are not metabolised or absorbed in the small
intestine (WCREF 2007). Links between diet and cancer risk are complex, and a typical
diet may provide more than 25,000 bioactive food constituents (Craig 1997, Liu 2004).
Diet components may affect gut mucosa directly from the luminal side, or indirectly
through whole-body metabolism (Nystrom & Mutanen 2009). Dietary constituents can
modify a multitude of processes in both normal cells and cancer cells, and different cells
may vary in their response to bioactive food components. Dose, timing, and duration of

exposure are also important in determining the response (WCREFE 2007).

One of the first links between a food component and CRC risk was proposed several
decades ago, with Burkitt (1971) noting that a lack of fibre in the diets of the Western
world may contribute to changes in bowel health. The link between diet and CRC
development is supported by evidence for substantial geographical variations in CRC
incidence rates and trends, with long-standing economically developed countries having
higher incidence rates of the disease (Center et al 2009). Factors associated with
economic development or Westernisation include a diet characteristically high in red or
processed meat and refined carbohydrates, and low in fibre, fruits and vegetables,

accompanied by lifestyle changes such as a reduction in physical activity levels (Center et
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al 2009). There is evidence that populations moving from low-incidence areas to high-
incidence areas take on the disease profile of the new country within one generation,
suggesting a strong environmental link (Flood et al 2000). The adoption of Western
dietary and lifestyle practices in developing countries has led to rapid increases in CRC
rates; while incidence rates stabilised in the majority of developed countries, there was
significant increases in Eastern European countries, most parts of Asia, and select

countries of South America (Center et al 2009).

The geographical indication of a role of diet in CRC fits with evidence from case series
and prospective cohort studies in humans. The authors of the latest report of the World
Cancer Research Fund, for example, conducted systematic reviews of cohort and case-
control studies to judge that there was convincing evidence that red meat, processed
meat, alcoholic drinks, and body fatness increased risk of CRC (WCRF 2007).
Alternatively, garlic, milk, and foods containing dietary fibre or calcium were judged to
probably protect against this cancer (WCRF 2007). There was more limited evidence to
suggest that non-starchy vegetables, fruits, fish, and foods containing folate, selenium or
vitamin D may decrease risk, and limited evidence to suggest that cheese, and foods

containing iron, animal fats or sugars may increase risk (WCRF 2007).

There is substantial evidence from cohort and case-control studies that high intake of
red or processed meats may increase CRC risk, as discussed in Chapter 8. The largest
human cohort study to date, the European Prospective Investigation into Cancer and
Nutrition (EPIC) study, used data from 478,040 individuals to identify that CRC risk
was positively associated with intake of red and processed meat, with a hazard ratio per
100 g increase in intake of red and processed meat of 1.55 (95% confidence interval (CI)
1.19 — 2.02, P trend = 0 .001) (Norat et al 2005). Systematic reviews of available cohort
and case-control studies have found high red meat or processed meat intake to be a
convincing risk factor for CRC (Larsson & Wolk 2006, WCRF 2007, Chan et al 2011);
in the review by the WCRF (2007), intake of more than approximately 500 g of cooked
meat per week was associated with significantly increased risk of CRC. Isolating the
independent effects of red meat on CRC is difficult, and current evidence may suffer
from potential confounding from other dietary and lifestyle factors (Alexander &
Cushing 2011). There are, however, plausible mechanisms by which red meat can
increase CRC risk. Red meat has been shown to increase DNA damage and induce
DNA strand breaks (Toden et al 2006, Toden et al 2007). The generation of potentially
carcinogenic N-nitroso compounds can increase DNA alkylation and enhance

formation of pro-mutagenic DNA adducts (Lewin et al 2000), the production of
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heterocyclic amines and polycyclic aromatic hydrocarbons through cooking at high
temperature can also induce DNA damage (Rohrmann et al 2009), while the haem iron
and free iron in red meat can lead to the production of free radicals, which can also be

damaging (Glei et al 2000).

Dietary fibre can be defined as the fraction of the edible parts of plants or their extracts,
or synthetic analogues, that are resistant to digestion and absorption in the small
intestine, usually with complete or partial fermentation in the large intestine (FSANZ
2012). This definition encompasses the traditional forms of dietary fibre, such as soluble
and insoluble non-starch polysaccharides (NSP), and also includes resistant starches and
other food materials that are resistant to digestion (Cummings et al 1996, Topping &
Clifton 2001). Evidence from cohort and case-control studies has generally shown that
high intake of dietary fibre may decrease CRC risk, as discussed in Chapter 8. The EPIC
study, for example, found that in 519,978 individuals dietary fibre intake was inversely
related to incidence of CRC, with an adjusted relative risk for the highest versus lowest
quintile of fibre from food intake of 0.58 (95% CI 0.41 — 0.85) (Bingham et al 2003).
This association was substantiated by systematic review evidence from the WCRF
(2007) which identified a clear dose-response relationship from generally consistent
cohort studies, and concluded that foods containing dietary fibre probably protect
against CRC. Interventional studies examining the effect of fibre on CRC risk in
humans usually use biomarkers or adenomas as surrogate endpoints, and have presented
less conclusive evidence. A systematic review of interventional studies concluded that
increasing fibre in a Western diet for two to four years did not lower the risk of CRC
(Asano & McLeod 2002). It was noted that longer-term trials and higher dietary fibre
levels may be needed to reproduce the effect of dietary fibre shown in the observational
studies, while the source of the dietary fibre may also influence its effect (Asano &

McLeod 2002, Young et al 2005, Schatzkin et al 2007).

Possible mechanisms for a protective effect of dietary fibre include the dilution of faecal
contents, increased stool weight and decreased transit time, binding of carcinogens and
bile salts, increased colonic microbiota and altered species balance, and production of
fermentation products including short chain fatty acids (SCFAs) (Young et al 2005,
WCRF 2007). The fermentation of fibre and resistant starch to produce SCFAs such as
butyrate offers a plausible mechanism for a protective effect of this dietary component
(Young et al 2005). Butyrate is a known histone deacetylase inhibitor (HDI) with

chemoprotective effects, and is reviewed further in Section 1.3.2 and Chapter 4.
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Dietary components may alter cancer risk through both genetic and epigenetic
mechanisms. The DNA damage induced by red meat is an example of a genetic
mechanism for modifying CRC risk (Toden et al 2006, Toden et al 2007). One example
of an epigenetic mechanism is the modification of histones by dietary factors that can
act as HDIs, such as butyrate from fibre (Mariadason et al 2000), diallyl disulphide from
garlic and other allium vegetables (Druesne et al 2004, Druesne-Pecollo et al 2007,
Altonsy & Andrews 2011), and sulphoraphane, a glucosinolate from cruciferous
vegetables (Myzak et al 2004, Myzak et al 2006a, Myzak et al 2006b, Myzak et al 2007,
Clarke et al 2011a). DNA methylation is another example of epigenetic change
influenced by diet. Appropriate gene expression is maintained by appropriate patterns of
methylation, and dietary factors such as folate, a methyl-donor, are important
determinants of normal methylation (Wallace et al 2010). Imbalanced intake of specific
dietary constituents such as folate may increase risk of cancer (Motiwala et al 2003,
Wallace et al 2010). Dietary compounds may also exert additional epigenetic influences

by altering miRNA expression in various cell types, as reviewed in Section 1.5.

Butyrate is a prime example of a diet-derived substance with an epigenetic mechanism
for altering CRC risk. Dietary fibre residues that reach the colon in animals and humans
are metabolised by anaerobic bacteria to produce SCFAs, plus lactate, ethanol,
hydrogen, methane, and carbon dioxide (Young et al 2005). The major SCFAs produced
are acetate, propionate and butyrate. While all SCFAs have some beneficial effects on
gut health, butyrate has particular chemoprotective effects and is preferentially taken up
by the colonic epithelium (Cummings et al 1987). Besides being a preferred energy
source for colonic epithelia (Roediger 1982, Scheppach et al 1992, Young et al 2005),
butyrate also plays a role in cell cycle regulation, apoptosis, proliferation, differentiation,
inflammation, and DNA repair in CRC cells (Mariadason et al 2000, Iacomino et al
2001, Daly & Shirazi-Beechey 2006). A number of 7 vitro studies have investigated the
effect of butyrate on gene expression in CRC cells; the results of a systematic search for
such studies are presented in Chapter 4. An early key study in a human colorectal
adenocarcinoma cell line found that gene expression changes began as soon as 30 min
after butyrate treatment, and continued to progress over 48 h (Mariadason et al 2000).
Larger microarray studies support this early work and indicate that a substantial number
of genes experience altered expression with butyrate treatment. One large study in
HT29 CRC cells, for example, showed that 1984 genes (10.2%) had a >2-fold variation

above or below control levels with 5 mM butyrate treatment for 24 h (Daly et al 2005,
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Daly & Shirazi-Beechey 20006). Of these, 796 genes were up-regulated (4.1%) and 1187
were down-regulated (6.1%). Many butyrate-responsive genes are associated with the
regulation of colonic tissue homeostasis, and have been shown to be deregulated in
colon cancer tissue compared to normal healthy colonic mucosa. Genes up-regulated
with butyrate include tumour suppressors associated with cell cycle arrest and induction
of apoptosis, such as CDKIN7A (cyclin-dependent kinase inhibitor 1A or p21),
GADD45A (growth arrest and DNA-damage-inducible, alpha), M.APK72 (mitogen-
activated protein kinase 12 or p38), FOS (v-fos FB] murine osteosarcoma viral
oncogene homolog), PIEN (phosphatase and tensin homolog), and TXNIP
(thioredoxin-interacting protein). Genes down-regulated by butyrate include oncogenes
associated with cell cycle progression, DNA replication, proliferation, metastasis,

inhibition of apoptosis, and tumour markers (Daly & Shirazi-Beechey 2000).

Butyrate’s ability to epigenetically regulate gene expression is often attributed to its
action as a HDI leading to histone hyperacetylation and chromatin remodelling,
although it can also influence other machineries including acetylation of non-histone
proteins, alteration of DNA methylation, and selective regulation of histone methylation
and phosphorylation (Boffa et al 1981, Boffa et al 1994, Daly & Shirazi-Beechey 2000).
When derived from a high fibre diet butyrate has value as chemopreventive agent and
promoter of gut health. In an unmodified state, however, butyrate has less value as a
systemic chemotherapeutic agent for various tumours, due to its short half-life (Miller et
al 1987). Other structurally distinct but functionally similar HDIs have greater potential
in cancer therapy. Suberoylanilide hydroxamic acid (SAHA), for example, is a HDI that
is US Food and Drug Administration (FDA) approved for cutaneous T-cell lymphoma
(Duvic et al 2007, Olsen et al 2007) and has undergone small clinical trials for solid
tumours, including CRC (Vansteenkiste et al 2008, Wilson et al 2010b). Like butyrate,
SAHA has been shown to induce histone acetylation, promote cell cycle arrest and
apoptosis, and regulate similar genes, including those involved in cell cycle control,
DNA replication, recombination and repair, apoptosis, and cell growth and proliferation

(Portanova et al 2008, LaBonte et al 2009, Wilson et al 2010a).

1.4 microRNAs and colorectal cancer

The cellular pathways influenced by HDIs, including cell cycle regulation, proliferation,
differentiation, and apoptosis, are also regulated by miRNAs. miRNAs represent an
additional form of epigenetic gene regulation, and can themselves experience altered

transcription through epigenetic mechanisms.
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miRNAs are small non-coding 19 — 25 nucleotide RNA sequences that post-
transcriptionally regulate the expression of target genes by binding to complementary
target mRNAs and preventing the translation of mRNA into protein (Mendell 2005,
Esteller 2011). They represent one component of a larger collection of various non-
coding RNAs with regulatory functions, which also includes endogenous small-
interfering RNAs (endo-siRNAs), PIWI-interacting RNAs (piRNAs), and other short
and longer non-coding RNAs (Kim et al 2009, Esteller 2011, Mendell & Olson 2012).

The first miRNAs were discovered in the nematode C. elegans. The C. elegans
heterochronic gene lin-4 was found to encode a small RNA that regulated translation of
lin-14 and lin-28 via an antisense RNA-RNA interaction (Lee et al 1993, Wightman et al
1993, Moss et al 1997, Olsen & Ambros 1999). The discovery of the lin-4 miRNA was
followed by identification of a second miRNA in C. elegans, let-7 (Pasquinelli et al 2000,
Reinhart et al 2000, Abrahante et al 2003). lin-4 and let-7 were shown to directly control
expression of target genes, through binding to complementary elements in the 3’
untranslated regions (3’'UTR) of the gene transcripts (Reinhart et al 2000). In loss-of-
function studies, deletion of lin-4 and let-7 lead to mutants that failed to develop and
differentiate at the appropriate larval stages (Lee et al 1993, Reinhart et al 2000). Both
lin-4 and let-7 were discovered to be evolutionarily conserved in multiple species, which
implied a more universal role for these genes in animals (Pasquinelli et al 2000, Lagos-

Quintana et al 2002).

Numerous miRNAs have since been identified in animals, plants, viruses, and other
organisms (Lagos-Quintana et al 2001, Lau et al 2001, Lee & Ambros 2001, Mourelatos
et al 2002, Reinhart et al 2002, Houbaviy et al 2003, Lim et al 2003). The first release of
the miRBase database of miRNAs in 2002 contained 218 entries, and subsequently
experienced rapid expansion (Griffiths-Jones et al 2006). The latest release of the
miRBase database now contains 18,226 entries representing hairpin precursor miRNAs,
expressing 21,643 mature miRNA products, in 168 species. Over one thousand
miRNAs have been identified in humans, with 1527 precursors and 1921 mature
miRNAs currently listed in miRBase (Griffiths-Jones et al 2006). One miRNA can target
hundreds of genes, and a gene can be regulated by multiple miRNAs. Various estimates
suggest that one to two thirds of human protein coding genes are regulated by miRNAs

(Kim et al 2009, Esteller 2011).
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Both protein-coding genes and non-coding RNA genes are present in the genome. The
general structure of a gene consists of a promoter region and TSS, and a transcribed
region that can contain exons (which are found in the mature transcript) and introns
(which are removed from the primary transcript). More than half of miRNAs are
located in the introns of protein-coding or long non-coding RNA genes. These
intragenic miRNAs can share common promoters with their host gene, some of which
can be more than 20 kb upstream of the pre-miRNA coding region (Rodriguez et al
2004, Suzuki et al 2011). Other intragenic miRNAs can have their own promoters and
can be transcribed independently of the host gene, while other miRNAs and their

promoter regions can be entirely intergenic (Ozsolak et al 2008, Suzuki et al 2011).

The canonical miRNA biogenesis pathway is shown in Figure 1.1. Non-canonical
miRNA biogenesis pathways have also been identified, which can be Drosha or Dicer
independent (Miyoshi et al 2010). In the standard pathway, miRNAs are transcribed in
the nucleus as primary miRNA transcripts (pri-miRNAs) by RNA polymerase II or
RNA polymerase III (Cai et al 2004, Lee et al 2004, Borchert et al 2006). A typical pri-
miRNA contains a hairpin stem of 33 base pairs, a terminal loop, and two single-
stranded unpaired flanking regions. The double stranded stem and unpaired flanking
regions of the pri-miRNA are important for recognition and processing by components
of the microprocessor complex (Zeng & Cullen 2003, Denli et al 2004, Zeng et al 2005,
Han et al 20006). The microprocessor complex contains DGCR8 (DiGeorge syndrome
critical region gene 8) for binding and stabilization, and a ribonuclease Drosha which
cleaves the pri-miRNA. Drosha cleaves the 3’ and 5’ arms of the pri-miRNA hairpin, to
form a precursor miRNA molecule (pre-miRNA) (Gregory et al 2004, Han et al 2004).
For some specific miRNAs, other proteins may assist in regulating Drosha-mediated
cleavage (Guil & Caceres 2007). The pre-miRNA is then transported to the cytoplasm
by Exportin 5 (XPOD5) in complex with Ran-GTP (Yi et al 2003, Bohnsack et al 2004).
XPO5 may also protect the pre-miRNA against nuclease digestion (Yi et al 2003,
Bohnsack et al 2004, Lund et al 2004). Following export to the cytoplasm, the pre-
miRNA is then cleaved near the terminal loop by the ribonuclease Dicer, releasing a
~22 nucleotide miRNA duplex (Macrae et al 2006). During this process, Dicer interacts
with TRBP (human immunodeficiency virus transactivating response RNA-binding
protein) and PACT (protein activator of PKR), and together these molecules mediate
the assembly of the miRNA in the RNA-induced silencing complex (RISC), which also
incorporates Argonaute-2 (AGO2) (Chendrimada et al 2005, Haase et al 2005, Lee et al
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20006). AGO2 can assist in pre-miRNA cleavage (Diederichs & Haber 2007), but its
main function is as a RISC effector protein mediating mRNA regulation (Hutvagner &
Zamore 2002, Liu et al 2004, Meister et al 2004, Pillai et al 2004). Following Dicer
cleavage, the duplex is unwound and one strand remains on the AGO?2 as the mature
miRNA, while the other less stable strand is degraded (Khvorova et al 2003, Schwarz et
al 2003). The two strands may be identified as -5p or -3p, or the less stable strand can
also be referred to as the * form. The seed sequences of mature miRNAs (nucleotides 2
— 8) are highly conserved, and it is these sequences which specifically bind to
complementary target sites in the 3’UTR of mRNA (Brennecke et al 2005). Mature
miRNAs associated with AGO2 can act by cleaving complementary mRNAs.
Alternatively, when there is imperfect complementarity, miRNAs can act through
translational repression and also transcript destabilisation, for example via mRNA
deadenylation (Hutvagner & Zamore 2002, Liu et al 2004, Wu et al 2006, Mathonnet et
al 2007, Filipowicz et al 2008, Guo et al 2010). In mammals, imperfect binding to the
target mRINA is most typical (Brennecke et al 2005), and destabilization of target

mRNAs may be a predominant reason for reduced protein output (Guo et al 2010).

Each miRNA may have hundreds of evolutionary conserved target mRNAs and even
more non-conserved targets (Bentwich et al 2005). There are multiple methods available
to identify miRNA target genes and confirm their biological efficacy (Kuhn et al 2008).
Experimental validation of direct miRINA targeting has been performed for many
miRNA and mRNA target pairs, while many more remain undiscovered or unconfirmed

(Bartel 2009).
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Figure 1.1 miRINA biogenesis pathway

In the canonical miRNA biogenesis pathway, the transcribed primary miRNA (pri-
miRNA) is processed by the microprocessor complex which includes Drosha, to form a
precursor miRNA (pre-miRNA) which is transported to the cytoplasm. It is then further
processed by Dicer, Argonaute and other proteins to form the mature miRNA, which is
incorporated in the RNA-induced silencing complex (RISC). Non-canonical miRNA
biogenesis pathways can also occur, for example Drosha or Dicer independent

processing.
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miRNAs have been shown to play roles in fundamental biological processes such as cell
proliferation, metabolism, differentiation, and apoptosis, and are important regulatory
molecules in both normal development and disease progression (Ambros 2004, Mendell
& Olson 2012). Some miRNAs have important functions in embryogenesis and early
development (Alvarez-Garcia & Miska 2005, Suh & Blelloch 2011). Deletion of certain
miRNAs, or defects in miRNA processing such as the deletion of Dicer, can lead to
lethal phenotypes or developmental disorders in mouse models (Bernstein et al 2003,
Morita et al 2007, Ventura et al 2008, Wang et al 2008). A small number of human
developmental disorders have been linked to miRNA defects, including deafness caused
by a mutation in the miR-96 gene (Lewis et al 2009, Mencia et al 2009), and
microcephaly, short stature and digital abnormalities caused by hemizygous deletions of

the miR-17-92 host gene (de Pontual et al 2011).

The indication that miRNAs play important roles in diverse human diseases stems from
a large body of evidence on the function of miRNAs in cancer cells (Mendell & Olson
2012). Calin et al (2002) first demonstrated a link between miRNAs and cancer, when
they identified frequent deletions of miR-15 and miR-16 genes in chronic lymphocytic
leukaemia. Profiling studies in human tissue have revealed multiple miRNAs that are
dysregulated in various cancers (Calin et al 2004a, Cummins et al 2006, Volinia et al
2000), and experiments in cancer cell lines and rodent models have shown specific
miRNA activity to influence tumourigenesis (He et al 20052, Mu et al 2009, Olive et al
2009). Expression profiles of miRNAs are altered in many tumours, and miRNA genes
often occur in genomic regions that are deleted or amplified in cancer (Calin et al
2004b). miRNAs have been shown to function as tumour suppressors or oncogenes, by
altering gene expression and affecting signalling pathways. Reduction or over-expression
of certain miRNAs contributes to tumour progression (Guil & Esteller 2009, Mendell &
Olson 2012).

Disrupted miRNA expression patterns have also been observed in numerous non-
neoplastic diseases (Esteller 2011). miRNAs are important for correct functioning of the
nervous system, and dyregulation of miRNAs has been shown in neurological disorders
such as motor neuron disease, multiple sclerosis, Parkinson’s disease, Alzheimer’s
disease, and ataxia (Kim et al 2007a, Schaefer et al 2007, Hebert et al 2008, Hebert et al
2009, Shin et al 20092, Williams et al 2009, Gehrke et al 2010). In cardiovascular

disorders, miRNAs are also likely to play an important role, and heart failure and
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vascular diseases are associated with distinct miRNA expression profiles (van Rooij et al
2000, Ji et al 2007). Roles for miRNAs have also been implicated in inflammatory
disorders, metabolic conditions, viral diseases and other non-neoplastic disorders
(Krutzfeldt et al 2005, Esau et al 2006, Zampetaki et al 2010, Brest et al 2011, Reesink et
al 2012).

