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TSA
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TSS

transcription start site

TXNIP

thioredoxin-interacting protein

UTR

untranslated region
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World Cancer Research Fund

WNT

wnt signalling protein
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exportin 5

YLL

years of life lost
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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 proapoptotic genes. Mechanisms for this decrease included changes in regulators of miR17-92 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 proproliferative genes, NEDD9 and CDK19, 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 in vitro, this action was demonstrated with resistant starch
supplementation in vivo, 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. In vivo 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 chemoprotective 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 (HATs) 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
1
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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 microRNAs (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 10fold 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 (DALYs) 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).

1.2.2 Characteristics of colorectal cancer development
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 (G0),
growth and preparation of chromosomes for replication (G1), DNA replication (S),
preparation of cells for division (G2), and mitosis (M), with several checkpoints to check
for DNA damage or errors in replication (WCRF 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 2006).
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 2006).
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 III
(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 early,
when metastatic disease is detected the median survival is approximately six months
(Kohne & Lenz 2009).

1.2.3 Genetic and epigenetic events in colorectal cancer
development
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-β-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-β 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 nonpolyposis 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, APC 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 β-catenindependent WNT signalling pathway (He et al 1998). Loss of APC function leads to
accumulation of β-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, CCNE1, CTNNB1, ERBB2, and MYB, while other tumour
suppressors that are commonly mutated include PTEN, FBXW7, SMAD2, SMAD3,
SMAD4, TGFβIIR, TCF7L2, ACVR2, 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 MLH1, PMS2, MSH2, MSH3 and MSH6 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 (MLH1) 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 cancerrelevant 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 2006, Schuebel et al 2007). Genes with tumour
suppressor function that are commonly hypermethylated in CRC include cyclindependent kinase inhibitor 2A (CDKN2A), the DNA mismatch repair protein MLH1,
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 (CIMPhigh) 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
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2002, Jass 2007). The CIMP classification has some overlap with MSI; for example, the
silencing of the MLH1 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
2006, Slaby et al 2007).

1.2.4 Risk factors in colorectal cancer development
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
1.3.1 Dietary influences on the colon
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 (WCRF 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 (WCRF 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 (WCRF 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
10
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al 2009). There is evidence that populations moving from low-incidence areas to highincidence 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 casecontrol 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 2006), the production of
11
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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 2006).
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.

1.3.2 Butyrate and colorectal cancer
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 in 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,
13
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Daly & Shirazi-Beechey 2006). 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 CDKN1A (cyclin-dependent kinase inhibitor 1A or p21),
GADD45A (growth arrest and DNA-damage-inducible, alpha), MAPK12 (mitogenactivated protein kinase 12 or p38), FOS (v-fos FBJ murine osteosarcoma viral
oncogene homolog), PTEN (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 2006).
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 2006).
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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1.4.1 Definition and discovery of microRNAs
miRNAs are small non-coding 19 – 25 nucleotide RNA sequences that posttranscriptionally 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 noncoding RNAs with regulatory functions, which also includes endogenous smallinterfering 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-offunction 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, LagosQuintana 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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1.4.2 microRNA biogenesis and mechanism of action
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 primiRNA contains a hairpin stem of 33 base pairs, a terminal loop, and two singlestranded 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 2006). 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 (XPO5) 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 premiRNA 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
16
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2006). 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 AGO2 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 mRNA 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 miRNA 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 miRNA biogenesis pathway
In the canonical miRNA biogenesis pathway, the transcribed primary miRNA (primiRNA) 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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1.4.3 microRNAs in development and disease
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
2006), and experiments in cancer cell lines and rodent models have shown specific
miRNA activity to influence tumourigenesis (He et al 2005a, 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 nonneoplastic 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 2009a, 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
2006, 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).

1.4.4 microRNAs in colorectal cancer
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 2006).
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 2006). 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 2006,
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 upregulated 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
IRS1 (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 miR34a, 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, TPM1 (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 miR21
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17-92 targets include the cell cycle inhibitor CDKN1A (p21) and the pro-apoptotic
genes PTEN and BCL2L11 (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 2006, 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, Earle 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

Down-regulated miRNAs

miRNA

Studies

miRNA

Studies

miR-7

(Motoyama et al 2009, Akao et al
2010)

miR-1

miR-10a

miR-7
miR-7-1*
miR-9

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

miR-15b
miR-16

(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)