Human tumours are often characterised by a general defect in miRNA production,
resulting in global miRNA down-regulation (Lu et al 2005, Thomson et al 20006).
Despite this, numerous studies have shown specific miRNAs to be commonly elevated
in cancer, with some of these miRNAs possessing oncogenic potential. A substantial
number of miRNAs are decreased in CRC tissue samples compared to normal tissue,
with a number of other miRNAs increased. A systematic search of the literature
identified multiple studies characterising miRNA expression in CRC cells, with the
findings summarised in Table 1.1. Michael et al (2003) were the first to identify two
mature miRNAs, miR-143 and miR-145, that consistently displayed reduced levels in
adenoma and CRC tissue compared with normal mucosa. miRNA profiling methods
have since allowed the detection of numerous miRNAs that are dysregulated in CRC
(Cummins et al 2000). In an approach known as miRNA serial analysis of gene
expression (miRAGE), one early study identified 200 known mature miRNAs, 133
novel miRNA candidates, and 112 previously uncharacterised miRNA forms in human
CRC cell lines (Cummins et al 2006). A number of large profiling studies have shown
similar numbers of miRNAs increased and decreased in CRC (Bandres et al 20006,
Cummins et al 2006, Volinia et al 2006, Monzo et al 2008, Schetter et al 2008, Arndt et
al 2009, Chen et al 2009, Motoyama et al 2009, Sarver et al 2009, Chang et al 2011b,
Knowlton et al 2011, Luo et al 2012, Mosakhani et al 2012). One such profiling study,
for example, used microarray analysis and real-time RT-PCR to compare more than 200
miRNAs in CRC and adjacent normal tissue cells and found that 41 miRNAs were up-
regulated and 31 down-regulated in CRC cells (Chen et al 2009). There can be more
confidence that a miRNA is dysregulated in CRC when this miRNA is identified by
multiple profiling studies, and validated using supplementary methods such as real-time

qPCR.

Of the miRNAs that are down-regulated in CRC, miR-143 and miRNA-145 are
amongst the most commonly reported (Table 1.1). Following on from the initial study

which identified reduced accumulation of mature miR-143 and miR-145 in colorectal
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adenomas and carcinomas compared to normal colorectal epithelium (Michael et al
2003), this finding has since been confirmed in multiple profiling studies (Table 1.1).
miR-143 and miR-145 are likely to possess tumour suppressor activity, and have been
shown to inhibit growth in CRC cells by altering gene expression (Akao et al 2006b).
miR-143 has been shown to regulate ERK5, a component of MAP kinase signalling
pathways and a mediator of the activity of several oncogenes (Esau et al 2004, Akao et
al 2006b, Wang & Tournier 2006). An inverse correlation between miR-143 and
expression of the oncogene KRAS has also been found (Chen et al 2009). miR-145 has
also been shown to inhibit cancer cell growth by various mechanisms, such as inhibiting
IRS'7 (interferon response sequence 1) (Shi et al 2007) and C-MYC (myelocytomatosis
oncogene) expression (Sachdeva et al 2009), and regulating components of the MAP
kinase signalling pathway (Wang et al 2012). Another miRNA decreased in CRC is miR-
34a, which has been shown to inhibit cell proliferation, decrease expression of the
transcription factor E2F, and increase p53 expression (Tazawa et al 2007). miRNAs in
the let-7 family are also dysregulated in CRC (Table 1.1). Some miRNAs in this family
may also play tumour suppressor roles by altering gene expression, inhibiting cell
growth, and decreasing KRAS and C-MYC expression (Johnson et al 2005, Akao et al
2006a, Sampson et al 2007).

Many other miRNAs are up-regulated in CRC, with some shown to function as
oncogenes (Table 1.1). miR-21 and the miR-17-92 cluster are examples of miRNAs with
known oncogenic properties that have been shown by multiple studies to be increased
in CRCs (Table 1.1). Levels of these miRNAs are also increased in many other cancers
(Ota et al 2004, Hayashita et al 2005, He et al 2005a, Volinia et al 2006, Petrocca et al
2008). miR-21 has been shown to repress expression of tumour suppressor genes such
as PTEN, TPMT1 (tropomyosin 1), PDCD4 (programmed cell death 4), and RHOB (Ras
homolog family member B), and to promote tumour development and induce invasion
and metastasis (Meng et al 2007, Zhu et al 2007, Asangani et al 2008, Medina et al 2010,
Chang et al 2011a, Liu et al 2011b). Higher miR-21 expression has been found in more
advanced CRC tumours, and has been linked to poorer survival and therapeutic
outcome (Schetter et al 2008, Kulda et al 2010, Shibuya et al 2010, Valeri et al 2010,
Chang et al 2011a, Liu et al 2011a, Vickers et al 2012). The miR-17-92 cluster has been
designated oncomir -1 due to its oncogenic potential (He et al 2005a), and has been
shown to promote proliferation and angiogenesis, inhibit differentiation, and sustain cell
survival (Mu et al 2009, Olive et al 2009). The miR-17-92 cluster comprises six mature
miRNAs, miR-17, miR-18a, miR-19a, miR-20a, miR-19b, and miR-92a. Validated miR-
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17-92 targets include the cell cycle inhibitor CDKN7.A (p21) and the pro-apoptotic
genes PTEN and BCI.2L77 (BCL2-like 11 apoptosis facilitator, commonly known as
Bim) (Ventura et al 2008, Inomata et al 2009, Mu et al 2009, Olive et al 2009, Wong et al
2010). miRNAs in the miR-17-92 cluster have also been associated with invasion and

metastasis of CRC cells (Kahlert et al 2011), and with poorer survival (Yu et al 2012).

There is emerging evidence that certain miRNAs may be used as biomarkers for the
presence and stage of CRC (Xi et al 2000, Slaby et al 2007, Diaz et al 2008, Schepeler et
al 2008, Schetter et al 2008, Baffa et al 2009, Yamamichi et al 2009, Akao et al 2010).
miRNA profiles may also identify different tumour types, such as those with
microsatellite stability or instability (Lanza et al 2007, Eatle et al 2010, Balaguer et al
2011, Bartley et al 2011, Slattery et al 2011). There is some research to suggest that
miRNAs in plasma, serum or faeces may also serve as novel biomarkers for CRC (Ng et
al 2009a, Huang et al 2010, Link et al 2010, Cheng et al 2011, Kalimutho et al 2011a,
Kalimutho et al 2011b).
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Table 1.1: Studies reporting altered miRNA expression in colorectal cancer cells
from human tumour tissue samples

Up-regulated miRNAs

miRNA
miR-7

miR-10a

miR-10b
miR-15a

miR-15b
miR-16

miR-17-3

miR-17-3p

miR-17

miR-18a

miR-18b

miR-19a

miR-19b

miR-20a

miR-20a*

miR-21

Studies

(Motoyama et al 2009, Akao et al
2010)

(Volinia et al 2006, Monzo et al 2008,
Chen et al 2009)

(Chen et al 2009)

(Bandres et al 2006, Monzo et al
2008, Chang et al 2011b)

(Xi et al 2006, Monzo et al 2008)
(Chen et al 2009, Luo et al 2012)

(Chen et al 2009)

(Bandres et al 2006, Monzo et al
2008, Chen et al 2009, Ng et al
2009a, Sarver et al 2009)

(Volinia et al 2006, Monzo et al 2008,
Schetter et al 2008, Arndt et al 2009,
Chen et al 2009, Diosdado et al
2009, Motoyama et al 2009, Earle et
al 2010, Chang et al 2011b, Luo et al
2012, Yu et al 2012)

(Cummins et al 2006, Arndt et al
2009, Chen et al 2009, Diosdado et
al 2009, Motoyama et al 2009, Ng et
al 2009a, Wang et al 2010, Luo et al
2012, Yu et al 2012)

(Motoyama et al 2009, Wang et al
2010, Luo et al 2012)

(Bandres et al 2006, Cummins et al
20086, Monzo et al 2008, Arndt et al
2009, Chen et al 2009, Diosdado et
al 2009, Ng et al 2009a, Wang et al
2010, Chang et al 2011b, Luo et al

2012, Yu et al 2012)

(Cummins et al 2006, Arndt et al
2009, Diosdado et al 2009, Ng et al
2009a, Chang et al 2011b, Yu et al
2012)

(Bandres et al 2006, Volinia et al
2006, Monzo et al 2008, Schepeler et
al 2008, Schetter et al 2008, Arndt et
al 2009, Chen et al 2009, Diosdado
et al 2009, Motoyama et al 2009, Ng
et al 2009a, Earle et al 2010, Chang
etal 2011b, Luo et al 2012, Yu et al
2012)

(Wang et al 2010)

(Bandres et al 2006, Cummins et al
2006, Volinia et al 20086, Slaby et al
2007, Monzo et al 2008, Schetter et
al 2008, Arndt et al 2009, Chen et al
2009, Yamamichi et al 2009, Akao et
al 2010, Kulda et al 2010, Shibuya et
al 2010, Chang et al 2011a, Chang et
al 2011b, Fassan et al 2011,
Knowlton et al 2011, Liu et al 20114,

Down-regulated miRNAs

miRNA
miR-1

miR-7

miR-7-1*
miR-9

miR-9-3p
miR-9*

miR-10b

miR-16

miR-20b

miR-22

miR-23a

miR-23b

miR-24

miR-24-1*

miR-26a

miR-26b

Studies

(Cummins et al 2006, Schetter et al
2008, Arndt et al 2009, Chen et al
2009, Sarver et al 2009, Chang et al
2011b, Mosakhani et al 2012)

(Chen et al 2009)

(Mosakhani et al 2012)
(Bandres et al 2006, Sarver et al 2009)

(Volinia et al 2006)

(Bandres et al 2006, Sarver et al 2009,
Mosakhani et al 2012)

(Arndt et al 2009, Sarver et al 2009,
Mosakhani et al 2012)

(Cummins et al 2006, Earle et al 2010)

(Sarver et al 2009)

(Yamakuchi et al 2011)

(Chen et al 2009)

(Cummins et al 2006, Chen et al 2009)

(Cummins et al 2006)

(Mosakhani et al 2012)

(Cummins et al 2006, Chen et al 2009,
Ng et al 2009b)

(Schepeler et al 2008, Earle et al 2010)
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miR-21*
miR-23a

miR-23b
miR-24-1

miR-24-2
miR-25

miR-27a

miR-27b

miR-29a

miR-29b

miR-30c

miR-31

miR-32

miR-33

miR-34a

miR-34c
miR-92

miR-93

miR-95

miR-96

miR-98

miR-99a
miR-99b

miR-103
miR-104
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Luo et al 2012)
(Mosakhani et al 2012)
(Luo et al 2012)

(Luo et al 2012)

(Volinia et al 2006)
(Volinia et al 2006)

(Cummins et al 2006, Monzo et al
2008, Arndt et al 2009, Chen et al
2009, Earle et al 2010)

(Monzo et al 2008, Chen et al 2009,
Luo et al 2012)

(Cummins et al 2006, Luo et al 2012)

(Bandres et al 2006, Cummins et al
2006, Monzo et al 2008, Arndt et al
2009, Motoyama et al 2009, Sarver
et al 2009)

(Bandres et al 2008, Volinia et al
2006, Arndt et al 2009, Luo et al
2012)

(Volinia et al 2006)

(Bandres et al 2006, Slaby et al
2007, Monzo et al 2008, Arndt et al
2009, Chen et al 2009, Motoyama et
al 2009, Sarver et al 2009, Wang et
al 2009b, Earle et al 2010, Chang et
al 2011b)

(Cummins et al 2006, Volinia et al
2008, Sarver et al 2009)

(Cummins et al 2006, Sarver et al
2009)

(Bandres et al 2006, Monzo et al
2008, Schetter et al 2008, Arndt et al
2009, Chen et al 2009)

(Bandres et al 2006)

(Bandres et al 2006, Cummins et al
2006, Monzo et al 2008, Schepeler et
al 2008, Schetter et al 2008, Chen et
al 2009, Diosdado et al 2009,
Motoyama et al 2009, Ng et al 2009a,
Earle et al 2010, Yu et al 2012)
(Schetter et al 2008, Arndt et al 2009,
Chen et al 2009, Earle et al 2010,
Chang et al 2011b)

(Bandres et al 2006, Monzo et al
2008, Schetter et al 2008, Arndt et al
2009, Motoyama et al 2009, Ng et al
2009a)

(Bandres et al 2006, Monzo et al
2008, Arndt et al 2009, Sarver et al
2009)

(Monzo et al 2008, Chang et al
2011b)

(Monzo et al 2008)

(Volinia et al 2006, Schetter et al
2008)

(Monzo et al 2008, Chen et al 2009)
(Bandres et al 2006)

miR-27b
miR-28

miR-28-3p
miR-29b

miR-29¢
miR-30a-3p

miR-30a

miR-30b

miR-30c

miR-30d

miR-30e-3p

miR-31

miR-31*

miR-34a

miR-34b

miR-34c
miR-92b*

miR-99a

miR-100

miR-101

miR-103

miR-107
miR-122

miR-124a
miR-125a

(Mosakhani et al 2012)

(Cummins et al 2006, Almeida et al
2012, Mosakhani et al 2012)

(Chang et al 2011b, Almeida et al
2012)

(Cummins et al 2006)
(Cummins et al 2006)

(Bandres et al 2006, Monzo et al 2008,
Schetter et al 2008, Arndt et al 2009,
Sarver et al 2009, Mosakhani et al
2012)

(Cummins et al 2006, Arndt et al 2009,
Ng et al 2009b, Sarver et al 2009,
Mosakhani et al 2012)

(Schepeler et al 2008, Mosakhani et al
2012)

(Bandres et al 2006, Cummins et al
2006, Arndt et al 2009, Mosakhani et al
2012)

(Cummins et al 2006)

(Motoyama et al 2009, Mosakhani et al
2012)

(Mosakhani et al 2012)

(Mosakhani et al 2012)
(Tazawa et al 2007, Lodygin et al 2008,

Akao et al 2010)
(Schetter et al 2008, Toyota et al 2008)

(Schetter et al 2008, Toyota et al 2008)
(Luo et al 2012)

(Bandres et al 2006)

(Bandres et al 2006, Chen et al 2009)

(Cummins et al 2006, Schepeler et al
2008)

(Cummins et al 2006)

(Cummins et al 2006)
(Mosakhani et al 2012)

(Bandres et al 2006)

(Arndt et al 2009, Chen et al 2009, Ng
et al 2009b)
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miR-105

miR-106a

miR-106b

miR-107
miR-122a
miR-126

miR-127

miR-128a
miR-128b
miR-130b

miR-132

miR-133b

miR-134
miR-135a

miR-135b

miR-141

miR-142-3p

miR-142
miR-146
miR-147
miR-148a

miR-150
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(Monzo et al 2008)

(Bandres et al 2006, Volinia et al
2006, Monzo et al 2008, Schetter et
al 2008, Arndt et al 2009, Chen et al
2009, Ng et al 2009a, Luo et al 2012,
Yuetal 2012)

(Cummins et al 2006, Schetter et al
2008, Arndt et al 2009, Chen et al
2009, Ng et al 2009a, Wang et al
2010, Yu et al 2012)

(Volinia et al 2006, Monzo et al 2008)
(Monzo et al 2008)
(Volinia et al 2006, Chen et al 2009)

(Schetter et al 2008)

(Monzo et al 2008, Chen et al 2009)
(Volinia et al 2006, Chen et al 2009)

(Monzo et al 2008, Arndt et al 2009,
Chang et al 2011b)

(Chen et al 2009)

(Schetter et al 2008, Earle et al 2010)

(Monzo et al 2008)

(Bandres et al 2006, Monzo et al
2008, Nagel et al 2008, Schetter et al
2008, Earle et al 2010)

(Bandres et al 2006, Monzo et al
2008, Nagel et al 2008, Ng et al
20094, Sarver et al 2009, Wang et al
2010, Chang et al 2011b)

(Monzo et al 2008, Chen et al 2009)

(Cummins et al 2006, Monzo et al
2008, Chen et al 2009, Chang et al
2011b)

(Cummins et al 2006, Monzo et al
2008, Chen et al 2009)

(Bandres et al 2006, Monzo et al
2008)

(Monzo et al 2008)

(Bandres et al 2006, Cummins et al
2006, Monzo et al 2008, Chang et al
2011b)

(Volinia et al 2006)

miR-125b

miR-126

miR-129

miR-130a
miR-130b
miR-133a

miR-133b

miR-136

miR-137

miR-138

miR-139

miR-143

miR-143*
miR-144

miR-144*

miR-145

miR-145*

miR-147
miR-147b
miR-148b
miR-149

miR-150

(Cummins et al 2006, Monzo et al
2008, Chen et al 2009, Ng et al 2009b)

(Guo et al 2008, Li et al 2011a)

(Bandres et al 2006)

(Chen et al 2009)
(Chen et al 2009)

(Bandres et al 2006, Cummins et al
2006, Arndt et al 2009, Ng et al 2009b,
Sarver et al 2009, Chang et al 2011b,
Mosakhani et al 2012)

(Bandres et al 2006, Chen et al 2009,
Hu et al 2010, Mosakhani et al 2012)
(Chen et al 2009)

(Bandres et al 2006, Ng et al 2009b,
Sarver et al 2009, Balaguer et al 2010,
Mosakhani et al 2012)

(Sarver et al 2009, Knowlton et al
2011)

(Bandres et al 2006, Monzo et al 2008,
Arndt et al 2009, Chen et al 2009,
Sarver et al 2009, Chang et al 2011b,
Mosakhani et al 2012)

(Michael et al 2003, Akao et al 2006b,
Cummins et al 2006, Slaby et al 2007,
Arndt et al 2009, Chen et al 2009,
Motoyama et al 2009, Ng et al 2009b,
Wang et al 2009b, Akao et al 2010,
Earle et al 2010, Kulda et al 2010,
Knowlton et al 2011, Mosakhani et al
2012)

(Mosakhani et al 2012)

(Chen et al 2009)

(Mosakhani et al 2012)

(Michael et al 2003, Akao et al 2006b,
Bandres et al 2006, Cummins et al
2006, Slaby et al 2007, Monzo et al
2008, Schepeler et al 2008, Arndt et al
2009, Chen et al 2009, Motoyama et al
2009, Ng et al 2009b, Wang et al
2009b, Akao et al 2010, Earle et al
2010, Knowlton et al 2011)

(Mosakhani et al 2012)

(Sarver et al 2009)

(Luo et al 2012)

(Schetter et al 2008, Song et al 2012)
(Bandres et al 2006, Monzo et al 2008,
Chen et al 2009, Chang et al 2011b)

(Chen et al 2009, Knowlton et al 2011,
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miR-151
miR-153a
miR-154
miR-154*
miR-155

miR-181a

miR-181b

miR-181c
miR-181d
miR-182

miR-182*

miR-183

miR-185
miR-186
miiR-188
miR-191

miR-192

miR-193a-3p
miR-194

miR-196a
miR-196b

miR-197

miR-199a
miR-199b
miR-200a
miR-200b

miR-200c

miR-203
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Monzo et al 2008)
Schetter et al 2008)
Monzo et al 2008)
Bandres et al 2006)

(Bandres et al 2008, Volinia et al
2006, Chen et al 2009, Shibuya et al
2010)

(Monzo et al 2008, Chen et al 2009)

—_— o~ —~ —

(Bandres et al 2006, Nakajima et al
2006, Xi et al 2006, Monzo et al
2008, Schetter et al 2008, Arndt et al
2009, Chen et al 2009)

(Monzo et al 2008)

(Motoyama et al 2009)

(Monzo et al 2008, Arndt et al 2009,
Motoyama et al 2009, Sarver et al
2009, Chang et al 2011b)

(Bandres et al 2006, Sarver et al
2009)

(Bandres et al 2006, Monzo et al
2008, Arndt et al 2009, Motoyama et
al 2009, Sarver et al 2009, Earle et al
2010, Chang et al 2011b)

(Schetter et al 2008)

(Monzo et al 2008)

(Chen et al 2009, Sarver et al 2009)
(Cummins et al 2006, Volinia et al
2006, Xi et al 2006, Monzo et al
2008, Schepeler et al 2008)

(Cummins et al 2006)

(Luo et al 2012)

(Bandres et al 2006, Monzo et al
2008)

(Chen et al 2009, Schimanski et al
2009)

(Motoyama et al 2009, Wang et al
2010)

(Monzo et al 2008)

(Chen et al 2009)

(Chen et al 2009)

(Cummins et al 2006, Monzo et al
2008, Schepeler et al 2008, Chen et
al 2009, Luo et al 2012)

(Bandres et al 2006, Cummins et al
2006, Monzo et al 2008, Chen et al
2009)

(Bandres et al 2006, Nakajima et al
2006, Xi et al 2006, Monzo et al
2008, Chen et al 2009)

(Bandres et al 2008, Volinia et al
2006, Monzo et al 2008, Schetter et
al 2008, Arndt et al 2009, Chen et al
2009, Earle et al 2010)

miR-150*
miR-181a
miR-184
miR-187
miR-191

miR-192

miR-192*

miR-193a
miR-193b
miR-194

miR-195

miR-196a

miR-199a
miR-200c
miR-202
miR-203
miR-204

miR-206
miR-211

miR-212

miR-214

miR-215

miR-218

miR-296

miR-299

miR-301

miR-302¢*

miR-320

Ma et al 2012)

(Luo et al 2012)
(Cummins et al 2006)
(Bandres et al 2006)
(Bandres et al 2006)
(Earle et al 2010)

(Braun et al 2008, Schetter et al 2008,
Chen et al 2009, Earle et al 2010,
Knowlton et al 2011, Mosakhani et al
2012)

(Mosakhani et al 2012)

(Cummins et al 2006, Chen et al 2009)
(Chen et al 2009)

(Braun et al 2008, Chen et al 2009,
Knowlton et al 2011, Mosakhani et al
2012)

(Cummins et al 2006, Monzo et al
2008, Arndt et al 2009, Chen et al
2009, Liu et al 2010, Mosakhani et al
2012)

(Earle et al 2010)

Bandres et al 2006)
Cummins et al 2006)
Knowlton et al 2011)
Chiang et al 2011)

—_ e~ =~~~

(Bandres et al 2006, Ng et al 2009b,
Chang et al 2011b)

(Knowlton et al 2011)
(Bandres et al 2006)

(Chen et al 2009)
(Bandres et al 2006, Chen et al 2009)

(Braun et al 2008, Schetter et al 2008,
Chen et al 2009, Ng et al 2009b, Earle
etal 2010, Chang et al 2011b,
Mosakhani et al 2012)

(Cummins et al 2006, Chen et al 2009,
Mosakhani et al 2012)

(Bandres et al 2006)
(Chang et al 2011b)

(Schetter et al 2008)

(Knowlton et al 2011)

(Knowlton et al 2011)
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miR-205

miR-210

miR-211
miR-212
miR-213
miR-214

miR-215
miR-216

miR-219

miR-220
miR-221

miR-222

miR-223

miR-224

miR-287
miR-301

miR-301b
miR-302a

miR-302b
miR-320

miR-324

miR-330
miR-335

miR-338
miR-339

miR-346
miR-370
miR-373
miR-374
miR-424
miR-425
miR-429
miR-432
miR-450
miR-492
miR-493-3p
miR-494
miR-500
miR-503
miR-510
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(Chen et al 2009)

(Bandres et al 2006, Monzo et al
2008, Schetter et al 2008, Chen et al
2009)

(Schetter et al 2008)
(Schetter et al 2008)
(Volinia et al 2006, Monzo et al 2008)
(Chang et al 2011b)

(Monzo et al 2008)
(Monzo et al 2008)

(Monzo et al 2008, Schetter et al
2008)

(Motoyama et al 2009)

(Volinia et al 2006, Monzo et al 2008,
Chen et al 2009, Ng et al 20093,
Chang et al 2011b, Sun et al 2011)

(Monzo et al 2008, Schetter et al
2008, Chen et al 2009, Ng et al
2009a, Luo et al 2012)

(Volinia et al 2006, Schetter et al
2008, Chen et al 2009, Ng et al
20093, Earle et al 2010)

(Bandres et al 2006, Monzo et al
2008, Arndt et al 2009, Motoyama et
al 2009, Ng et al 2009a, Sarver et al
2009, Wang et al 2010)

(Sarver et al 2009)
(Monzo et al 2008)

(Wang et al 2010)

(Schepeler et al 2008, Motoyama et
al 2009)

(Motoyama et al 2009)

(Monzo et al 2008, Schepeler et al
2008)

(Monzo et al 2008, Chang et al
2011b)

(Monzo et al 2008)

(Schetter et al 2008, Wang et al
2010)

(Monzo et al 2008, Schetter et al
2008)

(Monzo et al 2008)

(Schetter et al 2008)
(Monzo et al 2008)
(Monzo et al 2008)
(Monzo et al 2008, Wang et al 2010)
(Wang et al 2010)

(Luo et al 2012)

(Cummins et al 2006)

(Schepeler et al 2008)

(Cummins et al 2006)

(Schepeler et al 2008)

(Motoyama et al 2009)

(Mosakhani et al 2012)

(Mosakhani et al 2012)
(Sarver et al 2009)
(Schepeler et al 2008)

miR-324

miR-328

miR-330
miR-331
miR-340
miR-342

miR-362-3p
miR-363

miR-365

miR-370
miR-375

miR-376b

miR-378

miR-378*

miR-382
miR-422a

miR-422b
miR-423

miR-455
miR-485-3p

miR-484

miR-486
miR-490

miR-490-3p
miR-497

miR-500
miR-503
miR-511
miR-516
miR-517*
miR-518a-2*
miR-518b
miR-518¢*
miR-518f*
miR-519¢*
miR-526a
miR-526b
miR-526¢
miR-527
miR-551b

(Schetter et al 2008, Knowlton et al
2011)

(Bandres et al 2006, Sarver et al 2009)

Knowlton et al 2011)
Schetter et al 2008)
Bandres et al 2006)

Cummins et al 2006, Grady et al 2008,
Schetter et al 2008, Wang et al 2011)

(Mosakhani et al 2012)

(Sarver et al 2009, Mosakhani et al
2012)

(Cummins et al 2006, Luo et al 2012,
Mosakhani et al 2012, Nie et al 2012)

(Knowlton et al 2011)

(Sarver et al 2009, Chang et al 2011b,
Luo et al 2012)

—_— e~~~

(Knowlton et al 2011)

(Sarver et al 2009, Wang et al 2010,
Luo et al 2012, Mosakhani et al 2012)

(Arndt et al 2009, Wang et al 2010,
Mosakhani et al 2012)

(Knowlton et al 2011)

(Arndt et al 2009, Chang et al 2011b,
Luo et al 2012)

(Arndt et al 2009)
(Luo et al 2012)

(Schepeler et al 2008)
(Chang et al 2011b)

(Schepeler et al 2008)

(Sarver et al 2009)
(Knowlton et al 2011)

(Mosakhani et al 2012)

(Arndt et al 2009, Sarver et al 2009,
Mosakhani et al 2012)

(Knowlton et al 2011)
Knowlton et al 2011)
Sarver et al 2009)

Knowlton et al 2011)
Knowlton et al 2011)
Knowlton et al 2011)
Knowlton et al 2011)
Knowlton et al 2011)
Knowlton et al 2011)
Knowlton et al 2011)
Knowlton et al 2011)
Knowlton et al 2011)
Knowlton et al 2011)
Knowlton et al 2011)
Sarver et al 2009)

e~~~ o~ o~ —~
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miR-512
miR-513
miR-513a-3p
miR-513b
miR-513c
miR-526¢
miR-527
miR-542
miR-550
miR-552
miR-570
miR-582
miR-584
miR-675
miR-892b
miR-1201
let-7f
let-7g

let-7i
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(Schepeler et al 2008)
(Schepeler et al 2008)
(Mosakhani et al 2012)
(Mosakhani et al 2012)
(Mosakhani et al 2012)
(Schepeler et al 2008)
(Schepeler et al 2008)
(Sarver et al 2009)
(Motoyama et al 2009)
(Sarver et al 2009)
(Motoyama et al 2009)
(Chang et al 2011b)
(Sarver et al 2009)
(Tsang et al 2010)
(Mosakhani et al 2012)
(Luo et al 2012)
(Chang et al 2011b)

(Nakajima et al 2006, Monzo et al
2008)

(Luo et al 2012)

miR-557
miR-572
miR-582
miR-590
miR-598
miR-602
miR-634
miR-642
miR-658
miR-663
miR-650
miR-744
miR-874
miR-886-3p
miR-888
miR-1204
miR-1224-3p
miR-1238

miR-1246
miR-1275
miR-1290
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1.5 Diet and microRNA regulation

Each step of the miRNA biogenesis pathway is tightly controlled. The dysregulation of
miRNAs in CRC can be characterised by differential expression of pre-miRNA
sequences and/or mature miRNAs compared to normal cells. miRNA transcription is
regulated by a network of transcriptional machineries and transcription factors (Kim et
al 2009). miRNA dysregulation at a transcriptional level may be due to genetic mutations
in the miRNA region, or due to altered transcriptional regulation via changes in
regulatory proteins or epigenetic mechanisms. Expression of some miRNAs can be
altered by the degree of DNA methylation (Lujambio et al 2008, Suzuki et al 2011),
while another possible epigenetic mechanism for altering miRNA expression is via
histone modification (Suzuki et al 2011). Thomson et al (2006) were among the first to
show that a large fraction of miRNA genes are also regulated post-transcriptionally, and
that expression levels of a primary transcript does not always correlate with levels of the
mature miRNA. At a post-transcriptional level, dysregulation may be a result of changes
in proteins involved in the processing, maturation and stability of miRNA (Thomson et

al 2006, Melo et al 2009, Melo et al 2010, Melo et al 2011).

There is some evidence to suggest that dietary components can modulate miRNA levels,
thereby contributing to the cancer-protective or carcinogenic effect of that food
component (Davis & Ross 2008). A systematic search of the literature revealed various
dietary compounds that can alter miRNA expression in cancer models, with the studies

presented in Table 1.2.

While there are no human studies investigating the role of dietary components on
miRNA expression in colorectal cells, a limited number of studies have looked at the
effects of diet in other 7z vivo models, particularly rats (Table 1.2). Davidson et al (2009)
fed rats diets containing corn oil or fish oil with pectin or cellulose. These rats were also
injected with azoxymethane, a colon-specific carcinogen, or saline as a control. At an
early stage of cancer progression (10 weeks post-azoxymethane injection), five miRINAs
(let-7d, miR-15b, miR-107, miR-191 and miR-324-5p) were selectively modulated by
fish oil exposure. For these five miRNAs, expression in the fish oil fed animals was not
affected by azoxymethane treatment, whereas for the corn oil groups, azoxymethane
exposure resulted in a significant down-regulation of expression (P < 0.05). At 34 weeks
post-azoxymethane injection, the incidence of adenocarcinomas was significantly
reduced in fish oil fed animals compared with corn oil fed animals (P< 0.05). The fish

oil fed rats had the smallest number of differentially expressed miRNAs for the
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azoxymethane versus saline treated groups, demonstrating a novel role for fish oil in
protecting the colon from carcinogen-induced miRNA dysregulation (Davidson et al
2009). A study by Shah et al (2011) presented similar findings, with rats fed diets
containing corn oil or fish oil and pectin or cellulose and injected with azoxymethane or
a saline control. Colonic mucosa was assayed at an early time of cancer progression, and
global gene set enrichment analysis was used to identify miRNAs significantly enriched
by the change in expression of their putative target genes. A number of miRNAs linked
to canonical oncogenic signalling pathways, including miR-16, miR-19b, miR-21,
miR26b, miR27b, miR-93, and miR-203, were modulated by diet and carcinogen
exposure (Shah et al 2011), although the exact dietary components responsible for these
changes were unclear. These 7 vivo studies identified that diet could modify miRNA
expression in CRC cells, but although a fibre comparison was incorporated in both the

study designs, a specific role or mechanism for dietary fibre was not identified.

Other dietary components have also been shown to alter miRNA expression, in cancer
types other than CRC, using 77 vive rat models and cancer cell lines. Some of the food
components had a protective effect on cancer risk, including folate, curcumin, vitamin

E, and retinoic acid (Table 1.2).

Dietary folate is a methyl donor, and an important epigenetic determinant of normal
methylation and gene expression (WCRF 2007, Wallace et al 2010). Several studies used
a rat model to determine the effects of a folate, methionine and choline deficient diet on
miRNA expression (Kutay et al 2006, Pogribny et al 2008, Tryndyak et al 2009, Wang et
al 20094, Starlard-Davenport et al 2010). Rats fed a folate/methyl deficient diet develop
hepatocellular carcinomas after 54 weeks (Motiwala et al 2003). Hepatomas induced by
folate/methyl deficiency had significantly altered miRNA expression compared to the
livers of rats fed a control diet (Kutay et al 2006, Pogribny et al 2008, Tryndyak et al
2009). miRNAs were also differentially expressed in the livers of rats after several weeks
on the folate/methyl deficient diet, with this eatly alteration indicating that aberrant
miRNAs expression may be an important contributing factor in the development of
hepatocellular carcinoma (Tryndyak et al 2009, Wang et al 2009a, Starlard-Davenport et
al 2010). miRNAs with tumour suppressor roles, such as miR-122, were decreased in the
eatly stages of hepatocellular carcinoma induced by folate/methyl deficiency (Kutay et al
20006, Pogribny et al 2008, Tryndyak et al 2009), while miRNAs with oncogenic activity,
such as miR-221 , miR-155, and miR-21, were increased (Kutay et al 2006, Wang et al
2009a, Starlard-Davenport et al 2010). Another study which examined the effects of

folate deficiency in human lymphoblastoid cells also found that miRNA expression was
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dysregulated; however, when cells were returned to a folate-sufficient medium this

expression returned to that of control cells (Marsit et al 2000).

Curcumin is a naturally occurring flavonoid with pro-apoptotic properties (Sun et al
2008). Sun et al (2008) observed that curcumin up-regulated the expression of some
miRNAs and down-regulated others, in a human pancreatic carcinoma cell line. miR-22,
which was up-regulated by curcumin, inhibited expression of SP7 (SP1 transcription
factor) and ESRT (estrogen receptor 1) (Sun et al 2008). ESR7 gene expression has been
linked to breast cancer and other tumour types, while SP7 is believed to play a role in

growth and metastasis (Sun et al 2008).

The effect of dietary vitamin E on miRNA expression in a rat model has also been
studied (Gaedicke et al 2008). After six months on a vitamin E deficient or sufficient
diet, the livers of rats fed the vitamin E deficient diet had significantly lower levels of
miR-122a and miR-125b expression (Gaedicke et al 2008). These miRNAs have been
shown to regulate expression of genes associated with lipid metabolism and cancer
(Gaedicke et al 2008), with reduced levels of miR-122 found in hepatocellular carcinoma

(Kutay et al 2000).

Retinoic acid has also been shown to have an effect on miRNA expression. In acute
promyelocytic leukaemia, retinoic acid responsive genes are transcriptionally repressed,
unless pharmacological doses of all-trans-retinoic acid are present. In a microarray
analysis of an acute promyelocytic leukaemia cell line, the miRNA expression profile
was altered after treatment with all-trans-retinoic acid (Garzon et al 2007). These results
were confirmed in primary acute promyelocytic leukaemia cells from patients (Garzon et
al 2007). miRNAs thought to play tumour suppressor roles, such as miR-15a, miR-16-1
and several let-7 family members, were up-regulated by all-trans-retinoic acid (Garzon et
al 2007). Additional studies have observed the effects of retinoic acid in other
conditions. For example, in the retinoic acid-induced neural differentiation of human
embryonal carcinoma (NT2) cells, miR-23 was found to play a critical role (Kawasaki &
Taira 2003). Another study found that retinoic acid treatment dysregulated several
miRNAs, and was associated with abnormal development of the spinal cord in a rat

spina bifida model (Zhao et al 2008).

Epigenetic regulation of miRNA expression has been described in CRC tissues and cell
lines (Lujambio et al 2008, Toyota et al 2008, Bandres et al 2009, Choudhry & Catto
2011, Suzuki et al 2011); however, there is only limited evidence for the role of food

components or food-derived substances in the epigenetic modulation of miRNA
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expression. While there is some evidence to suggest that dietary components such as
folate and curcumin can alter miRNA levels through epigenetic mechanisms, these
studies have not been performed in colorectal cells (Davis & Ross 2008). There is also
some very preliminary evidence for regulation of miRNAs by fibre (Shah et al 2011). A
mechanism for potential miRNA regulation by dietary fibre may be the production of
butyrate. In CRC cells, butyrate has been shown to modify expression of multiple genes,
thereby affecting cell cycle regulation, apoptosis, proliferation, differentiation,
inflammation, and DNA repair (Mariadason et al 2000, Iacomino et al 2001, Daly &
Shirazi-Beechey 20006). Butyrate, with its known role in histone modification, is also a

plausible candidate for altering miRNA expression through epigenetic changes.
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Table 1.2: Studies reporting altered miRINA expression in in vivo and in vitro
cancer models in response to treatment with a dietary component

Study Cell line/s or
species

Fish oil and fibre diets

Davidson ~ Rat (CRC)

etal

(2009)

Shahetal  Rat(CRC)

(2011)

Folate/ methyl deficient diet

Kutay etal  Rat

(2006) (hepatocellular
carcinoma)

Marsitetal  lymphoblast

(2006) cell line TK-6

Pogribny Rat

etal (hepatocellular
(2008) carcinoma)
Tryndyak Rat

etal (hepatocellular
(2009) carcinoma)

Methods

-2x2x2 factorial design
with two types of dietary
fat (n-6 PUFA as comn oil
or n-3 PUFA as fish oil),
two types of dietary fibre
(cellulose or pectin) and
two treatments (injection
with the colon
carcinogen,
azoxymethane, or with
saline).

-TagMan Human
MicroRNA Panel Low-
Density Arrays

-2x2x2 factorial design
with two types of dietary
fat (n-6 PUFA as comn oil
or n-3 PUFA as fish oil),
two types of dietary fibre
(cellulose or pectin) and
two treatments (injection
with the colon
carcinogen,
azoxymethane, or with
saline).

- Global gene set
enrichment analysis

-Diet low in L-methionine
and devoid of choline and
folic acid or methyl-
adequate diet for 9, 18,
36, or 54 wks.

- Diet switched in some
rats.

-miR microarray chip
containing 368 probes,
including 245 human and
mouse miR genes.

-Cell line treated with
folate deficient media or
control for 6 days.

-miR microarray mirVana
miRNA Bioarray
(Ambion), which
examines 385 known
human miRNAs.

- Confirmed by real-time
RT-PCR.

-Diet details NR.
-Real-time RT-PCR.

-Diet low in L-methionine
and devoid of choline and
folic acid or methyl-
adequate diet for 9, 18,
36, or 54 wks.

-Diet switched in some
rats.

-Real-time RT-PCR.

Key results

At 10 weeks post-azoxymethane injection, five miRNAs (let-
7d, miR-15b, miR-107, miR-191 and miR-324-5p) were
selectively modulated by fish oil exposure. For these five
miRNAs, expression in the fish oil fed animals was not
affected by azoxymethane treatment, whereas for the corn oil
groups, azoxymethane exposure resulted in a significant (P <
0.05) down-regulation of expression. At 34 weeks post-
azoxymethane injection, the incidence of adenocarcinomas
was significantly reduced in fish oil fed animals compared with
corn oil fed animals (P< 0.05). The fish oil fed rats had the
smallest number of differentially expressed miRNAs for the
azoxymethane versus saline treated groups.

A number of miRNAs linked to canonical oncogenic signalling
pathways, including miR-16, miR-19b, miR-21, miR26b,
miR27b, miR-93, and miR-203, were modulated by diet and
carcinogen exposure. The exact dietary components
responsible for these changes were unclear.

During folate and methy! deficient diet-induced
hepatocarcinogenesis, 23 miRNAs were up-regulated and 3
down-regulated. Up-regulated miRNAs included miR-101b-2,
miR-130, miR-130a, miR-172a-2, miR-219-1, miR-23a, miR-
23b, miR-24, miR-328-1, let-7a-2, miR-103-2, miR-106, miR-
106a-1, miR-106b-1, miR-130a-1, miR-17, miR-20, miR-20-1,
miR-21, miR-21-1, miR-320-2, miR-93, miR-99b. Down-
regulated miRNAs included miR-122, miR-123, and miR-215.

Folate deficiency significantly altered miRNA expression. Up-
regulated miRNAs included miR-181b, miR-182, miR-222,
miR-345, miR-181a, miR-205, miR-145, miR-99a, miR-125b,
miR-130b, miR-221, miR-22, miR-191, miR-103, miR-107,
miR-34a, miR-183, miR-146, miR-422b, miR-7037, miR-24,
and miR-361. Down-regulated miRNAs included miR-198 and
miR-210.

During methyl deficient diet-induced hepatocarcinogenesis
miR-34a, miR-16, and miR-127 were down-regulated.

During methyl deficient diet-induced hepatocarcinogenesis
miR-34a, miR-16a, miR-127, miR-181a, and miR-200b were
down-regulated.
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Starlard- Mouse

Davenport  (hepatocellular

etal carcinoma)

(2010)

Wangetal Mouse

(2009a) (hepatocellular
carcinoma)

Curcumin

Sun et al Human

(2008) pancreatic
carcinoma cell
line BxPC-3

Vitamin E

Gaedicke  Rat (liver)

etal

(2008)

Retinoic acid

Kawasaki ~ Human

and Taira  embryonal

(2003) carcinoma cell
line NT2

Garzonet  Acute

al (2007) leukemia cell
lines: NB4, HL-
60;
Human
samples (bone
marrow and
blood)

Zhaoetal  Spina bifida

(2008) fetal rat model
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- Low methionine diet,
lacking in choline and
folic acid, or control diet
for 12 wks.

-miRNA microarray
analysis

-Confirmed by RT real-
time gPCR.

- Choline-deficient and
amino acid-defined diet
or control diet for 6, 18,
32, and 65 wks

-miRNA microarray
analysis

- Confirmed by real-time
RT-PCR.

-Cell line treated with 0 or
10 pmol/L curcumin or
liposomal curcumin for 72
h.

-miR microarray Atactic
chip with 300 probes.

- Confirmed by real-time
RT-PCR.

-Vitamin E deficient or
sufficient diet for 6
months.

-Real-time RT-PCR.