(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)

miR-9-3p
miR-9*

miR-17-3

(Chen et al 2009)

miR-10b

miR-17-3p

(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
2006, 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
et al 2011b, Luo et al 2012, Yu et al
2012)
(Wang et al 2010)

miR-16

(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)

miR-20b

(Sarver et al 2009)

miR-22

(Yamakuchi et al 2011)

miR-23a

(Chen et al 2009)

miR-23b

(Cummins et al 2006, Chen et al 2009)

miR-24

(Cummins et al 2006)

miR-24-1*

(Mosakhani et al 2012)

miR-26a

(Bandres et al 2006, Cummins et al
2006, Volinia et al 2006, 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 2011a,

miR-26b

(Cummins et al 2006, Chen et al 2009,
Ng et al 2009b)
(Schepeler et al 2008, Earle et al 2010)

miR-10b
miR-15a

miR-17

miR-18a

miR-18b
miR-19a

miR-19b

miR-20a

miR-20a*
miR-21
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miR-21*
miR-23a

Luo et al 2012)
(Mosakhani et al 2012)
(Luo et al 2012)

miR-27b
miR-28

miR-23b

(Luo et al 2012)

miR-28-3p

miR-24-1
miR-24-2
miR-25

(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)

miR-29b
miR-29c
miR-30a-3p

miR-27a

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

miR-30a

miR-27b

(Cummins et al 2006, Luo et al 2012)

miR-30b

miR-29a

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

miR-30c

(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
2006, 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-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

(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)

miR-30d

(Cummins et al 2006)

miR-30e-3p
miR-31

(Motoyama et al 2009, Mosakhani et al
2012)
(Mosakhani et al 2012)

miR-31*

(Mosakhani et al 2012)

miR-34a
miR-34b

(Tazawa et al 2007, Lodygin et al 2008,
Akao et al 2010)
(Schetter et al 2008, Toyota et al 2008)

miR-34c
miR-92b*

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

miR-99a

(Bandres et al 2006)

miR-100

(Bandres et al 2006, Chen et al 2009)

miR-101

(Cummins et al 2006, Schepeler et al
2008)

miR-103

(Cummins et al 2006)

miR-107
miR-122

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

miR-124a
miR-125a

(Bandres et al 2006)
(Arndt et al 2009, Chen et al 2009, Ng
et al 2009b)
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miR-105

(Monzo et al 2008)

miR-125b

miR-106a

miR-126

miR-129

(Bandres et al 2006)

miR-107
miR-122a
miR-126

(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,
Yu et al 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)

(Cummins et al 2006, Monzo et al
2008, Chen et al 2009, Ng et al 2009b)
(Guo et al 2008, Li et al 2011a)

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

miR-127

(Schetter et al 2008)

miR-133b

miR-128a
miR-128b

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

miR-136
miR-137

miR-130b

miR-138

miR-132

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

miR-133b

(Schetter et al 2008, Earle et al 2010)

miR-143

miR-134
miR-135a

(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
2009a, Sarver et al 2009, Wang et al
2010, Chang et al 2011b)
(Monzo et al 2008, Chen et al 2009)

miR-143*
miR-144

(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)

miR-144*

(Mosakhani et al 2012)

miR-145

(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-145*

(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)

miR-147

(Sarver et al 2009)

miR-147b

(Luo et al 2012)

miR-148b
miR-149

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

miR-150

(Chen et al 2009, Knowlton et al 2011,

miR-106b

miR-135b

miR-141

miR-142-3p

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

miR-150

miR-139
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miR-151
miR-153a
miR-154
miR-154*
miR-155

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

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

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

(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)

miR-192*

(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)

miR-196a

(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)

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

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

miR-204
miR-206
miR-211
miR-212

(Chen et al 2009)

miR-214

(Bandres et al 2006, Chen et al 2009)

miR-197

(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)

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

miR-215

miR-199a

(Chen et al 2009)

miR-218

miR-199b
miR-200a

(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 2006, 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-296
miR-299

(Braun et al 2008, Schetter et al 2008,
Chen et al 2009, Ng et al 2009b, Earle
et al 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)

miR-301

(Schetter et al 2008)

miR-302c*

(Knowlton et al 2011)

miR-320

(Knowlton et al 2011)

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-200b

miR-200c

miR-203

miR-192

miR-193a
miR-193b
miR-194

miR-195

(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)
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miR-205

(Chen et al 2009)

miR-324

miR-210

miR-328

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

(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)

miR-215
miR-216

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

miR-362-3p
miR-363

miR-219

(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 2009a,
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
2009a, 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)

miR-365

miR-339

(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)