-NT2 cells grown in the
presence or absence of
synthetic SIRNA-miR-23
(which reduces
intracellular level of
precursor and mature
miR-23). Cells treated
with retinoic acid to
differentiate.

-Cell lines treated with
100 nM all-trans-retinoic
acid or control for 4 days.

-miRNA microarray chip-
containing 368 probes,
corresponding to 245
human and mouse
miRNA genes.

- Confirmed by real-time
RT-PCR.

-Pregnant rats given
single dose (135 mglkg
body weight) of all-trans-
retinoic acid and killed 3,
5,7, or 9 days after
treatment.

-Northern blot.

In the livers of methyl-deficient mice 74 miRNAs were
differentially expressed (40 up-regulated and 34 down-
regulated) (P < 0.05). Up-regulated miRNAs included miR-
34a, miR-155, miR-200b and miR-221. Down-regulated
miRNAs included miR-15a, miR-30a, miR-101a and miR-122.

In mice fed deficient diet, 30 hepatic microRNAs were
significantly altered (P < 0.01). Up-regulated miRNAs included
miR-155, miR-221/222, and miR-21. Down-regulated miRNAs
included miR-122.

After 72 h curcumin incubation, 11 miRNAs were significantly
up-regulated, and18 were significantly down-regulated (P <
0.05). Up-regulated miRNAs included miR-103, miR-181a,
miR-181b, miR-181d, miR-21, miR-22, miR-23a, miR-23b,
miR-24, miR-27a, miR-34a. Down-regulated miRNAs included
miR-140, miR-146b, miR-148a, miR-15b, miR-195, miR-196a,
miR-199a, miR-19a, miR-204, miR-20a, miR-25, miR-26a,
miR-374, miR-510, miR-7, miR-92, miR-93, and miR-98.

At the same concentration, liposomal curcumin significantly
up-regulated 5 miRNAs and down-regulated 10 miRNAs (P <
0.05). Up-regulated miRNAs included miR0193b, miiR-34a,
miR-22, miR-92, and miR-21. Down-regulated miRNAs
included mir-199b, miR-199a, miR-25, miR-15b, miR-15a,
miR-31, miR-16, miR-24, let-7i, and miR-20b.

Vitamin E deficient group had significantly lower levels of miR-
122a (P < 0.05) and miR-125b (P < 0.0001).

Expression of Hes1, a transcriptional repressor, was regulated
by miR-23 during the retinoic acid-induced neural
differentiation of NT2 cells.

During retinoic acid treatment of NB4, miR-15a, miR-15b,
miR-16-1, let-7a-3, let-7¢, let-7d, miR-223, miR-342, miR-107
and miR-147 were up-regulated. miR-181b was down-
regulated. There were similar miR-223 and let-7a expression
in HL-60 cells treated with retinoic acid. There were similar let-
7d, let-7a-3, miR-223, miR107, miR-15a and miR-16-1 in
primary blast cells from three acute leukemia patients treated
with retinoic.

miRNAs miR-9/9*, miR-124a, and miR-125b were down-
regulated in retinoic acid-treated sacral spinal cord compared
to control.

CRC: colorectal cancer; NR: not reported; PCR: polymerase chain reaction; PUFA: polyunsaturated fatty acid; RT: reverse
transcription; siRNA: small interfering RNA.
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Chapter 2. Aims

2.1 General hypotheses and aims

As shown in Chapter 1, CRC development is associated with epigenetic modifications,
including DNA methylation changes, altered histone modification patterns, and
dysregulated miRNA expression. While some dietary compounds are likely to alter CRC
risk through epigenetic mechanisms, their role in modifying miRNA expression in CRC
cells and normal colorectal tissue has been less studied. Diet-derived butyrate, with its
known role in histone modification, is a plausible candidate for altering miRNA
expression. This study aimed to examine dietary regulation of miRNA expression in
colorectal cells. In particular, the study aimed to systematically explore the role of
butyrate and other HDIs in modulating CRC risk through altered miRNA expression, in
CRC cells 7z vitro, and in rectal tissue 7z vivo. It was hypothesised that modification of
miRNA expression may contribute to the chemo-protective effect of butyrate and other
HDIs. To address this hypothesis, the study also aimed to examine the down-stream
consequences of miRNA changes, and the roles of miRNAs in the context of the anti-
proliferative effects of HDIs. In addition to exploring the action of butyrate, a
potentially protective dietary component, the study also aimed to investigate whether
factors that possibly increase CRC risk, such as high red meat intake, alter miRNA
expression. It was hypothesised that increased intake of red meat may alter miRNA
expression profiles, but that feeding resistant starch could protect against this

dysregulation by increasing butyrate levels in the colorectum.

2.2 Chapter 4 aim

To determine whether butyrate treatment alters miRNA expression in CRC cell lines,

through miRNA microarray analysis and subsequent real-time RT-PCR validation.

2.3 Chapter 5 aim
To compare the effect of butyrate and other HDIs on miR-17-92 expression in CRC

cells, and to confirm the effect of HDIs on miR-17-92 target gene expression.
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2.4 Chapter 6 aim

To examine the roles of members of the miR-17-92 cluster in the context of the anti-
proliferative effects of HDIs, and to determine the specific roles of these miRNAs in

modulating target gene expression.

2.5 Chapter 7 aim

To determine the effect of butyrate on miR-17-92 host gene transcription, and
specifically to investigate the effect of butyrate treatment on the levels of acetylation and

methylation at DNA-bound histones surrounding MIR77HG, the miR-17-92 host gene.

2.6 Chapter 8 aim
To investigate the effect of high red meat intake and resistant starch supplementation

on miRNA expression in the rectal mucosa cells of healthy human volunteers.
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Chapter 3. Materials and Methods

3.1 In vitro experimental methods
For the following methods, details and suppliers of chemicals and reagents, equipment,

primers and oligonucleotides, antibodies, and buffers and solutions are listed in Tables

3.4-38.

3.1.1 Cell culture

Several stable CRC cell lines were used for 7z vitro experiments.

The HT29 colorectal adenocarcinoma cell line (ATCC, Manassas, VA, USA) is an
adherent epithelial cell line, which was derived in 1964 from the diseased colon of a 44
year old Caucasian female. The line is positive for expression of C-MYC, KRAS, HRAS,
NRAS, MYB, 51§ and FOS oncogenes. N-MYC oncogene expression was not detected.
There is a G -> A mutation in codon 273 of the p53 gene resulting in an Arg -> His
substitution (ATCC, Manassas, VA, USA). HT29 cells were maintained in Dulbecco’s
Modified Eagle’s Medium/ F-12 Nutrient Mixture (Ham) Medium (1:1) containing 5%

foetal bovine serum.

The HCT116 colorectal carcinoma cell line (ATCC, Manassas, VA, USA) is an adherent
epithelial line derived from an adult male. This line has a mutation in codon 13 of the
RAS proto-oncogene, while p53 is wild-type (ATCC, Manassas, VA, USA). Cells were

maintained in McCoy’s 5A Medium (modified) containing 10% foetal bovine serum.

HT29 and HCT116 butyrate-resistant cell lines (HT29-BR and HCT116-BR) were
developed by Fung et al (2009). These CRC cell lines were made less responsive to the
apoptotic effects of butyrate through sustained exposure to gradually increasing
concentrations of sodium butyrate. Cultures were initially exposed to 0.5 mM sodium
butyrate and concentration was increased by 0.5 mM increments. Cells were maintained
at each concentration step for at least two passages until the butyrate concentration
reached 5 mM (Fung et al 2009). Cells were maintained in appropriate medium (as

outlined above) containing 5 mM sodium butyrate.

Cells were cultured at 37°C and 5% CO,, and were shown by routine testing to be
mycoplasma free. Addition of antibiotics to the culture medium was not required. Cells
were maintained at less than 80% confluence, with media renewal two to three times per

week.
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Cells were subcultured (passaged) approximately once per week, with a sub-cultivation
ratio of 1:3 to 1:8. To passage cells, culture medium was removed and discarded, and the
cell layer briefly rinsed with 1X PBS to remove traces of serum which naturally contains
trypsin inhibitor. PBS was removed, and 1X trypsin-EDTA solution was added to the
flask. Cells were incubated at 37°C for approximately 5 min, until observation of the
cells under an inverted microscope showed the cell layer to be dispersed. To deactivate
trypsin, appropriate growth medium was added, and cells were mixed by gently
pipetting. Appropriate aliquots of the cell suspension were added to new culture flasks
with additional growth medium for continued culture, or were removed for cell
counting and seeding of plates at the commencement of a new experiment. Cells were

discarded after a maximum of 10 passages.

Cells were stored in foetal bovine serum and 10% DMSO, in cryovials at -80°C (for
short term storage) or liquid nitrogen (for long term storage). Cells were frozen slowly
by placing vials in a freezing container with isopropanol, and when required were

resuscitated quickly by thawing in a 37°C water bath.

Adherent cell lines were harvested with trypsin, and a small aliquot was removed for cell

counting using a haemocytometer.

Most cell experiments were conducted in 6-well (35 mm) plates, with cells seeded at 3 X
10° per 35 mm well. For 24-well plates cells were seeded at 1 X 10° per well, for
xCELLigence RTCA E-plates (equivalent in size to wells in 96-well plates) cells were
seeded at 0.2 X 10° per well, and for 15 cm plates cells were seeded at 3 X 10° per plate.
With the exception of some transfection experiments, after seeding cells were

maintained for 24 h prior to treatment.

To prepare the butyrate treatment, sodium butyrate was dissolved in Dulbecco’s
Modified Eagle’s Medium without foetal bovine serum to make a 1 M stock solution,
and filtered using a 0.2 um filter, before further dilution in appropriate cell culture
medium. The trichostatin A (TSA) was a sterile ready-made 5 mM solution which
required simple dilution in appropriate cell culture medium. To prepare the
suberoylanilide hydroxamic acid (SAHA) treatment, SAHA was first dissolved in
DMSO to make a 1 M solution, then diluted in Dulbecco’s Modified Eagle’s Medium

without foetal bovine serum to make a 1 mM stock solution, and filtered using a 0.2 um
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filter. The stock solution was then further diluted in appropriate cell culture medium. All

solutions were freshly prepared for each treatment.

Cells were cultured with 1, 5, 10 or 25 mM sodium butyrate, 1, 2, or 3 uM SAHA, 0.3,
0.5 or 0.7 uM TSA, or control medium for 48 h. Additional cells were treated in
triplicate with 5 pg/mlL cycloheximide, which was added 3 h prior to other treatments,

and again when cells were treated with butyrate or maintained in control medium.

For cell culture in 6-well or 24-well plates, TRIzol Reagent was used to obtain RNA
from samples. Following media removal from the plates, 1 mL (for 6-well plates) or 400
ulL (for 24-well plates) of TRIzol Reagent was added directly to the cells in the culture
dish. Cells were lysed directly in the culture dish by pipetting the cells up and down
several times. Total RNA was extracted according to the manufacturer’s instructions, as

detailed below.

Homogenised samples were incubated for 5 min at room temperature to permit
complete dissociation of the nucleoprotein complex. For phase separation, 200 uL (for
6-well plates) or 80 uL (for 24-well plates) of chloroform was added to a sample, and the
tube was shaken vigorously by hand for 15 sec. The sample was then incubated for 2 — 3
min at room temperature, and then centrifuged at 12,000 X g for 15 min at 4°C. This
process separated the mixture into a lower red phenol-chloroform phase, an interphase,
and a coloutless upper aqueous phase, with RNA remaining exclusively in the aqueous
phase. Once centrifuged, the aqueous phase of the sample was removed, avoiding any
withdrawal of the interphase or organic layer when removing the aqueous phase. The

aqueous phase was transferred into a new tube.

For RNA precipitation, 0.5 mL (for 6-well plates) or 200 pLL (for 24-well plates) of
100% isopropanol was added to the removed aqueous phase. The sample was incubated
at room temperature for 10 min, and centrifuged at 12,000 X g for 20 min at 4°C. The
RNA forms a pellet on the side and bottom of the tube. Supernatant was then removed
from the tube, leaving only the RNA pellet. The pellet was washed by adding 1 mL (for
6-well plates) or 500 pL. (for 24-well plates) of chilled 75% ethanol. The sample was
vortexed briefly, then centrifuged at 7,500 X g for 5 min at 4°C. The ethanol wash was
then discarded, and the remaining RNA pellet air-dried on ice for 5 — 10 min. The RNA

pellet was then resuspended in 20 — 50 uL. of RNase-free water, ready for quantitation.
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For solid tissue such as human rectal biopsies, the same TRIzol protocol was employed,
with minor variation. For solid tissue stored in RNA later, the frozen sample was placed
in 300 puLL TRIzol and homogenised with brief pulses using a homogeniser with sterile
pestle. An additional 200 pl. of TRIzol was then added for a total of 500 pl.. Processing
then proceeded as for the standard TRIzol protocol, using 100 pl. chloroform, 250 pL.
isopropanol, and 500 pL. chilled 75% ethanol.

RNA was quantified using a Nanodrop-8000 spectrophotometer, by first blanking the
Nanodrop-8000 pedestals with 1 pl. water, then loading 1 uL. of each sample on the
pedestals to obtain RNA quantity and 260/280 and 260/230 ratios. The RNA integrity
was also assessed using agarose gel electrophoresis or using an RNA 6000 Pico Chip run

on an Agilent 2100 bioanalyzer. RNA was stored at -80°C.

Prior to use, 10 mL of protein lysis buffer was prepared by addition of 10 uL. of 1 M
DTT and 1 Complete mini protease inhibitor cocktail tablet. Cells were washed in 1 X
PBS after media removal, and 300 pL or 60 uL protein lysis buffer was added to obtain
whole cell protein extracts from 6-well and 24-well plates respectively. Once the buffer
was added, cells were scraped to homogenise, and passed through a fine 26 gauge

needle. Protein was stored at -20°C.

Protein extracts were quantified using the EZ(Q Protein Quantification kit. For the
EZQ protocol, standards wete prepared by making setial dilutions of 2 mg/mL
ovalbumin stock solution in protein extraction buffer (dilution range from 0.02 — 2
mg/mL). The EZQ assay paper was then inserted into a 96-well microplate cassette. In
triplicate, each of the protein standards, samples, and no-protein control (buffer only)
were loaded by spotting 1 pul. of each onto the assay paper, ensuring the membrane was
not scratched or punctured. The protein samples on the paper were allowed to dry
completely, and the protein-spotted assay paper was removed from the cassette and
placed in tray. The protein-spotted assay paper was then washed with 40 mL methanol,
with gentle agitation, for 5 min. After washing, the assay paper was dried, and 40 mL of
the EZQ protein quantitation reagent (Component A) was added to the tray. The

protein-spotted assay paper in the stain solution was then agitated gently on an orbital
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shaker for 30 min. After staining, the assay paper was rinsed for 1 — 2 min in rinse
buffer (10% methanol, 7% acetic acid), with this wash repeated twice, for a total of
three rinses. The fluorescence from the protein-spotted assay paper was then detected
using a Typhoon scanner, and results analysed using Carestream Molecular Imaging
Software. The fluorescence values of the experimental samples and standards were
determined by subtracting the fluorescence value of the no-protein control. A standard
curve was created by plotting the corrected fluorescence values of the standards versus
the corresponding protein mass (or concentration). The mass (or concentration) of the

experimental samples could then be determined from the standard curve.

miRNA expression profiling from HT29 control medium and 5 mM butyrate cells was
performed using the Exiqon v11 ready-to-spot probeset. For each sample, 4 g of total
RNA was labelled by the ligation of a fluorescently modified RNA dimer (Thomson et
al 2004). Two sample (dual colour) competitive hybridisations were performed using
Cy3 and Cy5 labelled sample pairs. Hybridisation was performed for 16 h at 56°C under
LifterSlips in 1X Exiqon hybridisation buffer in 25 L. Slides were placed in Corning
hybridisation chambers and protected from light for the incubation. Slides were washed
using dilutions of the Exiqon Wash Buffer kit, and scanned at 10 um resolution with a
Genepix 4000B Scanner. Mean pixel intensity values in scanned images were extracted
for both channels (Cy3, Cy5) using the Spot v3 plugin (CSIRO, VIC, Australia) within
the R statistical software package. After background subtraction, foreground intensities
wete log, transformed and ratios (Cy5/Cy3) were obtained. Ratios wetre normalised
within the Limma plugin (Smyth 2005) using the global Loess normalisation routine.
Arrays were normalised to each other, and for each probe across the arrays a linear

model was fitted to determine final expression values and associated ranking statistics.

miRNA expression analysis was performed using RNA from HT29 and HCT116
control and treated cells. miRNA expression analysis of normal human rectal mucosa
was also performed. This sample was prepared following ethics approval from the
Flinders Clinical Research Ethics Committee. cDNA was synthesised from 20 ng total
RNA using miRNA-specific primers according to the TagMan miRNA Assay protocol,
using 3.5 uL. master mix, 2.5 uLL RNA, and 1.5 pLL primer. For each reverse transcription

(RT) reaction, the master mix contained 0.075 uL. 100 mM dNTPs, 0.5 pL. multiscribe
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RT enzyme, 0.75 ul. 10X RT buffer, 0.095 pLL RNase inhibitor, and 2.08 pL water. Once
the mastermix, miRNA-specific primer, and RNA were added to the wells of eight-strip
tubes, samples were incubated on ice for 5 min, then loaded into a thermal cycler. The
RT program on the thermal cycler consisted of a 30 min incubation at 16°C, a 30 min
incubation at 42°C, a 5 min incubation at 85°C, and finally an incubation at 4°C until

ready for use in real-time PCR.

Real-time PCR was carried out according to the TagMan protocol, using triplicate 10 pL.
reactions for each biological replicate including 1 pl. of reverse transcription product,
0.5 uL. miRNA-specific primer and probe assay mix, 5 uL. 1X TagMan Universal PCR
Master Mix No AmpErase UNG, and 3.84 pL. water. Once all reactions were loaded
into four-strip PCR tubes, tubes were loaded into a thermal cycler capable of recording
in real-time. Thermal cycling was performed using a Corbett Rotorgene 2000 or a
Qiagen Rotorgene Q, and consisted of a 10 min incubation at 95°C, then 50 cycles of a

15 sec denatuting step at 95°C and a 60 sec annealing/ extension step at 60°C.

miRNA levels were normalised relative to the levels of the endogenous small nuclear
RNA gene RNUGB. Expression levels were calculated from Ct values using Qgene
(Muller et al 2002).

For mRNA expression analysis, RNA was pre-treated with a DNAfree system, using 1
ul. DNase and 2.5 ul. DNase buffer in 22.5 ulL diluted RNA (0.1 pg/ul), with a 20 min
incubation at 37°C. This was followed by deactivation with 2.5 uL. DNase deactivation
slurry. For cDNA synthesis, 1 uL. (100 ng) of random hexamer primers was added to 1
ug total DNase treated RNA (10 uL), with a 5 min incubation at 70°C. Subsequently, to
each sample, 1 u. M-MLV Reverse Transcriptase, RNase H minus, Point mutant, 5 pL.
RT buffer, 1.25 ul. ANTP mix, and 6.75 pl. water was added to make a 25 pl. reaction.
Following a 10 min incubation at room temperature, reverse transcription was carried
out in a thermal cycler with a 50 min hold at 50°C, followed by a 15 min hold at 70°C.
The resulting cDNA was then diluted 1:2.5 for use in real-time PCR. Real-time PCR was
carried out according to the TagMan Gene Expression Assay protocol, using triplicate
10 pL reactions including 2 uL. of RT product, 0.5 uL. mRNA-specific Gene Expression
assay mix, 5 ul. 2X TagMan Gene Expression master mix, and 2.5 uL. water. Cycling
consisted of a 2 min incubation at 50°C and a 10 min incubation at 95°C, then 50 cycles

of a 15 sec denatuting step at 95°C and a 60 sec annealing/ extension step at 60°C.
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Transcript levels were normalised relative to levels of endogenous control ACTB (3-
actin) mRNA. Expression levels were calculated from Ct values using Qgene (Muller et

al 2002).

Protein extracts from control and treated HT29 and HCT116 cells were resolved by

SDS-PAGE gel and electro-blotted onto polyvinylidene difluoride membranes.

For this protocol, 50 ng of each protein sample was used, in a volume of 25 ulL.. To this
volume, 25 pLL of loading dye was added (prepared using 150 pl. 2X SDS loading dye
and 30 ul. 1 M DTT to give a concentration of 200 mM DTT). The sample and loading
dye mix were heated at 100°C for 3 min, as was a 20 ul. sample of pre-stained broad

range (7 — 175 kDa or 10 — 230 kIDa) marker.

The SDS-PAGE gel consisted of a 5% stacking gel on top of an 8% or 10% separation
gel. The 8% separation gel had 2.5 mL 4X lower buffer, 2 mI. 40% acrylamide/
bisacrylamide, 35 pl. 10% APS, 15 uL. TEMED, and 5.5 mL water. The 10% gel had 2.5
mlL 4X lower buffer, 2.5 mL 40% acrylamide/ bisacrylamide, 35 ul. 10% APS, 15 L
TEMED, and 5 mL water. Separation gels were allowed to set for 20 min before
addition of the stacking gel, which had 1.25 mL 4X upper buffer, 625 pl. 40%
actylamide/ bisacrylamide, 35 ul. 10% APS, 15 uL. TEMED, and 3.1 mL water. Once
gels were prepared and placed in a tank with 1X SDS running buffer (prepared from 5X
stock), prepared protein samples and marker were loaded. Gel was run at consistent 25

mAmps for 45 — 60 min.

Once run, gels were soaked in transfer buffer for 10 — 15 min. Twelve pieces of blotting
paper were also soaked in transfer buffer, and the polyvinylidene difluoride membrane
was soaked in methanol for 15 sec, water for 2 min, and transfer buffer for 5 min. The
gel and membrane were then sandwiched between the 12 pieces of blotting paper on a

semi-dry blotter, and transferred at 77 mAmps for 2.5 — 3 h.

After transfer, membranes were blocked using 5% skim milk in 1X TBS-T prior to
overnight incubation with primary antibodies: rabbit monoclonal anti-CDKN1A
(12D1), rabbit monoclonal anti-PTEN (ID4.3), rabbit monoclonal anti-BCL2L11
(C34C5), or mouse monoclonal anti-HEF1/NEDD9 (2G9) (all 1:1000). Rabbit
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monoclonal anti-ACTB (1:5000) (ab8227) was used as a loading control. After overnight
incubation, membrane was washed four times in 1X TBS-T, before 1 h incubation with
secondary horseradish peroxidase-conjugated goat anti-rabbit IgG or donkey anti-
mouse IgG. After four more 1X TBS-T washes, the enhanced chemiluminescence
(ECL) system was used (5 min dark incubation with 0.5 mI. of ECL substrate and 0.5
mL of enhancer) to visualise bands using an ImageQuant LAS 4000 system.
Densitometry was performed using Multi Gauge software, with results normalised to

ACTB protein levels.

3.1.8 Transfection with microRNA mimics, target protectors and

small interfering RNAs (siRNAs)

3.1.8.1 Transfection with microRNA mimics

HT29 cells were reverse transfected with miRNA mimics using Lipofectamine 2000
according to the manufacturer’s protocol in 24-well and in xCELLigence RTCA E-plate
formats (E-plate wells were equivalent in size to wells in a 96-well plate). miRNA
oligonucleotide duplexes (miRNA mimics) were used at 20 nM each in the following
combinations: miR-17 family, miR-18 family, miR-19 family, miR-92 family, entire miR-
17-92 cluster, miR-17-92 cluster minus miR-18a, or negative control mimic (sham). The
reverse transfection protocol for one well of a 24-well plate consisted of dilution of the
miRNA mimics in 50 pl. Opti-MEM reduced serum medium, and dilution of
Lipofectamine 2000 by adding 1 pL to 50 uL. Opti-MEM reduced serum medium. For
one well of an E-plate, volumes of Opti-MEM were reduced to 25 uL. for miRNA
mimic dilution and to 25 pL for dilution of 0.25 uL. Lipofectamine 2000. Diluted
Lipofectamine 2000 was incubated for 5 min, then combined with diluted miRNA
mimic/s and incubated for a further 15 min. During this incubation period, cells were
prepared for seeding. For 24-well plates, cells were seeded at 1 X 10°, while for 96-well
E-plates, cells were seeded at 0.2 X 10°. The mimic-Lipofectamine 2000 complex
solution was added to the well (100 uL in total for one well of a 24-well plate, 50 pL in
total for one well of an E-plate), followed by the appropriate number of cells in
standard growth medium (500 pL in total for one well of a 24-well plate, 100 uL in total
for one well of an E-plate. After 8 h of transfection, cells were treated with 5 mM
butyrate, 2 uM SAHA, or control medium and grown for 48 h. For the 96-well plates,
proliferation was recorded using the xCELLigence RTCA DP instrument. For the 24-

well plates, cells were harvested and RNA extracted for real-time RT-PCR.
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3.1.8.2 Transfection with microRNA mimics and target protectors

In additional 24-well plate experiments, cells were reverse co-transfected with miR-18a
mimics and also with miScript target protectors designed for miR-18a predicted target
genes NEDDY and CDK79, or with a negative control miScript target protector. Target
protectors are single-stranded, modified RNAs that specifically interfere in the
interaction between a miRNA and a single target, while leaving the regulation of other
targets of the same miRNA unaffected. Target protectors were designed for the four
potential miR-18a binding sites in the NEDDY 3’UTR and the three potential binding
sites in the CDK79 3’UTR using a Qiagen algorithm (www.qgiagen.com/miDesign
[accessed 3 November 2011] ), and were reverse transfected at a concentration of 500
nM for each target protector. The target protector sequences are shown in Table 3.6.
After 8 h of transfection, cells were treated with 5 mM butyrate or control medium and
grown for 48 h. Cells were harvested after 48 h and RNA harvested for real-time RT-
PCR.

3.1.8.3 Transfection with small interfering RNAs (siRNAs)

In separate E-plate experiments, two pre-designed small interfering RNAs (siRNAs) for
NEDDY, two pre-designed siRNAs for CDK79, or a negative control siRNA were
reverse transfected at a total concentration of 20 nM. After 8 h of transfection, cells
were treated with 5 mM butyrate or control medium and grown for 48 h. Proliferation

was recorded using the xCELLigence RTCA DP instrument.

3.1.9 Real-time cell growth analysis

Cell proliferation was measured using the xCELLigence RTCA DP instrument and 16-
well E-plates, which uses electrical contacts on the bottom of the E-plate wells to
continually monitor cell growth over time. Following a blanking step with media only in
each E-plate well, HT29 or HCT116 cells were seeded at 0.2 X 10° cells per well of an
E-plate. In some experiments, at this seeding stage reverse-transfection was also
performed as described above. Growth of the cells was tracked every 30 min for 7— 8 h

before treatment addition. Growth was subsequently tracked every 30 min over 48 h.

3.1.10 microRNA target prediction

Predicted miRINA target genes were determined using miRGen, focusing on genes
common to two or more prediction programs (Megraw et al 2007), and analysed using
Ingenuity Pathway Analysis (IPA) to identify all genes involved in proliferation and cell

cycle control, and expressed in colorectal cells.
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A chromatin immunoprecipitation (ChIP) experiment was performed in HT29 cells, to
determine the effects of butyrate treatment on histone acetylation and methylation
pattern around the transcription start site (TSS) of the MIR77HG gene, which is the
miR-17-92 cluster host gene. ChIP was performed using the SimpleChIP Enzymatic
Chromatin IP kit, and was carried out according to the manufacturer’s instructions, as
detailed below. This kit made use of Micrococcal Nuclease to digest the chromatin, and

agarose beads for the immunoprecipitation.

Before performing ChIP on the butyrate-treated and control medium HT29 cells,
optimal conditions for digestion of cross-linked DNA to 150 — 900 base pairs in length
were determined. For the optimisation, cross-linked nuclei from 4 X 10" HT?29 cells
were obtained, using the method described in 3.1.11.2. Micrococcal Nuclease was
diluted 1:5 in 1X buffer B + DTT. In five tubes each containing 200 uL of the nuclei
preparation, O pl., 2.5 L., 5 pul., 7.5 uL. or 10 uL of the diluted Micrococcal Nuclease
was added, with tubes incubated for 20 min at 37°C with frequent mixing. The digest
was stopped by adding 20 uL. of 0.5 M EDTA and placing tubes on ice. The nuclei were
then pelleted by centrifugation, the supernatant was removed, and the pellet was
resuspended in 200 pLL of 1X ChIP buffer + protease inhibitor cocktail (PIC) + PMSF.
Each tube was then incubated on ice for 10 min, then sonicated to rupture nuclear
membrane, using three sets of 20 sec pulses with 30 sec intervals of incubation on ice
between pulses. The lysates were clarified by centrifugation, and 50 uL of each sonicated
lysate was transferred to a new tube. To each 50 pL. sample, 100 puLL water, 6 ul. 5 M
NaCl and 2 ul. RNAse A were added, and samples were incubated at 37°C for 30 min.
Following addition of 2 uL. Proteinase K, samples were incubated at 65°C for 2 h. DNA
fragment size was determined by electrophoresis, with 20 puL. of each sample loaded
onto a 1% agarose gel, with a 1 kb DNA marker also loaded. From the gel, the digestion
conditions which produced DNA in the desired range of 150 — 900 base pairs could be
determined, and the volume of diluted Micrococcal Nuclease that produced the desired
size of DNA fragments was equivalent to the volume of Micrococcal Nuclease stock

subsequently used to digest the 4 X 107 cells in the preparative chromatin digestion.
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For each treatment (butyrate or control medium), 4 X 10" cells were required for the
ChIP experiment, to generate one chromatin preparation that could be used for up to
ten separate immunoprecipitations. To ensure an adequate supply of HT29 cells, eight
15 cm plates were seeded for each treatment, at a concentration of 3 X 10° cells per
plate. Cells were grown for 48 h, then treated with 5 mM butyrate or control medium
for 48 h. After 48 h, one plate from each treatment group was treated with trypsin and
used for determination of cell number using a haemocytometer, to determine how many

plates were required to provide 4 X 107 cells.

To perform cross-linking in the remaining plates (two sets of 4 X 107 cells), various
solutions were prepared, as outlined in Table 3.8. To cross-link proteins to DNA, 540
uL of 37% formaldehyde was added to each 15 cm culture plate containing 20 mL
medium, with incubation for 10 min at room temperature. This was followed by
addition of 2 mL of 10X glycine to each dish, with 5 min incubation at room
temperature. Medium was then removed and cells were washed two times with 20 mL
ice-cold 1X PBS. To each plate, 2 mL ice-cold 1X PBS + PMSF was added, and cells
were scraped into cold buffer. For each treatment, cells were combined into one 15 mL
tube, and cells centrifuged at 1,500 rpm for 5 min at 4°C. Supernatant was removed,
cells were resuspended in 10 mL ice-cold Buffer A + DTT + PIC + PMSF, and were
incubated on ice for 10 min. Nuclei were pelleted by centrifugation at 3,000 rpm for 5
min at 4°C, supernatant was again removed, and the pellet was resuspended in 10 mL
ice-cold Buffer B + DTT. Centrifugation and supernatant removal was repeated, and
the pellet was resuspended in 1.0 mL Buffer B + DTT and transferred to a 1.5 mL tube.
An appropriate amount of Micrococcal Nuclease was added, as determined in section
3.1.11.1, and tubes were incubated for 20 min at 37°C with frequent mixing to digest
DNA to approximately 150 — 900 base pair lengths. The digest was stopped by adding
100 uL. of 0.5 M EDTA and placing tube on ice. Nuclei were then pelleted by
centrifugation at 13,000 rpm for 1 min at 4°C, supernatant was removed, and pellet
resuspended in 1 mL of 1X ChIP buffer + PIC + PMSF and split into two tubes of 500
uL. Tubes were incubated on ice for 10 min, then each tube of lysate was sonicated
using three sets of 20 sec pulses with 30 sec intervals on wet ice between pulses. Lysates
were then clarified by centrifugation at 10,000 rpm for 10 min at 4°C. The supernatant,
which was transferred to a new tube, was now the cross-linked chromatin preparation.

For analysis of DNA digestion and determination of chromatin concentration, 50 uL. of
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the chromatin preparation was removed, with the remainder stored at -80°C until

further use.

To each of the 50 pL. chromatin samples, 100 uL. nuclease-free water, 6 ul. 5 M NaCl
and 2 ul. RNAse A were added, with incubation at 37°C for 30 min. To each RNAse A-
digested sample, 2 uL. Proteinase K was then added, and samples were incubated at
65°C for 2 h. DNA was purified from samples using spin columns as described in
Section 3.1.11.7, and a 10 puLL sample was used to determine DNA fragment size by
electrophoresis on a 1% agarose gel with a 100 base pair DNA marker. DNA should
have been digested to a length of approximately 150 — 900 base pairs (1 to 5
nucleosomes). In addition, DNA concentration was determined using a Nanodrop-8000

spectrophotometer, with DNA concentration ideally between 100 and 200 pg/ml..

The antibodies used for immunoprecipitation of the control and butyrate-treated
chromatin included the positive control rabbit monoclonal Histone H3 (D2B12) XP
(ChIP Formulated) and the negative control Normal Rabbit IgG, as well as the
antibodies of interest including rabbit polyclonal anti-acetyl-histone H3 (Lys 9/ Lys 14),
rabbit polyclonal anti-acetyl-histone H3 (Lys 27), and rabbit polyclonal anti-tri-methyl
histone H3 (Lys 4). Enough 1x ChIP Buffer was prepared for ten
immunoprecipitations (five for each treatment), with each precipitation containing 400
uL of 1X ChIP Buffer (40 uL. of 10X ChIP Buffer + 360 ul. water) and 2 pL. PIC. To
the prepared ChIP buffer, the equivalent of 100 uL (10 to 20 ug of chromatin DNA) of
the cross-linked chromatin preparation was added for each immunoprecipitation. For
example, for five immunoprecipitations, a tube was prepared containing 2 mL 1X ChIP
Buffer (200 uL. 10X ChIP Buffer + 1.8 mL water) + 10 uLL. PIC + 500 pL digested
chromatin preparation. For each treatment, a 10 pL. sample of the diluted chromatin was
removed and stored at -20°C to be used as a 2% input sample. For each
immunoprecipitation, 500 uL of the diluted chromatin was transferred to a
microcentrifuge tube and the immunoprecipitating antibody was added at an
appropriate concentration (Table 3.7). Immunoprecipitation samples were incubated
overnight at 4°C with rotation. The following day, 30 uL. of ChIP-Grade Protein G
Agarose Beads were added to each immunoprecipitation sample, with incubation for 2 h

at 4°C with rotation.
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3.1.11.5 Washing of immunoprecipitated chromatin

To wash the immunoprecipitation samples, low and high salt washes were prepared, as
outlined in Table 3.8. The Protein G Agarose Beads in each immunoprecipitation were
pelleted by brief 1 min centrifugation at 6,000 rpm, and supernatant was then removed.
To each pellet of beads, 1 mL of low salt wash was added, with incubation at 4°C for 5
min with rotation. Centrifugation, supernatant removal, and addition of low salt wash
were repeated two additional times, for a total of three low salt washes. Following the
final supernatant removal, 1 mL of high salt wash was added to the beads, with

incubation at 4°C for 5 min with rotation.

3.1.11.6 Elution of chromatin from antibody/ Protein G beads and reversal
of cross-links
For each washed immunoprecipitation and each 2% input sample, 150 uL. 1X ChIP
Elution Buffer was prepared. First, 150 uL of the 1X ChIP Elution Buffer was added to
the 2% input sample tubes from section 3.1.11.4 and tubes were set aside at room
temperature. For the washed immunoprecipitation samples, the Protein G Agarose
Beads were pelleted by brief 1 min centrifugation at 6,000 rpm, and supernatant was
removed. To each immunoprecipitation sample, 150 pl. 1X ChIP Elution Buffer was
added. Chromatin was eluted from the antibody/Protein G beads for 30 min at 65°C
with gentle vortexing at 1,200 rpm. The Protein G Agarose Beads were pelleted by brief
1 min centrifugation at 6,000 rpm, and each eluted chromatin supernatant was
transferred to a new tube. To all tubes, including the 2% input samples, 6 uL. 5 M NaCl

and 2 ul. Proteinase K were added, and tubes were incubated for 2 h at 65°C.

3.1.11.7 DNA purification using spin columns

Before DNA purification, 24 mL of ethanol (96 — 100%) was added to the DNA Wash
Buffer before use. One DNA spin column/collection tube was used for each chromatin
sample from Section 3.1.11.6. To begin purification, 750 pL. of DNA Binding Buffer
was added to each sample, and 450 pLL of each sample was added to a DNA spin
column in a collection tube. The tube was centrifuged at 14,000 rpm for 30 sec, the spin
column was removed from the collection tube and liquid discarded, then the spin
column was replaced in the collection tube. The remaining 450 pLL of sample was added
to the spin column in the collection tube and the centrifugation and discarding of liquid
was repeated. To the spin column in a collection tube, 750 uL. of DNA Wash Buffer
was then added, and tubes were re-centrifuged at 14,000 rpm for 30 sec. Liquid in the

collection tube was again discarded. A further centrifugation at 14,000 rpm for 30 sec
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was performed, the collection tube and liquid were discarded, and the spin column was
placed in a new 1.5 mL tube. DNA was eluted in 50 ul. of DNA Elution Buffer
following centrifugation at 14,000 rpm for 30 sec. The eluate of purified DNA was
stored at -80°C.

To quantify the purified DNA for each immunoprecipitation sample, primer pairs were
designed to target intron and exon regions of the MIR77HG gene, as well as to target up
to 4 kB upstream of the TSS. A search for MIR77HG gene primer pairs that had
previously been designed and validated identified suitable primer pairs as described by
O'Donnell et al (2005) and Pospisil et al (2011). In addition, to cover all regions of the
gene and the upstream region, several new primers pairs were designed using Primer
Express Software. Primers were designed with close adherence to the following criteria:
Primer length: 24 nucleotides; Optimum Tm: 60°C; Optimum GC: 50%; Amplicon size:
80 — 160 base pairs. Details of forward and reverse primers spanning each gene region
are shown in Table 3.6. These primer pairs for the MIR77HG gene were tested using 30
ng DNA from HT29 cells purified with the DNeasy Blood and Tissue kit. Real-time
qPCR for each primer pair was carried out according to the TagMan Fast SYBR Green

protocol, as described in section 3.1.11.9.

In addition to the histone samples of interest, PCR reactions also included the positive
control Histone H3 sample, the negative control Normal Rabbit IgG sample, a tube
with no DNA to control for contamination, and a serial dilution of the 2% input
chromatin DNA (undiluted, 1:5, 1:25, 1:125) to create a standard curve and determine
the efficiency of amplification. Primers used included twelve primer pairs for the
MIR77HG gene region, and a control primer provided by the manufacturer for Human

ribosomal protein .30 (RPL30) Exon 3.

Real-time qPCR was carried out according to the TagMan Fast SYBR Green protocol,
using triplicate 20 pLL reactions including 2 uL. of DNA, 2 uLL (300 nM) of forward
primer, 2 uL. (300 nM) of reverse primer, 10 uL. Fast SYBR Green master mix, and 4 uL.
water. Cycling consisted of a 20 sec incubation at 95°C for DNA polymerase activation,
then 40 cycles of a 3 sec denaturing step at 95°C and a 30 sec annealing/ extension step

at 60°C.
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Real-time qPCR data were normalised using the percent input method. Step one of this
method was to adjust the Ct of the input by subtracting 5.64 (i.e. as the starting input
fraction was 2%, then a dilution factor of 50 or 5.64 cycles (i.e. log, of 50) was
subtracted from the Ct value of diluted input). Step two of the percent input method
was to perform the following calculation for the Ct value of each immunoprecipitation
sample: 100 x 2 (dustedinpueminss €I | (il thig calculation normalising the data to input. In
addition, an alternative method of analysis was used, with expression levels normalised
to the 2% starting input fraction using Qgene, which took into account the efficiency of

amplification using a serial dilution standard curve.

Where relevant, results were presented as mean % standard error of the mean (SEM) of
at least three biological replicates. Statistical analyses were performed with PASW
Statistics 17 using an unpaired Student’s t-test, with a P value < 0.05 considered

statistically significant.

It should be noted that cell proliferation and miRNA expression data are presented
across several Chapters, to illustrate particular findings pertinent to the subject of that
Chapter. To ensure consistency, findings are presented from large experiments, which
were conducted at the same time with the same cells using various treatments. For the
miRNA data, for example, data are presented from a large experiment which included
treatment with various concentrations of butyrate, SAHA, and TSA, with or without
cycloheximide treatment; the butyrate results are presented in Chapter 4 and 5, the other
histone deacetylase inhibitor results are presented in Chapter 5, and the cycloheximide
results are presented in Chapter 7. Similarly, a large cell proliferation experiment was
conducted, where the butyrate results from several cell lines are presented in Chapter 4,
and the other HDI results are presented in Chapter 5. The data from these large
experiments represent robust findings which replicated results from preliminary

experiments not shown in full in the main thesis Chapters (see Appendix 1).
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3.2 In vivo experimental methods - High red meat and resistant

starch trial in humans
A randomised cross-over trial was conducted comparing the effects of a control diet,
high red meat (RM) diet, and RM diet supplemented with resistant starch (RM + RS) on
markers of CRC risk in healthy volunteers aged 50 — 75 years. Within this trial, a sub-
study was conducted to determine the effect of the dietary intervention on colorectal

miRNA expression patterns.

3.2.1 Study details

Table 3.1: High red meat and resistant starch trial details

Original title:

Dietary protein-induced DNA damage in the colon: the effect of a red meat diet in humans

Study design Randomised, controlled, cross-over trial

Study registration ANZCTR (Australian & New Zealand Clinical Trials Registry):
ACTRN12609000306213, registered 19/05/2009.

Ethics approval Flinders Clinical Research Ethics Committee/ Clinical Drug

Trials Committee (protocol number 155/09)
Study start date 1/07/2009
Duration of study (recruitment, intervention, and sample | 12 months
collection)
Sources of funding NHMRC funded project grant #535079

3.2.2 Objectives and hypotheses

The overall study objective was to determine if consumption of a diet high in lean red
meat by humans increases toxic fermentation products that could damage DNA, and if
supplementation of the diet with RS (as a butyrylated high amylose maize starch,
StarPlus™) can ameliorate these effects. The miRNA specific objective was to
determine if consumption of a high red meat diet by humans alters miRNA expression
in rectal mucosa tissue, and if supplementation of the diet with RS (as a butyrylated high

amylose maize starch, StarPlus™) modifies any altered expression.