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

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

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-330
miR-331
miR-340
miR-342

miR-370
miR-375

(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)

miR-376b

(Knowlton et al 2011)

miR-378

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

miR-378*

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

miR-382
miR-422a
miR-422b
miR-423

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

miR-455
miR-485-3p

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

miR-484

(Schepeler et al 2008)

miR-486
miR-490

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

miR-490-3p

(Mosakhani et al 2012)

miR-497

(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)
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miR-512
miR-513
miR-513a-3p
miR-513b
miR-513c
miR-526c
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

(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

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

miR-1246
miR-1275
miR-1290
miR-1298
miR-1908
let-7
let-7a

(Luo et al 2012)
(Luo et al 2012)
(Luo et al 2012)
(Luo et al 2012)
(Luo et al 2012)
(Akao et al 2006a)
(Fang et al 2007, Chen et al 2009,
Earle et al 2010)
(Cummins et al 2006, Knowlton et al
2011)
(Cummins et al 2006, Chen et al 2009)
(Chen et al 2009, Knowlton et al 2011)
(Cummins et al 2006)
(Cummins et al 2006, Chen et al 2009)

let-7b
let-7c
let-7e
let-7f
let-7g
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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 in 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 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 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 in 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 in vivo 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 2009a, 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 early 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
early stages of hepatocellular carcinoma induced by folate/methyl deficiency (Kutay et al
2006, 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 2006).
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 SP1 (SP1 transcription
factor) and ESR1 (estrogen receptor 1) (Sun et al 2008). ESR1 gene expression has been
linked to breast cancer and other tumour types, while SP1 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 2006).
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 2006). 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 miRNA 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)
et al
(2009)

Shah et al
(2011)

Rat (CRC)

Folate/ methyl deficient diet
Kutay et al Rat
(2006)
(hepatocellular
carcinoma)

Marsit et al
(2006)

lymphoblast
cell line TK-6

Pogribny
et al
(2008)
Tryndyak
et al
(2009)

Rat
(hepatocellular
carcinoma)
Rat
(hepatocellular
carcinoma)

Methods

Key results

- 2×2×2 factorial design
with two types of dietary
fat (n-6 PUFA as corn 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).
- TaqMan Human
MicroRNA Panel LowDensity Arrays
- 2×2×2 factorial design
with two types of dietary
fat (n-6 PUFA as corn 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

At 10 weeks post-azoxymethane injection, five miRNAs (let7d, 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 postazoxymethane 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.

- Diet low in L-methionine
and devoid of choline and
folic acid or methyladequate 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.

During folate and methyl 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, miR23b, miR-24, miR-328-1, let-7a-2, miR-103-2, miR-106, miR106a-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. Downregulated miRNAs included miR-122, miR-123, and miR-215.

- Diet low in L-methionine
and devoid of choline and
folic acid or methyladequate diet for 9, 18,
36, or 54 wks.
- Diet switched in some
rats.
- Real-time RT-PCR.

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

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.

Folate deficiency significantly altered miRNA expression. Upregulated 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.
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StarlardDavenport
et al
(2010)

Mouse
(hepatocellular
carcinoma)

Wang et al
(2009a)

Mouse
(hepatocellular
carcinoma)

Curcumin
Sun et al
(2008)

Vitamin E
Gaedicke
et al
(2008)

- Low methionine diet,
lacking in choline and
folic acid, or control diet
for 12 wks.
- miRNA microarray
analysis
- Confirmed by RT realtime qPCR.
- 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.

In the livers of methyl-deficient mice 74 miRNAs were
differentially expressed (40 up-regulated and 34 downregulated) (P < 0.05). Up-regulated miRNAs included miR34a, miR-155, miR-200b and miR-221. Down-regulated
miRNAs included miR-15a, miR-30a, miR-101a and miR-122.

Human
pancreatic
carcinoma cell
line BxPC-3

- Cell line treated with 0 or
10 µmol/L curcumin or
liposomal curcumin for 72
h.
- miR microarray Atactic
chip with 300 probes.
- Confirmed by real-time
RT-PCR.

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.

Rat (liver)

- Vitamin E deficient or
sufficient diet for 6
months.
- Real-time RT-PCR.

Vitamin E deficient group had significantly lower levels of miR122a (P < 0.05) and miR-125b (P < 0.0001).

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.