The overall hypothesis of the study was that increased dietary red meat will increase
colonic mutational load and genomic instability in humans which would translate to
increased risk of developing CRC but feeding resistant starch will alter fermentation of
protein and protect against DNA lesions and their consequences. The miRNA
expression hypothesis was that increased dietary red meat may alter miRNA expression
profiles, but feeding resistant starch could protect against this dysregulation by

increasing butyrate levels in the colorectum.
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3.2.3 Participant inclusion and exclusion criteria

Table 3.2: High red meat and resistant starch trial participant inclusion and
exclusion criteria

Inclusion criteria Exclusion criteria

Age 50 - 75 years Evidence of any active mucosal bowel disease, e.g. colitis, or
of malabsorption

Healthy, with no active bowel disease Intolerance to high-fibre foods

Able to provide informed consent Any perceived contraindication to consumption of the high
protein diet

Previous bowel surgery (excluding polypectomy)
Ingestion of regular laxatives or laxative derivatives
(excluding regular fibre intake)

Ingestion of regular probiotic complimentary medicines

Antibiotic therapy in the previous four weeks

3.2.4 Recruitment

Patients were recruited by advertisement or by invitation from their treating physician
during consultation at the Gastroenterology Outpatient Clinics at Flinders Medical
Centre. The study protocol was explained to each participant, and written informed
consent was obtained prior to study commencement. Participants could withdraw at any
time during the study, freely and without prejudice to any treatment at Flinders Medical
Centre. Participants were also withdrawn if they developed intolerance to dietary
products, intolerance, allergy or any unacceptable reaction to red meat, or onset of any
acute diarrhoeal disease. Any samples collected for withdrawn participants could be

destroyed according to the patient’s wishes.

3.2.5 Sample size determination

A sample size power calculation was based on the anticipated effect on the primary
outcome measure of protein fermentation products. A group size of n = 20 in a cross-
over design study gave 80% power to detect a 20% change with 95% probability. It was
planned for 25 to be recruited to allow for drop-outs. For colorectal biomarkers, the
inclusion number was not based on a power calculation, as the size of the effect on the
various biomarkers was not known. A study by Rafter et al (2007) recently used the

same group sizes (n = 20) in a related study.

3.2.6 Randomisation procedure
Random sequence allocation was generated using a computer generated randomisation

sequence and implemented by a trial nurse, to determine whether the RM diet or the
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RM + RS diet was received first. Due to the nature of the interventions this was an

open trial, with participants not blinded to interventions.

Dietary interventions were explained during scheduled clinic visits to Flinders Medical
Centre Endoscopy Unit. The study consisted of two intervention periods of four weeks
each, preceded by a four-week run-in (control) period and separated by a four-week
washout period (Table 3.3). Volunteers were randomised to a RM diet or RM + RS diet

for the first intervention, and for the second intervention received the alternative diet.

At the outset of the study, participants’ normal diets were assessed using a standard
food frequency questionnaire developed by The Cancer Council Victoria (2005) and a
study dietitian (Pennie Taylor or Karen Humphreys) gave advice as to study diet
requirements. Participants were instructed to maintain their usual diet during the study
but to avoid supplementation with any fibre, high-protein, or probiotic supplements,
except those protein-containing and RS-containing foods prescribed for the study.
Participants were to avoid when possible, or record the use of any medication that could
have interfered with bowel function. Participants were also asked to keep their weight
stable for the duration of the study, following advice from the study dietitians (KH and

PT) as required. Weight was measured at each clinic visit.

Participants were monitored by a trial nurse and a study dietitian (KH) during both
interventions periods, to ascertain diet and intervention guidelines were being followed
and to provide any assistance needed. Participants were followed up when the study had
finished with either a phone conversation or a clinic visit to ascertain the status of their
health and well-being. At this time participants were advised on their future red meat
consumption with regard to risk factors for this food. Participants could request the

overall results of the trial.

For run-in (control) and washout periods, participants were required to follow normal
dietary habits for four weeks. No dietary changes were required, except the avoidance of

fibre, high-protein, or probiotic supplements.

For the RM diet, participants were required to consume 300 g (raw weight) of lean red
meat per day for four weeks. Meat was supplied to the participants in 100 g frozen

packs of lean mince, beef strips, or lamb strips, with three packs to be consumed each
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day. Participants could spread their meat consumption throughout the day if they
preferred (for example, 100 g for lunch, and 200 g for dinner). This level of red meat is
tolerated well by humans with studies often using levels of RM at 400 g per day (Lewin
et al 2006). Participants were also required to consume two serves of reduced fat milk or

orange juice per day, to match the two serves in the RM + RS diet as detailed below.

For the RM + RS diet, participants were required to consume 300 g (raw weight) lean
red meat per day for four weeks, with the addition of 40 g of butyrylated high amylose
maize starch per day. This butyrylated starch was StarPlus™, which is 50 — 60% RS, and
was provided in pre-packed 20 g sachets. Participants were required to consume a total
of two sachets daily (one sachet in the morning and one in the evening), by mixing the
RS powder into either 250 mL reduced fat milk (flavoured milk was acceptable) or
orange juice. Other intervention studies have used RS up to 50 g per day, while 40 g per

day has been shown to modify faecal biomarkers significantly (Young & Le Leu 2004).

Outcomes were predefined, with no changes after commencement. For the entire study,
primary outcome measures were the effect of protein and RS on formation of colonic
fermentation products, and the effect of protein and RS on epithelial consequences.
Secondary outcome measures were the effects of protein and RS on bacterial profiles in
faeces and rectal mucosa, and on rectal mucosa gene and miRNA expression. This latter

outcome measure is of most relevance to this study, and is explored in Chapter 8.

For the entire study, the dietary induced events to be studied included faecal SCFAs,
faecal and urine protein fermentation products, faccal and mucosal bacterial population
profiles, rectal epithelial responses to protein feeding (specifically DNA strand breaks
(comet assay), O6-Methyl-2-deoxyguanosine (O6MeG) DNA adducts, spontaneous
apoptosis, cell proliferation, expression of the DNA repair protein MGMT, and
expression of other markers of DNA repair, carcinogenesis and apoptosis), rectal
mucosa miRNA and target gene expression changes, and blood-borne factors

(inflammatory and immune markers such as growth factors or immune cells).

Blood samples, rectal pinch biopsy, mucosal swabs and faecal & urine specimens were
obtained at the end of each four-week dietary period, with a total of four sample
collection visits, at the end of the run-in control diet, first intervention diet, washout

diet, and second intervention diet (Table 3.3). Participants were asked to fast for 2 h
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prior to their scheduled blood sample collection time. Each participant was also
required to fill out a food diary for three days prior to each clinic visit, with a total of
four food diaries. Blood collection, rectal biopsies, and mucosal swabs were performed
at Flinders Medical Centre Endoscopy Unit. Food diaries were collected during visits.

Faecal and urine samples were collected from participants’ homes.

Details of medical history and medications, weight, bowel health and symptoms, and
adverse events were collected by a trial nurse throughout the study. The standard food
frequency questionnaire developed by The Cancer Council Victoria (2005) was

completed at the first clinic visit.

The composition of the participants’ diets and their compliance with the dietary
interventions was assessed using a weighed food diary. This was completed by
participants at the end of each four-week dietary period, three days prior to each clinic
visit. Participants were requested to record all food and drink eaten, to be specific and
note details and brands of food, and to weigh foods using provided digital kitchen scales
for best accuracy. Metric cups and spoons could be used for some items like fluids,
sugar or oil. A dietitian (KH) entered the food diaries into Foodworks Professional
nutritional calculation software, which calculates energy and macronutrient intake based

on Australian food composition tables and food manufacturers’ data.

A 24 h faecal collection was conducted by the participant for the 24 h prior to each
clinic visit, and placed in the home freezer provided. These samples were collected by a
study investigator and analysed for faecal bulk, pH, carbohydrate fermentation products
(acetate, propionate, butyrate, and total SCFAs), protein fermentation products (N-

nitrosamines, phenols, cresols), and microbiota profile.

A SPOT/MSSU urine sample was collected by the participant prior to each clinic visit,
on the morning of the visit, and placed in the home freezer provided. These samples
were collected by a study investigator and analysed for N-nitrosamines, phenols, cresols

and creatinine.
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A trained nurse collected 30 mL of blood from each subject at each clinic visit. The
blood samples were handled according to strict protocols designed to minimise the risk
of traumatic injury or infection to the laboratory staff. The plasma/serum were tested by
the Flinders Medical Centre SA Pathology diagnostic laboratory for changes in the levels
of inflammatory markers including C-reactive protein, inflammatory cytokines,

haemoglobin and mean cell volume.

Participants were required to undertake anal examination by an experienced clinician at
each clinic visit, at the end of each four-week phase. Four pinch rectal biopsies were
taken at each visit with rigid forceps through sigmoidoscopic examination performed
without bowel preparation. This was performed by an experienced gastroenterologist
who had performed these procedures previously. The procedure has minimal pain or
discomfort associated with it, and an unlikely risk of post-procedure bleeding. Colonic
biopsies are safe and the investigators were previously involved in projects where this
procedure was done without incident (Macrae et al 1997, Worthley et al 2009). Two
biopsies of <0.5 cm in any dimension were each placed in 2.5 mLL RNA later, stored at
4°C overnight, and subsequently stored at -80°C. Additional biopsies were placed in
formalin. Histological analysis of rectal biopsy tissue stored in formalin included testing
for DNA strand breaks, O6MeG, bascline apoptosis, cell proliferation, and MGMT
expression. Analysis of the tissue stored in RNA later included quantitation of miRNA
expression profiles, investigation of miRNA target gene changes at the mRNA level,

and examination of bacterial DNA profiles.

A mucosal swab was taken at the time of each rectal biopsy, and analysed by a study

investigator for surface mucosal bacteria.
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Table 3.3: High red meat and resistant starch trial intervention and data
collection flow chart

Weeks: -4 0 4 8 12

Visit: 1 2 3 4 5
RUN IN/ RM +/-RS WASHOUT/ RM +/- RS
NORMAL DIET NORMAL DIET

Food diary: XXX XXX XXX XXX

Faecal sample:

Urine sample:

Blood sample:

Rectal biopsy:

X X X X X
X X X X X
X X X X X
X X X X X

Mucosal swab:

3.2.9 microRNA and target gene mRNA analysis of rectal biopsies
Following storage in RNA-later, rectal biopsy samples were processed to extract total
RNA, as detailed in Section 3.1.3. Analysis of miRNA and target gene mRNA levels in
these samples was conducted using relative quantitation real-time RT-PCR as detailed in

Section 3.1.6.

3.2.10 Maintenance of records

Clinical data sheets were used to record relevant information needed to interpret the
end points. These were locked in a secure area where clinical and research records were
already stored within the Department of Gastroenterology. Only investigators directly
involved in the trial had access to these records. An indication that the person was
participating in the study was included in their hospital records where relevant. Records

were kept confidential and data was not released in any way that identified an individual.

3.2.11 Statistical methods

Means and standard deviations were calculated for all the outcome variables measured.
The cross-over study design with two intervention periods provided two options for
analysis of statistical significance; pooling of participant outcome measures by treatment
regardless of intervention period with the assumption that period and carry-over effects
are not significant, or separate analysis of participant measures based on intervention
period, with investigation of treatment effect, period effect, and carry-over effect. A
paired Student’s t-test was used for initial determination of the significance of changes
in outcome variables between treatment groups irrespective of intervention period. To
assess differences between treatments with consideration of the intervention period,

analysis of variance (two way ANOVA (time and group effect)) was used to compare
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changes in outcome variables between RM and RM + RS groups, with the period effect
(systematic difference between the two time periods in which treatment was given) and
carry-over effect (effect of previous treatment on outcomes of second treatment) also
tested. Groups-by-periods plots were also presented. If the carry-over effect was not
significant, then the data from two periods could be combined and analysed; in which
case the initial Student’s t-test was deemed valid. Otherwise, the data only from the first
intervention period could be used to estimate the treatment effect. Statistical analyses
were performed using STATA statistical software, version 12.0 and R version 2.15.0 (R
Development Core Team 2011). A P value < 0.05 was considered statistically

significant.
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3.3 Reagents and equipment used for experiments

Table 3.4: Chemicals and reagents

Reagent

Supplier

40% Acrylamide/Bis-acrylamide

Ammonium persulfate (APS)

Chloroform

Complete Mini Protease Inhibitor Cocktail Tablets
Cycloheximide

Dimethyl sulfoxide

DL-Dithiothreitol

DNA ladders

DNA loading dye

DNase buffer

DNase inactivation slurry

dNTP mix

Dulbecco's Modified Eagle Medium

E-plate 16

Enhanced chemiluminescence reagents

Ethanol

Exigon hybridization buffer (208020)

Exigon v11 ready-to-spot probeset (208210-A v11.0)
Exigon Wash Buffer kit (208021)

EZQ Protein Quantitation kit

Fast SYBR Green Master Mix

F-12 Nutrient Mixture

Foetal bovine serum

Formaldehyde

Glycine

Hydrochloric acid

Immobilon transfer polyvinylidene diflouride membrane
Isopropanol

LifterSlips

Lipofectamine 2000 Transfection Reagent

M-MLV Reverse Transcriptase, Rnase H minus, Point mutant
McCoy’s 5A (modified) Medium
N,N,N',N'-Tetramethylethylenediamine (TEMED)
Opti-MEM Reduced Serum Medium
Phenylmethanesulfonyl fluoride (PMSF)

Pre-stained protein markers (broad range 7 — 175 kDa or 10
- 230 kDa)

Qiagen DNeasy Blood & Tissue Kit

RNA 6000 Pico kit

RNA later

RQ1 RNase-Free DNase

SimpleChIP Enzymatic Chromatin IP kit (Agarose Beads)

Sigma-Aldrich, St Louis, MO, USA
Sigma-Aldrich, St Louis, MO, USA
Chem-supply, Gillman, SA, Australia
Roche, Basel, Switzerland
Sigma-Aldrich, St Louis, MO, USA
Sigma-Aldrich, St Louis, MO, USA
Sigma-Aldrich, St Louis, MO, USA

New England Biolabs, Ipswich, MA, USA
New England Biolabs, Ipswich, MA, USA
Promega, Madison, WI, USA

Ambion, Foster City, CA, USA

Promega, Madison, WI, USA

Invitrogen, Newcastle, NSW, Australia
Roche, Basel, Switzerland

SuperSignal West Pico, Rockford, IL, USA
Chem-supply, Gillman, SA, Australia
Exigon, Vadbaek, Denmark

Exigon, Vadbaek, Denmark

Exigon, Vadbaek, Denmark

Invitrogen, Newcastle, NSW, Australia
Applied Biosystems, Foster City, CA, USA
Invitrogen, Newcastle, NSW, Australia
Bovogen Biologicals, Essendon, VIC, Australia
Chem-supply, Gillman, SA, Australia
Sigma-Aldrich, St Louis, MO, USA
Chem-supply, Gillman, SA, Australia
Millipore, Bedford, MA, USA
Chem-supply, Gillman, SA, Australia
Erie Scientific, Portsmouth, NH, USA
Invitrogen, Newcastle, NSW, Australia
Promega, Madison, WI, USA

Invitrogen, Newcastle, NSW, Australia
Sigma-Aldrich, St Louis, MO, USA
Invitrogen, Newcastle, NSW, Australia
Sigma-Aldrich, St Louis, MO, USA

New England Biolabs, Ipswich, MA, USA

Qiagen, Valencia, CA, USA

Agilent Technologies, Santa Clara, CA, USA
Ambion, Foster City, CA, USA

Promega, Madison, WI, USA

Cell Signaling Technology, Danvers, MA, USA
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Contains:

Glycine Solution (10x)

Buffer A (4x)

Buffer B (4x)

ChIP Buffer (10x)

ChIP Elution Buffer (2x)

5M NaCl

0.5MEDTA

ChIP-Grade Protein G Agarose Beads #9007

DNA Binding Buffer

DNA Wash Buffer

DNA Elution Buffer

DNA Spin Columns

Protease Inhibitor Cocktail (200%)

RNAse A (10 mg/mL)

Micrococcal Nuclease (2000 gel units/uL)
Proteinase K (20 mg/mL)

SimpleChIP® Human RPL30 Exon 3 Primers #7014
SimpleChIP® Mouse RPL30 Intron 2 Primers #7015
Histone H3 (D2B12) XP® Rabbit mAb (ChIP Formulated)
#4620

Normal Rabbit IgG #2729

1M DTT

Skim milk powder

Sodium chloride

Sodium butyrate

Sodium dodecy! sulfate

StarPlus™ (50 - 60% RS)

Suberoylanilide hydroxamic acid

TagMan Gene Expression Master Mix

TagMan MicroRNA Reverse Transcription Kit
TagMan Universal PCR Master Mix No AmpErase UNG
TRIzol Reagent

Trichostatin A Ready Made Solution

Trizma HCI

Trizma Base

TrypLE Express (tryspin)

Tween-20

Whatman filter paper

Fonterra, Mt Waverley, VIC, Australia
Chem-supply, Gillman, SA, Australia
Sigma-Aldrich, St Louis, MO, USA
Sigma-Aldrich, St Louis, MO, USA

National Starch and Food Innovation, Bridgewater, NJ, USA

Selleck Chemicals, Houston, TX, USA
Applied Biosystems, Foster City, CA, USA
Applied Biosystems, Foster City, CA, USA
Applied Biosystems, Foster City, CA, USA
Invitrogen, Newcastle, NSW, Australia
Sigma-Aldrich, St Louis, MO, USA
Sigma-Aldrich, St Louis, MO, USA
Sigma-Aldrich, St Louis, MO, USA
Invitrogen, Newcastle, NSW, Australia
Sigma-Aldrich, St Louis, MO, USA
Whatman, Maidstone, Kent, UK

Table 3.5: Equipment and software

Equipment

Supplier

Agilent 2100 Bioanalyzer
Allegra X-22 R centrifuge

Axiovert 25 light microscope

Agilent Technologies, Santa Clara, CA, USA
Beckman Coulter, Brea, CA, USA

Ziess, Jena, Germany
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Carestream Molecular Imaging Software
CO2 water jacketed cell incubator
Corbett Rotorgene 2000

modified Dremel Multipro homogeniser
Dry block heater

Multi Gauge software

Gel tank blotting system

GeneAmp PCR system 9700 thermal cycler
Gene Genius Bio imaging System
Genepix 4000B Scanner

ImageQuant LAS 4000

Ingenuity Pathway Analysis Software
Microcentrifuge 5424

Microson Ultrasonic cell disruptor
Nanodrop-8000

PASW Statistics 17

Power-Pac Basic

Primer Express Software
Programmable Thermal Controller

R statistical software package

Rocking platform

Rotorgene Q

STATA statistical software, version 12.0
Tempette Junior TE-85 water bath
Typhoon 9400 Variable mode imager
Ultra-low temperature freezer (-80°C)
Weigh scales

xCELLigence RTCA DP instrument

Table 3.6: Primers and oligonucleotides

Assay Catalogue number/ Sequence

$12308
(5'd(Ns ) 3' [N=A,C,G,T])

Random primer 6

Tagman assays:

hsa-miR-16 #000391
hsa-miR-17 #000393
hsa-miR-18a #002422
hsa-miR-19a #000395
hsa-miR-20a #000580
hsa-miR-19b #000396
hsa-miR-92a #000430
hsa-miR-106a #002169
hsa-miR-18b #002217

Carestream Health, Rochester, NY, USA
Forma Scientific, Marietta, OH, USA

Corbett Research, Sydney, NSW, Australia
Dremel, USA

Thermoline L+M, Sydney, NSW, Australia
Fuijifilm Corporation, Tokyo, Japan

Bio-Rad, Hercules, CA, USA

Applied Biosystems, Foster City, CA, USA
Syngene, Cambridge, UK

Molecular Devices, Union City, CA, USA

GE Healthcare Life Sciences, Uppsala, Sweden
Ingenuity Systems, Redwood City, CA, USA
Eppendorf, Hamburg, Germany

Misonix, Farmingdale, NY, USA

Nanodrop Technologies, Wilmington, DE, USA
IBM Corporation, Somers, NY

Bio-Rad, Hercules, CA, USA

Applied Biosystems, Foster City, CA, USA

MJ Research, Waltham, MA, USA

R Project, Vienna, Austria

Ratek, Boronia, VIC, USA

Qiagen, Valencia, CA, USA

StataCorp, TX, USA

Techne, Staffordshire, UK

Amersham Biosciences, Piscataway, NJ, USA
Thermo Scientific Revco, Waltham, MA, USA
Shimadzu, Kyoto, Japan

Roche, Basel, Switzerland

Supplier
New England

Biolabs, Ipswich,
MA, USA

Applied
Biosystems,
Foster City, CA,
USA
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hsa-miR-20b
hsa-miR-21
hsa-miR-23a
hsa-miR-23b
hsa-miR-29b
hsa-miR-33a
hsa-miR-192
hsa-miR-196a
hsa-miR-196b
hsa-miR-210
hsa-miR-215
hsa-miR-301a
hsa-miR-301b
hsa-miR-584
hsa-miR-1275
hsa-miR-1290
RNU6B
CDKN1A
PTEN
BCL2L11
E2F1

c-MYC
NEDD9
CDK19

LIN28
CCDC88A
GAB1

ACTB (B-actin)

CHAPTER 3

#001014
#000397
#000399
#000400
#000413
#002135
#000491
#241070
#002215
#000512
#000518
#000528
#002392
#001624
#002840
#002863
#001093
#Hs00355782_m1
#Hs02621230_s1
#Hs00708019_s1
#Hs00153451_m1
#Hs00905030_m1
#Hs00610590_m1
#Hs00292369_m1
#Hs00702808_s1
#Hs00214014_m1
#Hs00157646_m1
#Hs99999903_m1

Primers for ChIP analysis:

SimpleChIP Human

RPL30 Exon 3

Primers 1

P1:17THG 4 to -
3kb (-3.9 kb)

P2: 17THG -3 to -
2kb (-2.3 kb)
P3:17HG -2 to -
1kb (-1.8 kb)
P4:17THG -1 to -
0.5kb (-0.5 kb)
P5:17HG -0.5 to
Okb (-0.1 kb)

P6: 17HG exon 1
andintron 1 (1.5
kb)

#7014

F: 5 TTTGGCCCCACTTCTTACCA 3’

R: 5 CTTTACAATCAACCAAGAGCCTTTG 3

F: 5 AAACGTTCTGAATGTTCTGGATTGT 3'

R: 5 CACAGCCTTCTCAAGTCAGCTAAA 3' (O'Donnell et al 2005)
F: 5 CGAAACCCTTAAAATGCAACCTACT 3

R: 5 CAGGATTTTGGAAGACGCAAAT 3

F: 5" ACCTCGGAAACCCACCAAG 3’

R: 5 TCTCCCTGGGACTCGACG 3’ (O'Donnell et al 2005)

F: 5 GCTAATGAGGGAGTGGGGCTTGTC 3

R: 5 CACCTCGAAGGACCATGTGGGTG 3’ (Pospisil et al 2011)
F: 5 AAAGGCAGGCTCGTCGTTG 3

R: 5 CGGGATAAAGAGTTGTTTCTCCAA 3’ (O'Donnell et al 2005)

Cell Signaling
Technology,
Danvers, MA,
USA
Geneworks,
Hindmarsh, SA,

Australia
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P7: 17HG exon 2
(1.8 kb)

P8: 17HG intron 2
and exon 3 (2.3 kb)
P9: 17HG intron 3
(2.9 kb)

P10: 17HG intron 3
(3.4 kb)

P11: 17HG intron 3
(4.6 kb)

P12: 17HG exon 4
(6.2 kb)

CHAPTER 3

F: 5 CTCGACTCTTACTCTCACAAATGG 3

R: 5 GCTACTGGTGCAGTTAGGTCC 3’ (O'Donnell et al 2005)
F: 5 TTTAAACAGGATATTTACGTTCTGC 3

R: 5 GAGGAAATCTTCACATCCACG 3' (O'Donnell et al 2005)
F: 5 GGCACTTGTAGCATTATGGTGACA 3’

R: 5 GCACCTTAGAACAAAAAGCACTCA 3

F: 5 GCCTGTCGCCCAATCAAA 3

R: 5 CAGCAGAATATCACACAGCTGGAT 3

F: 5 CCAAGCTGAAGTACAGGCAAACT 3'

R: 5 TGGGTGGTCTAACCTAGTGTTATGG 3’ (O'Donnell et al 2005)
F: 5 CCAGACTTGGGTTTTCTCCTGTAG 3

R: 5 GAGTTGTTCTCCAGGAAGTTGCA 3'

miRNA oligonucleotide duplexes:

miR-17:

miR-18a:

miR-19a:

miR-20a:

miR-19b:

miR-92a:

NC mimic

5 CAAAGUGCUUACAGUGCAGGUAG 3’ GenePharma,
5 ACCUGCACUGUAAGCACUUUGUU 3 Shanghai,
5 UAAGGUGCAUCUAGUGCAGAUAG 3 China

5" AUCUGCACUAGAUGCACCUUAUU 3
5 UGUGCAAAUCUAUGCAAAACUGA 3
5" AGUUUUGCAUAGAUUUGCACAUU 3
5" UAAAGUGCUUAUAGUGCAGGUAG 3
5 ACCUGCACUAUAAGCACUUUAUU 3
5 UGUGCAAAUCCAUGCAAAACUGA 3'
5 AGUUUUGCAUGGAUUUGCACAUU 3
5" UAUUGCACUUGUCCCGGCCUGU 3'
5 AGGCCGGGACAAGUGCAAUAUU 3
5" UUCUCCGAACGUGUCACGUTT 3

5 ACGUGACACGUUCGGAGAATT 3’

miScript target protectors:

TPNEDD91

TPNEDD92

TPNEDD93

TPCDK191

TPCDK192

TPCDK193

negative control

miScript target

protector

Seed sequence (and location
on 3UTR)

Site 1: GCACCTT (nucleotides
338 - 344); Site 2: GCACCTT

(nucleotides 350 — 356)

Site 3: TCACCTT (nucleotides

Target protector context sequence

5’AACCATGAATTACGAAGCACCTTAGTA

AGCACCTTCTAAT 3 CA, USA

5AGTTTATTTGCAAGTGTTCACCTTCCAA

485 - 491) ATCATGAGGCAT 3

Site 4: GCACCTT (nucleotides 5'GAATTTATTGCTATCTTGCACCTTCTTT
1055 - 1061) AAAACTCACATA 3

Site 1: GCACCTT (nucleotides 5TTGAAGGATTTCCTGGTGCACCTTTCT
308 - 314) CATGCTGTAGCAA 3

Site 2: GCACCTT (nucleotides 5 GCAACACAGGTAAAAATGCACCTTTTA
448 - 454) AAGCACTACGTTT 3

Site 3: CCACCTT (nucleotides 5TTGGCTCACTCCAACCTCCACCTTCCA
2816 - 2822) GGTTCAAGTGATT 3

#MTP0000002

Qiagen, Valencia,
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Mission siRNAs:

Catalogue number
NEDD9 human #SASI_Hs01_00191226
SIRNA 1
NEDD9 human #SASI_Hs01_00191227
SiRNA 2
CDK19 human #SASI_Hs01_00108233
SIRNA 1
CDK19 human #SASI_Hs01_00108234
SiRNA 2
negative control #S1C001
siRNA

Sequence

GAUGGUGGCUGUGCUCGUU Sigma-Aldrich, St
Louis, MO

CCGGGUGAAGCUUCUGAUU

CAAUUCUCCUCUAAAGCCA

GAAGGUAUGGCUGCUGUUU

Table 3.7: Antibodies

Antibody

Dilution

Supplier

rabbit monoclonal anti-CDKN1A (12D1)
#2947
rabbit monoclonal anti-PTEN (D4.3) #9188

rabbit monoclonal anti-BCL2L 11

(C34C5) #2933

mouse monoclonal anti-HEF1/NEDD9 (2G9)
#4044

Rabbit monoclonal anti-ACTB

(ab8227)

Secondary horseradish
peroxidase-conjugated goat anti-rabbit IgG
Secondary horseradish
peroxidase-conjugated donkey anti-mouse
lgG

Rabbit monoclonal anti- histone H3 (D2B12)
XP #4620

Rabbit anti-Normal rabbit IgG #2729

Rabbit polyclonal anti-acetyl-histone H3 (Lys
9/ Lys 14) #9677

Rabbit polyclonal anti-acetyl-histone H3 (Lys
27) #4353

Rabbit polyclonal anti-tri-methyl histone H3
(Lys 4) #9727

1:1000 (for Western blot)

1:1000 (for Western blot)

1:1000 (for Western blot)

1:1000 (for Western blot)

1:5000 (for Western blot)

1:8000 (for Western blot

secondary)

1:8000 (for Western blot

secondary)

1:50 (for ChIP)

1:500 (for ChIP)

1:50 (for ChIP)

1:25 (for ChIP)

1:100 (for ChIP)

Cell Signaling Technology,

Danvers, MA, USA

Cell Signaling Technology,

Danvers, MA, USA

Cell Signaling Technology,

Danvers, MA, USA

Cell Signaling Technology, Danvers,
MA, USA

Abcam, Cambridge, MA, USA

Immunopure, Thermo Scientific,
Rockford, IL, USA
Immunopure, Thermo Scientific,
Rockford, IL, USA

Cell Signaling Technology, Danvers,
MA, USA
Cell Signaling Technology, Danvers,
MA, USA
Cell Signaling Technology, Danvers,
MA, USA
Cell Signaling Technology, Danvers,
MA, USA
Cell Signaling Technology, Danvers,
MA, USA
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Table 3.8: Buffers and solutions

Buffer/ solution

10x PBS

10x MOPS

Protein lysis buffer

SDS 4x Lower buffer

SDS 4x Upper buffer

5x SDS Running buffer

Western Transfer buffer

10x TBS

1x TBS-T

ChIP solutions for cross-linking, nuclei preparation, and

nuclease digestion of chromatin

ChIP solutions for chromatin washing

Formula

For 1L: 8 g NaCl, 0.2 g KCl, 1.44 g NazHPOq4, 0.24 g KH2PO4

in 800 mL water. pH adjusted to 7.4 with HCI. water added to

make 1L.

For 400 mL: 16.74 g MOPS, 1.64 g NaOAC, 9 mL 0.5 M

EDTA. pH adjusted to 7 with NaOH. Water added to make

400 mL.

6.7 M urea, 10 mM Tris/HCI pH 6.8, 10% glycerol, 1% SDS.

For 1 L:402.4 g urea, 1.21 g Tris/HCI, 100 mL glycerol, 1 g

SDS, waterto 1 L.

pH adjusted using conc. HCI and 5 M NaCl.

1.5 M Tris/HCI pH 8.8, 0.4% SDS.

For 500 mL: 91 g Tris/HCI, 2 g SDS, water to 500 mL.

0.5 M Tris/HCI pH 6.8, 0.4% SDS.

For 500 mL: 30.4 g Tris/HCI, 2 g SDS, water to 500 mL.

125 mM Tris Base, 1 M Glycine, 0.5% SDS.

For 500 mL: 7.57 g Tris/HCI, 37.5 g Glycine, 25 mL of 10%

SDS, water to 500 mL.

48 mM Tris Base, 19 mM Glycine, 0.37% SDS, 20%

methanol.

For 500 mL: 2.91 g Tris Base, 1.47 g Glycine, 0.19 g SDS,

100 mL methanol, water to 500 mL.

0.2 M Tris Base, 1.37 M NaCl.

For 500 mL: 12.1 g Tris Base, 40 g NaCl, water to 500 mL.

pH adjusted to 7.6 using conc. HCI.

1x TBS, 0.1% Tween-20

For 500 mL: 50 mL 10x TBS, 5 mL 10x Tween-20, water to

500 mL.

1) 10 mL 10x glycine

) 200 mL 1x PBS

3)  10mL 1xPBS + 100 yL PMSF

) 10 mL 1x Buffer A (2.5 mL 4x Buffer A + 7.5 mL

water) + 5 uyL 1 M DTT + 50 pL 200x Protease

Inhibitor Cocktail (PIC) + 100 uL PMSF

5) 11 mL 1x Buffer B (2.75 mL 4x Buffer B + 8.25 mL
water) + 5.5 uL 1 MDTT

6) 1 mL 1x ChIP Buffer (100 pL 10x ChIP Buffer + 900
WL water) + 5 uL 200 PIC + 10 uL PMSF.

1) Low salt wash: 3 mL 1x ChIP Buffer (300 pL 10x
ChIP Buffer + 2.7 mL water)

2) High salt wash: 1 mL 1x ChIP Buffer (100 pL 10x
ChIP Buffer + 900 uL water) + 70 uL 5 M NaCl.
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Chapter 4. Butyrate alters
microRNA expression in colorectal
cancer cell lines

4.1 Introduction

4.1.1 Effect of butyrate on gene expression in colorectal cancer cells
The fermentation of fibre by intestinal microbiota results in the production of short-
chain fatty acids such as butyrate. As outlined in Chapter 1, butyrate production is one
of the main mechanisms by which fibre may protect against CRC development. Besides
being a preferred energy source for colonic epithelium (Roediger 1982, Scheppach et al
1992, Young et al 2005), butyrate may play a chemo-protective role by affecting cell
cycle regulation, apoptosis, proliferation, differentiation, inflammation, and DNA repair
(Mariadason et al 2000, Iacomino et al 2001, Daly & Shirazi-Beechey 2006). A number
of in vitro studies have investigated the effect of butyrate on CRC cells at the level of
gene expression; however, prior to this study the effect of butyrate on miRNA

expression in CRC cells had not previously been comprehensively characterised.

The effect of butyrate on gene expression has been studied in at least eleven DNA
microarray analyses using human colorectal cell lines (Table 4.1). The HT29 human
colorectal adenocarcinoma cell line was the most commonly used cell line in the
microarray studies, while several studies also used primary colon tissue or non-malignant
cell types. The studies treated cell lines with butyrate concentrations ranging from 2 mM
to 10 mM, over time periods ranging from 2 to 72 h. The microarray studies generally
used similar techniques, with the more recent studies benefiting from improved
technology that allowed quantification of larger numbers of genes. While the microarray
analyses allowed the parallel quantification of thousands of genes from multiple
samples, there was inconsistency between the studies regarding which genes and sample
types were examined, precluding direct comparisons between the studies. All studies

used other methods such as real-time RT-PCR to confirm at least some of their results.

An early key study in the SW620 human colorectal adenocarcinoma cell line found that
gene expression changes began as soon as 30 min after butyrate treatment, and
continued to progress over time (Mariadason et al 2000). Over a 48 h period, 256 genes

were up-regulated by butyrate and 333 were repressed (7% of total assayed) (Mariadason
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et al 2000). Butyrate was shown to stimulate a G, — G, cell cycle arrest, induce
differentiation, and trigger an apoptotic cascade. The study highlighted significantly
modulated genes involved in signalling pathways and in regulation of cell cycle
progression. It was noted that the large number of gene alterations suggests that each
gene cannot be considered in isolation, and that the cell response to butyrate appears to
be the result of interactions between large numbers of genes and their products

(Mariadason et al 2000).

In another early study, Iacomino et al (2001) also observed in HT29 human colorectal
adenocarcinoma cells that butyrate treatment increased the percentage of cells in G,
phase and reduced the percentage of cells in S and G, — M phases. As markers of
butyrate activity, lacomino et al (2001) observed increases in alkaline phosphatase
activity (a marker of differentiation), increased expression of the cyclin-dependent
kinase inhibitor CDKIN7.4 peaking at 48 — 72 h after butyrate addition, and down-
regulation of the C-MYC oncogene 48 — 72 h after butyrate addition. As in the study by
Mariadason et al (2000), the microarray results from this study showed multiple genes
affected by butyrate, although this study was undertaken on a smaller scale. Genes
involved in pathways for apoptosis, DNA synthesis, repair and recombination were the
most affected by 72 h butyrate treatment in terms of gene up-regulation. Oncogenes,
cell cycle control proteins, and transcription factors were also prominently modulated by

butyrate, with these genes tending to be down-regulated (Iacomino et al 2001).

In single time-point studies such as Iacomino et al (2001), it is difficult to distinguish
between primary responses to butyrate and downstream events (Williams et al 2003).
Della Ragione et al (2001) attempted to address this issue by investigating the effects of
butyrate treatment in the presence of cycloheximide, to inhibit de #ovo protein synthesis
and observe transcriptional effects only. Using this method, Della Ragione et al (2001)
identified a small number of genes regulated by butyrate. As a shorter treatment period
of 5 h was used in this study it is difficult to compare results to that of Iacomino et al
(2001); however, in a review analysis, Williams et al (2003) identified some overlap

between the genes affected by butyrate in both studies.

The larger microarray studies support the earlier work by indicating that a substantial
number of genes experience altered expression upon butyrate treatment. One study in a
differentiated Caco2 colorectal adenocarcinoma cell line found that 7098 genes (24% of
total on array) had a >2-fold variation above or below control levels upon treatment

with various SCFAs, including butyrate (Alvaro et al 2008). Another large study in HT29
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cells showed that 1984 genes (10.2%) had a >2-fold variation above or below control
levels with 5 mM butyrate treatment for 24 h (Daly et al 2005, Daly & Shirazi-Beechey
2000). Of these, 796 genes were up-regulated (4.1%) and 1187 were down-regulated
(6.1%). Daly and Shirazi-Beechey (20006) identified 221 butyrate-responsive genes
(1.1%), including several transcription factors, as being specifically involved in the
regulation of proliferation, differentiation, and apoptosis, and thus controlling colonic
tissue homeostasis. Fifty-nine of these were up-regulated and 162 down-regulated.
When Daly and Shirazi-Beechey (2006) compared these microarray data to public
databases, they found that 78 potentially butyrate-responsive genes, associated with the
regulation of colonic tissue homeostasis, had previously been shown to be deregulated
in colon cancer tissue compared to normal healthy colonic mucosa. Of the 59 genes up-
regulated with butyrate, 26 were associated with cell cycle regulation and arrest, such as
CDKN1A, CDX2, GADD45.A, MAPK12 (p38), FOS, PIEN, and TXNIP, and a
number of these genes had been shown to be down-regulated in colon cancer tissue
compared to normal mucosa. Other genes up-regulated by butyrate were associated with
transcriptional silencing through promoter regulation, induction of apoptosis, inhibition
of B-catenin/TCF4 transcriptional activity, and inhibition of NF-»B signalling. Genes
down-regulated by butyrate were associated with cell cycle progression, activation of
NF-»B signalling, activation of $-catenin/TCF4 transcriptional activity, activation of
PI3K-AKT/PKB signalling, activation of C-MYC, DNA replication, transcriptional
silencing through promoter methylation, proliferation and metastasis, inhibition of

apoptosis, and tumour markers (Daly & Shirazi-Beechey 2000).

In addition to the cell line studies, several studies have used microarray analyses to
investigate butyrate-induced gene expression changes using an 7 vivo approach. Kameue
et al (2000), for example, significantly increased butyrate production in rats through the
ingestion of sodium gluconate, and performed a microarray on colonic RNA to show
that six genes were up-regulated and four down-regulated with the sodium gluconate
diet, compared with the control diet. Of the differentially expressed genes, the authors
indicated that some were known for their roles in cell cycle and lipid metabolism and as
hormone receptors and transporters (Kameue et al 2006). Another study by Vanhoutvin
et al (2009) aimed to determine the effects of butyrate on the transcriptional regulation
of human colonic mucosa 7z vive. In a randomised cross-over trial with two experimental
periods of two-weeks, human volunteers administered an enema containing 100 mM
butyrate or a placebo once daily. At the end of each experimental period, biopsies were

obtained, and a microarray analysis of RNA from the biopsies identified 501 genes to be
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differentially expressed after the butyrate intervention compared to the placebo.
Pathway analysis showed that the butyrate intervention mainly regulated genes
associated with energy metabolism, fatty acid metabolism, and oxidative stress
(Vanhoutvin et al 2009). Both these 7z vivo studies were performed in healthy subjects,
which limits the applicability of the results to cancer cells, but indicates the ability of

butyrate to maintain colonic homeostasis in healthy mucosa.

Multiple microarray studies have identified the capacity of butyrate to modulate gene
expression in colorectal cells, 7z vitro and 7n vive. As introduced in Chapter 1, one of the
mechanisms by which butyrate is able to influence gene expression is an epigenetic
mechanism, through its alteration of histone acetylation. It is however largely unknown
whether these gene expression changes are solely a direct epigenetic response to
butyrate, or whether some changes are mediated by altered miRNA expression. There is
substantial evidence to indicate that miRINAs can act as tumour suppressors by targeting
oncogenes, or can have oncogenic properties themselves by targeting tumour
suppressor genes. It could be hypothesised that miRNA expression changes may
mediate some of the changing gene expression patterns found in colorectal cells

undergoing butyrate treatment.
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Table 4.1: Microarray studies showing the effect of butyrate on gene expression
using human colorectal cell lines.

Study

Alvaro et al
(2008)

Blais et al
(2007)

Caietal
(2006)

Cell type

Caco2/ TC-7
(human
colorectal
adenocarcinoma

cell line)

HIEC
(undifferentiated
non-transformed
human crypt
intestinal
epithelial cell

line)

HT29 (human
colorectal
adenocarcinoma

cell line)

Methods

-Cells grown at
confluence for 21 days to
cause differentiation.

-2mM or 5 mM sodium
butyrate for 24 h. Also 2
mM sodium acetate or
sodium propionate for 24
h.

-Microarray: Applied
Biosystems Human
Genome Survey Arrays
with 29,098 human
genes.

- Differentially expressed
genes classified using
PANTHER.

-Real-time RT-PCR to

confirm changes.

-5 mM sodium butyrate
for 8 h.

-Microarray: Affymetrix
Human Genome U133
Plus 2.0 Array with
47,000 transcripts.

- Gene classification
according to biological
processes using DAVID.

-RT-PCR to confirm

changes.

-3 mM sodium butyrate
for48 h.

-Array: Clontech Atlas
human stress and

toxicology array with 234

Key results

No. differentially expressed genes: 7098 (24% of total
on array) with >2-fold variation above or below control
levels upon treatment with at least one SCFA (acetate,
propionate, or butyrate). 5 mM butyrate had greater effect
than 2 mM butyrate.

Genes/pathways affected: Nine biological processes
affected by butyrate (2 mM and 5 mM) (P < 0.05): Protein
metabolism and modification; Nucleoside, nucleotide, and
nucleic acid metabolism; Cell cycle; DNA metabolism;
Lipid, fatty acid, and steroid metabolism; Carbohydrate
metabolism; Amino acid metabolism; Intracellular protein
traffic; Transport. Eleven metabolic pathways affected by
butyrate (5 mM) (P < 0.05): GABA-B receptor Il signalling;
Endogenous cannabinoid signalling; Parkinson’s disease;
General transcription by RNA polymerase I; Glycolysis;
5HT1 type receptor-mediated signalling pathway;
Heterotrimeric G-protein signalling pathway-rod outer
segment phototransduction; Hedgehog signalling pathway;
Metabotropic glutamate receptor group Il pathway;
Cholesterol biosynthesis; Androgen/estrogen/progesterone

biosynthesis.