Retinoic acid
Kawasaki
Human
and Taira
embryonal
(2003)
carcinoma cell
line NT2

- NT2 cells grown in the
Expression of Hes1, a transcriptional repressor, was regulated
presence or absence of
by miR-23 during the retinoic acid-induced neural
synthetic siRNA-miR-23
differentiation of NT2 cells.
(which reduces
intracellular level of
precursor and mature
miR-23). Cells treated
with retinoic acid to
differentiate.
Garzon et
Acute
- Cell lines treated with
During retinoic acid treatment of NB4, miR-15a, miR-15b,
al (2007)
leukemia cell
100 nM all-trans-retinoic
miR-16-1, let-7a-3, let-7c, let-7d, miR-223, miR-342, miR-107
lines: NB4, HLacid or control for 4 days. and miR-147 were up-regulated. miR-181b was down60;
regulated. There were similar miR-223 and let-7a expression
- miRNA microarray chipin HL-60 cells treated with retinoic acid. There were similar letHuman
containing 368 probes,
7d, let-7a-3, miR-223, miR107, miR-15a and miR-16-1 in
samples (bone
corresponding to 245
primary blast cells from three acute leukemia patients treated
marrow and
human and mouse
with retinoic.
blood)
miRNA genes.
- Confirmed by real-time
RT-PCR.
Zhao et al
Spina bifida
- Pregnant rats given
miRNAs miR-9/9*, miR-124a, and miR-125b were down(2008)
fetal rat model
single dose (135 mg/kg
regulated in retinoic acid-treated sacral spinal cord compared
body weight) of all-transto control.
retinoic acid and killed 3,
5, 7, or 9 days after
treatment.
- Northern blot.
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 in vitro, and in rectal tissue in 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 antiproliferative 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 antiproliferative 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 MIR17HG, 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 – 3.8.

3.1.1 Cell culture
Several stable CRC cell lines were used for in 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, SIS 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% CO2, 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 1× PBS to remove traces of serum which naturally contains
trypsin inhibitor. PBS was removed, and 1× 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.

3.1.2 Cell treatments
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 ×
105 per 35 mm well. For 24-well plates cells were seeded at 1 × 105 per well, for
xCELLigence RTCA E-plates (equivalent in size to wells in 96-well plates) cells were
seeded at 0.2 × 105 per well, and for 15 cm plates cells were seeded at 3 × 106 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 µm 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 µm
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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 µM SAHA, 0.3,
0.5 or 0.7 µM TSA, or control medium for 48 h. Additional cells were treated in
triplicate with 5 µg/mL cycloheximide, which was added 3 h prior to other treatments,
and again when cells were treated with butyrate or maintained in control medium.

3.1.3 RNA extraction and quantification
3.1.3.1 RNA extraction
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
µL (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 µL (for
6-well plates) or 80 µL (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 × g for 15 min at 4°C. This
process separated the mixture into a lower red phenol-chloroform phase, an interphase,
and a colourless 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 µL (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 × 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 µL (for 24-well plates) of chilled 75% ethanol. The sample was
vortexed briefly, then centrifuged at 7,500 × 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 µL 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 µL TRIzol and homogenised with brief pulses using a homogeniser with sterile
pestle. An additional 200 µL of TRIzol was then added for a total of 500 µL. Processing
then proceeded as for the standard TRIzol protocol, using 100 µL chloroform, 250 µL
isopropanol, and 500 µL chilled 75% ethanol.
3.1.3.2 RNA quantitation
RNA was quantified using a Nanodrop-8000 spectrophotometer, by first blanking the
Nanodrop-8000 pedestals with 1 µL water, then loading 1 µL 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.

3.1.4 Protein extraction and quantification
3.1.4.1 Protein extraction
Prior to use, 10 mL of protein lysis buffer was prepared by addition of 10 µL of 1 M
DTT and 1 Complete mini protease inhibitor cocktail tablet. Cells were washed in 1 ×
PBS after media removal, and 300 µL or 60 µL 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.
3.1.4.2 Protein quantitation
Protein extracts were quantified using the EZQ Protein Quantification kit. For the
EZQ protocol, standards were prepared by making serial 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 µL 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.

3.1.5 Microarray analysis
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 µg 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 1× Exiqon hybridisation buffer in 25 µL. 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 µm 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
were log2 transformed and ratios (Cy5/Cy3) were obtained. Ratios were 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.