No. differentially expressed genes: 1464 genes with >2-
fold variation above control levels (P < 0.05). 872 genes
with >2-fold variation below control levels (P < 0.05).
Genes/pathways affected: Biological processes:
Apoptosis; Cell cycle; Chemotaxis; Cytokinesis; Cytoplasm
organization and biogenesis; Defence response;
Dephosphorylation; DNA packaging; G-protein coupled
receptor protein; Signalling pathway; Inflammatory
response; Intracellular transport; lon transport; Nuclear
organization and biogenesis; Phosphorylation; Protein
biosynthesis; Protein catabolism; Protein kinase cascade;
Protein transport; Regulation of cell proliferation;
Regulation of transcription; Response to
pest/pathogen/parasite; RNA processing; Small GTPase-
mediated signal transduction; Ubiquitin cycle, WNT
receptor signalling pathway.

No. differentially expressed genes: NR
Genes/pathways affected: Increased expression of

several heat shock proteins including hsp70 family and hsp
27.
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Daly et al
(2005), Daly
and Shirazi-
Beechey
(2006)

Della
Ragione et
al (2001)

Gaudier et
al (2004)

HT29 (human
colorectal
adenocarcinoma

cell line)

HT29 (human
colorectal
adenocarcinoma

cell line)

HT29-C1.16E
(clonal derivative
of HT29 human
adenocarcinoma

cell line)
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genes.

-Real-time RT-PCR to
confirm changes.

-5 mM sodium butyrate
for 24 h.

-Microarray: MWG
Human 40K A array with
19,400 human genes.

-Real-time RT-PCR to

confirm changes.

-2 mM sodium butyrate
for5h (or 0.3 uM TSA).
Concomitant treatment
with 36 uM
cycloheximide.

-Microarray: ATLAS
cDNA expression assay
with 588 transcripts for
human genes.

-RT PCR to confirm
changes.

-Cells seeded at post-
confluence (day 18)
when differentiated, then
further cultured for 8
days.

-2 mM sodium butyrate
for 24 h.

No. differentially expressed genes: 1984 genes (10.2%)
with >2-fold variation. 796 (4.1%) with up-regulation, 1187
(6.1%) with down-regulation.

Genes/pathways affected: 221 genes (1.1%) associated
with processes of apoptosis, proliferation and
differentiation (59 (0.3%) up-regulated, 162 (0.8%) down-
regulated including 13 known tumour markers) Also, 71
other transcription factors (39 up-regulated, 32 down-
regulated). Up-regulated genes associated with: Cell cycle
regulation; Transcriptional silencing through promoter
regulation; Induction of apoptosis; inhibition of 8-
catenin/TCF4 transcriptional activity; Inhibition of NF-xB
signalling. Down-regulated genes associated with: Cell
cycle progression; Activation of NF-kB signalling;
Activation of B-catenin/TCF4 transcriptional activity;
Activation of PI3K-AKT/PKB signalling; Activation of C-
MYC; DNA replication; Transcriptional silencing through
promoter methylation; Inhibition of apoptosis; Proliferation/
metastasis; Tumour markers. Notable up-regulated genes:
ALP1, CDKN1A, PTEN, GADD45A, DAPK1, AXIN2,
HBP1, CDH1, CLU/APOJ, CASP8. Notable down-
regulated genes: CCND1, BIRC5, PTGS2/COX2, PIK3CG,
CFLAR, BCL-X., SPP1, RB1, CCT5, PCNA, MMP7,
MECP2.

No. differentially expressed genes: 21 genes with >2-
fold up-regulation by butyrate or TSA, 2 genes with >2-fold
down-regulation.

Genes/pathways affected: transcription factor, cell cycle
regulators, chemokine receptor, transduction modulators,

stress responses, detoxification, adhesion molecule.

No. differentially expressed genes: 9 genes with >2-fold
variation.

Genes/pathways affected: glycosylation related.
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lacomino et
al (2001)

Mariadason
et al (2000)

Ogawa et al
(2003)

Pool-Zobel
et al (2005)

HT29 (human
colorectal
adenocarcinoma

cell line)

SW620 (human
colorectal
adenocarcinoma

cell lines)

HIMEC (human
intestinal
microvascular

endothelial cells)

LT97 (human
pre-malignant
colon adenoma
cell ling); HT29
(human
colorectal
adenocarcinoma
cell lines);

Primary colon

CHAPTER 4

-Microarray: MWG array

with 252 human

glycosylation related

genes

-Real-time RT-PCR to

confirm changes.

-4 mM sodium butyrate

for 72 h.

-Microarray: Atlas cDNA

expression array with

588 human genes.

-RT-PCR to confirm

changes.

-5 mM sodium butyrate
over 48 h time course.

-Microarray: Array with

8,063 human gene

sequences.

-Real-time RT-PCR to

confirm changes.

-5 mM sodium butyrate

for 2 h followed by
bacterial
lipopolysaccharide

stimulation.

-Array: TranSignal NF-kB
Target Gene Array with

110 genes.

-Western blotting to

confirm changes.

-Primary 10 mM sodium
butyrate for 12 h; LT97 1
mM or 2 mM for 72 h;
HT29 4 mM for 48 h or

72h.

-Arrays: Superarray
membrane; Affymetrix
U133A gene expression

arrays with probe sets

No. differentially expressed genes: 60 genes with >2-
fold variation (39 up-regulated, 21 down-regulated)
Genes/pathways affected: Apoptosis-related proteins,
DNA synthesis, repair and recombination proteins;
Oncogenes, tumour suppressors, and cell cycle control
proteins; lon channel, stress response proteins, transport
proteins modulators/effectors/intracellular transducers;
DNA binding/transcription/transcription factors; Cell
receptors, interleukin/interferon receptors, hormone
receptors, neurotransmitter receptors, cell surface antigens
and adhesions; Extracellular cell signalling and
communication proteins, interleukins and interferons,
hormones.

No. differentially expressed genes: Over a 48 h period,
256 gene sequences were up-regulated by butyrate, 333
were repressed (7% of total assayed). Of the 589 altered
sequences, 345 represented named sequences, and the
remainder was unnamed or expressed sequence tags.
Genes/pathways affected: Signalling pathways;
Regulation of cell cycle progression.

No. differentially expressed genes: NR

Genes/pathways affected: ICAM-1 up-regulated, IL-6 and

COX-2 gene expression attenuated.

No. differentially expressed genes: NR
Genes/pathways affected: p450 Family,
Acetyltransferases, Glutathione S-transferases,
Sulfotransferases, Miscellaneous, Metallothioneins, p-

Glycoproteins.
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Sauer et al
(2007)

Wilson et al
(2010a)
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cells recognizing 414 000
well-characterised
human gene sequences.

-Real-time RT-PCR to
confirm changes.

Primary colon -10 mM sodium butyrate
for 12 h.

-Array: GEArray Q Series
Human Stress &Toxicity
Gene Array HS12 with
112 genes.

-Real-time RT-PCR to

confirm changes.

cells

30 colon cancer -5 mM sodium butyrate
for24 h

-Array: 27,000 feature
cDNA microarrays

-Real-time RT-PCR and

Western blotting to

cell lines
(Caco-2,
Colo201,
Colo205,
Colo320, Dld-
1 confirm changes.
HCT116, HCT-

15, HCT-8,

HT29, LoVo,

LS174T, RKO,

SKCO-

1, SW1116,

SW403, SW48,

SW480,

SW620,

Swa37,

SW948, T84,

WiDr, HT29-

ClL.16E, HT29-

CL19A,

LIM1215,

LIM2405,

HCC2998,

KM12,

RW2982, and

RW7213).

No. differentially expressed genes: NR
Genes/pathways affected: Oxidative and metabolic
stress associated (CAT, MT2A, GSR, COX-2, SOD-2).

No. differentially expressed genes: The overall number
of genes changed in response to butyrate treatment (P <
0.05) and the range of transcriptional changes in terms of
fold change was similar for butyrate-sensitive and butyrate-
resistant cell lines

Genes/pathways affected: 48 sequences were identified
as significantly and preferentially induced by butyrate in
sensitive cell lines: 7 of these 48 genes (Fos, Jun, Atf3,
Arc, Nrda1 (Nur77), Egr1, and Egr3) are immediate-early
genes, and 7 genes have previously been classified as
stress response genes (Gadd45b, Ndrg4, Mt1B, Mt1E,
Mt1F, Mt1H, and MtIX). Forty-four genes preferentially
repressed by butyrate in sensitive lines were also
identified. These included several genes involved in
organization of microtubules and the actin cytoskeleton
(TRIP8, SRHML, PLXNB1, MAP7, LASP1, and LAD1), cell
adhesion (OCLN, DSC2), transcriptional repression
(NCoR2, SET), and apoptosis (FLIP, DAXX).

NR: not reported; PCR: polymerase chain reaction; SCFA: short chain fatty acid; RT: reverse transcription.
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4.2 Aim

The aim of this Chapter was to determine whether butyrate treatment alters miRNA
expression in CRC cell lines, through miRNA microarray analysis and subsequent real-

time RT-PCR validation.

4.3 Methods overview

Experiments were conducted according to the general methods outlined in Chapter 3,

with all experimental groups conducted in triplicate.

HT29 and HCT116 cell lines, which are two commonly used adherent epithelial
colorectal carcinoma cell lines (ATCC, Manassas, VA, USA), were used to determine the
effects of butyrate treatment on cell growth and on miRNA expression. Cells were
treated with increasing doses of butyrate (0, 1, 5, 10, or 25 mM) for 48 h, and
proliferation was measured in real-time using the xCELLigence RTCA DP instrument.
In separate experiments, total RNA was extracted from treated cells using the TRIzol
method, and initially a microarray analysis was used to assess miRNA expression in
HT29 cells treated with 5 mM butyrate for 48 h, compared with untreated control. To
validate the microarray, subsequent relative quantitation real-time RT-PCR analysis was
performed on miRNAs shown to be differentially expressed. Butyrate treatment
experiments were also conducted in parallel using HT29-BR and HCT116-BR cell lines,
which have been shown previously to be partially resistant to the anti-proliferative and
pro-apoptotic effects of butyrate (Fung et al 2009). Following the microarray results and
real-time RT-PCR validation, the differentially expressed miRNAs were analysed using
Ingenuity Pathway Analysis (IPA), to determine which potential pathways and target

genes are associated with the miRNAs that are altered by butyrate.

4.4 Results

4.4.1 Proliferation of colorectal cancer cell lines with butyrate

treatment
Treatment of HT29 and HCT116 CRC cells with increasing concentrations of butyrate
led to decreased proliferation over a 48 h period. Proliferation measures using real-time
cell growth analysis showed that at the physiological level of 5 mM butyrate, by 48 h
proliferation was significantly reduced in HT29 cells compared with the untreated

control cells (P = 0.0005) (Figure 4.1). Treatment of HCT116 cells revealed these to be
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more susceptible than HT29 cells to the anti-proliferative effects of butyrate, with
proliferation drastically reduced with 5 mM butyrate compared with the untreated

control cells (P < 0.0001) (Figure 4.1).

HT29 HCT116
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Figure 4.1: Proliferation of HT29 and HCT116 cells after 48 h of butyrate
treatment.

Cell index measurements using the xCELLigence RTCA DP instrument in HT29 cells

or HCT116 cells treated with increasing doses of butyrate, compared with cells in

control medium (0) (* P < 0.05). The mean * SEM of three cell culture replicates is

shown.
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Following 48 h exposure to the physiological level of 5 mM butyrate, proliferation was
significantly reduced in both HT29 and HCT116 CRC cells compared with the
respective untreated control cells, as shown in Section 4.4.1. A microarray analysis was
then employed to assess miRNA expression in CRC cells treated with 5 mM butyrate
for 48 h, compared with untreated controls. This microarray analysis was performed in
the HT29 cell line, with findings subsequently validated in both HT29 and HCT116 cell
lines, in order to compare response. The miRNA expression profiling was performed
using the Exiqon v11 ready-to-spot probeset, using three replicate samples from each
treatment group. The list of differentially expressed miRNAs is detailed in Table 4.2.
miRNAs with a positive Bayesian log odds value were considered differentially
expressed, with 33 human miRNAs up-regulated and 23 human miRNAs down-
regulated in response to butyrate. These results are also displayed in a volcano plot in
Figure 4.2. Human miRNAs which exhibited significant up-regulation in response to
butyrate included hsa-miR-210, hsa-miR-1275, hsa-miR-584, hsa-miR-1290, hsa-miR-
943, hsa-miR-33b, hsa-miR-874, hsa-miR-23a, hsa-miR-373*, hsa-miR-508-5p, hsa-miR-
769-5p, and hsa-miR-23b. Human miRNAs which exhibited significant down-regulation
in response to butyrate included hsa-miR-17*, hsa-miR-106a, hsa-miR-20a, hsa-miR-
19b-1*, hsa-miR-20b, hsa-miR-20a*, hsa-miR-18b, hsa-miR-196b, hsa-miR-301a, hsa-
miR-18a, hsa-miR-33a, hsa-miR-301b, hsa-miR-19b, hsa-miR-29b, hsa-miR-215, hsa-
miR-192, hsa-miR-15b*, hsa-miR-92b, hsa-miR-17, hsa-miR-196a, and hsa-miR-136. A
number of Exiqon proprietary miRNA sequences were also shown to be differentially

expressed, with the majority of these up-regulated by butyrate.
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Figure 4.2: Microarray analysis of miRINA expression in HT29 cells after 48 h of

butyrate treatment — volcano plot.

The x-axis of the volcano plot represents the differential expression (log, fold change) in

HT29 cells with and without 5 mM butyrate treatment (n = 3 for each). The y-axis
represents the empirical Bayesian log odds of differential expression, with a positive
value considered significant. miRNAs that were significantly up-regulated or down-

regulated, and were selected for subsequent real-time RT-PCR validation, are labelled.
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Table 4.2: Microarray analysis of miRINA expression in HT29 cells after 48 h of
butyrate treatment — list of differentially expressed miRNAs

miRNAs with a significant Bayesian log odds of differential expression (B > 0) and/or a

significant adjusted P value (P < 0.05) are listed.

Name Log fold Fold Regulation in Average Adjusted P B (Bayesian log
change change butyrate expression value odds)
hsa-miRPlus- | 2.12 4.35 up 9.11 0.00021 8.13
E1028
ebv-miR- 1.92 3.78 up 8.37 0.00021 7.95
BART6-3p
hsa-miRPlus- 1.61 3.05 up 12.07 0.000238 7.05
E1033
hsa-miR-17* -1.25 2.38 down 9.82 0.000238 6.74
hsa-miRPlus- 1.12 218 up 14.00 0.000238 6.66
E1170
hsa-miR-106a | -1.06 2.09 down 12.83 0.000239 6.45
hsa-miR-20a -1.04 2.06 down 13.75 0.000239 6.37
hsa-miRPlus- 1.31 248 up 12.62 0.000239 6.28
E1117
hsa-miR-19b- | -1.04 2.06 down 7.15 0.00026 6.02
1*
hsa-miR-20b -1.06 2.09 down 12.26 0.00026 5.90
hsa-miRPlus- | 0.94 1.92 up 13.89 0.00028 5.75
E1108
hsa-miRPlus- 1.28 242 up 717 0.000394 5.35
E1234
hsa-miR-210 1.53 2.88 up 9.68 0.000586 490
hsa-miR-20a* | -1.00 2.00 down 7.84 0.000604 4.81
hsa-miRPlus- 1.00 2.01 up 8.86 0.000609 474
F1099
hsa-miR-1275 | 1.33 252 up 9.48 0.000699 455
hsa-miR-584 1.14 2.20 up 8.57 0.000796 432
hsa-miR-18b -0.93 1.90 down 11.24 0.000852 4.20
hsa-miR-196b | -0.84 1.79 down 8.86 0.000852 417
hsa-miR-1290 | 0.84 1.79 up 12.82 0.000926 4.04
hsa-miR-301a | -0.82 1.77 down 9.71 0.00104 3.88
hsa-miR-18a -0.91 1.87 down 11.62 0.001398 3.50
hsa-miRPlus- 1.10 215 up 9.39 0.001446 343
E1067
hsa-miR-33a -0.72 1.65 down 10.76 0.001916 3.01
hsa-miRPlus- | -0.68 1.61 down 9.97 0.002245 2.81
F1181
hsa-miRPlus- | 0.69 1.61 up 10.99 0.002357 267
E1077
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hsa-miRPlus-
E1141
hsa-miRPlus-
A1056
hsa-miR-943
hsa-miRPlus-
E1045
hsa-miRPlus-
E1088
hsa-miR-301b
hsa-miRPlus-
D1116
hsa-miR-19b
hsa-miR-29b
hsa-miR-215
hsa-miRPlus-
E1035
hsa-miR-33b
hsa-miR-874
hsa-miR-23a
hsa-miR-192
hsa-miR-373*
hsa-miR-508-
5p
hsa-miRPlus-
F1042
hsa-miR-15b*
hsa-miR-769-
5p
hsa-miRPlus-
E1225
hsa-miRPlus-
E1205
hsa-miR-92b
hsa-miRPlus-
F1170
hsa-miRPlus-
F1159
hsa-miRPlus-
D1036
hsa-miR-17
hsa-miRPlus-
E1153
hsa-miR-23b
hsa-miR-196a
hsa-miR-136

0.67

1.03

0.95
0.75

0.65

-1.02
0.81

0.73
-0.61
-0.53
0.63

0.63
0.54
0.68
-0.69
0.60
0.57
0.59

-0.58
0.53

0.60

-0.54

-0.55
0.58

0.64

0.74

-1.12
0.45

0.73
-0.65
-0.45

1.59

2.05

1.93
1.69

1.57

2.03
1.75

1.66
1.52
1.45
1.55

1.55
1.45
1.61
1.61
1.52
1.49
1.51

1.49
1.45

1.51

1.45

1.46
1.50

1.56

1.67

217
1.37

1.66
1.57
1.37
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down

down

up

up

up

up
down

up

up

up

down

up

up

down

down

up

up

up

down

up

up
down

down

12.87

9.63

7.27
11.60

11.59

8.73
9.65

12.38
13.78
12.59
10.57

9.25
8.42
12.45
12147
6.69
6.52
7.53

8.07
8.86

11.10

11.57

8.77
12.56

11.25

10.28

13.36
12.61

13.02
7.98
8.57

0.002785

0.002827

0.00301
0.00301

0.00301

0.003894
0.003894

0.005295
0.006035
0.007053
0.007231

0.007543
0.007543
0.007543
0.007543
0.008014
0.010092

0.010486

0.010586
0.010586

0.010586

0.010586

0.010586
0.010683

0.011437

0.011437

0.011437
0.011925

0.012237
0.012237
0.013729

247

243

2.27
227

2.26

1.95
1.95

1.56
1.36
1.15
1.1

1.02
1.01
0.99
0.99
0.91
0.61
0.54

0.46
0.46

044

0.44

0.44
0.41

0.32

0.30

0.29
0.23

0.17
0.17
0.02
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hsa-miRPlus-
E1047
hsa-miRPlus-
A1027
hsa-miR-451
hsa-miRPlus-
F1091
hsa-let-7a*
hsa-miRPlus-
C1115
hsa-miRPlus-
A1098
hsa-miR-19a*
hsa-miR-18a*
hsa-miR-142-
3p
hsa-miRPlus-
F1037
hsa-miRPlus-
E1065
hsa-miR-16-1*
hsa-miR-135b
hsa-let-7c*
hsa-miR-192*
hsa-miR-194
hsa-miRPlus-
E1285
hsa-miR-452*
hsa-miRPlus-
F1080
hsa-miRPlus-
E1139
hsa-miRPlus-
E1168
hsa-miR-16-2*
hsa-miR-29a*
hsa-miR-455-
5p

ebv-miR-
BART8*
hsa-miRPlus-
E1013
hsa-miRPlus-
E1082
hsa-miR-659
hsa-miR-1246

0.64

0.63

-0.53
-0.48

-0.52
0.70

0.52

0.74

-0.57

-0.64

0.77

047

-0.56

-0.43

0.55

-0.40

-0.89

0.59

0.43
0.53

-0.49

0.80

-0.39

-0.65

-0.59

0.46

-0.46

-0.48

0.36
0.40

1.56

1.55

1.44
1.39

1.44
1.63

1.43

1.67

1.48

1.56

1.70

1.39

1.47

1.35

1.46

1.32

1.85

1.51

1.34
1.44

1.41

1.74

1.31

1.57

1.50

1.38

1.37

1.39

1.29
1.32
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down

down
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down

down
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down
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down

up

down

down

down

up

down

down

up
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14.77

8.51

7.55
10.65

8.22
10.21

8.63

8.00

6.92

8.99

11.18

13.96

7.30

10.61

7.01

6.78

11.79

8.89

8.09
7.33

11.90

7.04

7.60

8.92

7.75

747

11.87

8.75

8.67
14.59

0.013903

0.014076

0.015648
0.016447

0.016447
0.016447

0.018074

0.018074

0.019558

0.019558

0.019782

0.020747

0.0214

0.022063

0.022063