3.1.6 Relative quantitation real-time RT-PCR
3.1.6.1 Real-time RT-PCR for microRNAs
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 TaqMan miRNA Assay protocol,
using 3.5 µL master mix, 2.5 µL RNA, and 1.5 µL primer. For each reverse transcription
(RT) reaction, the master mix contained 0.075 µL 100 mM dNTPs, 0.5 µL multiscribe
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RT enzyme, 0.75 µL 10× RT buffer, 0.095 µL RNase inhibitor, and 2.08 µL 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 TaqMan protocol, using triplicate 10 µL
reactions for each biological replicate including 1 µL of reverse transcription product,
0.5 µL miRNA-specific primer and probe assay mix, 5 µL 1× TaqMan Universal PCR
Master Mix No AmpErase UNG, and 3.84 µL 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 denaturing 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 RNU6B. Expression levels were calculated from Ct values using Qgene
(Muller et al 2002).
3.1.6.2 Real-time RT-PCR for mRNAs
For mRNA expression analysis, RNA was pre-treated with a DNAfree system, using 1
µL DNase and 2.5 µL DNase buffer in 22.5 µL diluted RNA (0.1 µg/µL), with a 20 min
incubation at 37°C. This was followed by deactivation with 2.5 µL DNase deactivation
slurry. For cDNA synthesis, 1 µL (100 ng) of random hexamer primers was added to 1
µg total DNase treated RNA (10 µL), with a 5 min incubation at 70°C. Subsequently, to
each sample, 1 µL M-MLV Reverse Transcriptase, RNase H minus, Point mutant, 5 µL
RT buffer, 1.25 µL dNTP mix, and 6.75 µL water was added to make a 25 µL 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 TaqMan Gene Expression Assay protocol, using triplicate
10 µL reactions including 2 µL of RT product, 0.5 µL mRNA-specific Gene Expression
assay mix, 5 µL 2× TaqMan Gene Expression master mix, and 2.5 µL 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 denaturing 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 (βactin) mRNA. Expression levels were calculated from Ct values using Qgene (Muller et
al 2002).

3.1.7 Western blot analysis
Protein extracts from control and treated HT29 and HCT116 cells were resolved by
SDS-PAGE gel and electro-blotted onto polyvinylidene difluoride membranes.
3.1.7.1 SDS-PAGE gels
For this protocol, 50 ng of each protein sample was used, in a volume of 25 µL. To this
volume, 25 µL of loading dye was added (prepared using 150 µL 2× SDS loading dye
and 30 µL 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 µL sample of pre-stained broad
range (7 – 175 kDa or 10 – 230 kDa) 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 4× lower buffer, 2 mL 40% acrylamide/
bisacrylamide, 35 µL 10% APS, 15 µL TEMED, and 5.5 mL water. The 10% gel had 2.5
mL 4× lower buffer, 2.5 mL 40% acrylamide/ bisacrylamide, 35 µL 10% APS, 15 µL
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 4× upper buffer, 625 µL 40%
acrylamide/ bisacrylamide, 35 µL 10% APS, 15 µL TEMED, and 3.1 mL water. Once
gels were prepared and placed in a tank with 1× SDS running buffer (prepared from 5×
stock), prepared protein samples and marker were loaded. Gel was run at consistent 25
mAmps for 45 – 60 min.
3.1.7.2 Electro-blotting
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.
3.1.7.3 Protein detection with antibodies
After transfer, membranes were blocked using 5% skim milk in 1× TBS-T prior to
overnight incubation with primary antibodies: rabbit monoclonal anti-CDKN1A
(12D1), rabbit monoclonal anti-PTEN (D4.3), 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 1× TBS-T, before 1 h incubation with
secondary horseradish peroxidase-conjugated goat anti-rabbit IgG or donkey antimouse IgG. After four more 1× TBS-T washes, the enhanced chemiluminescence
(ECL) system was used (5 min dark incubation with 0.5 mL 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 miR17-92 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 µL Opti-MEM reduced serum medium, and dilution of
Lipofectamine 2000 by adding 1 µL to 50 µL Opti-MEM reduced serum medium. For
one well of an E-plate, volumes of Opti-MEM were reduced to 25 µL for miRNA
mimic dilution and to 25 µL for dilution of 0.25 µL 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 × 105, while for 96-well
E-plates, cells were seeded at 0.2 × 105. The mimic-Lipofectamine 2000 complex
solution was added to the well (100 µL in total for one well of a 24-well plate, 50 µL in
total for one well of an E-plate), followed by the appropriate number of cells in
standard growth medium (500 µL in total for one well of a 24-well plate, 100 µL in total
for one well of an E-plate. After 8 h of transfection, cells were treated with 5 mM
butyrate, 2 µM 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 24well 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 NEDD9 and CDK19, 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 NEDD9 3’UTR and the three potential binding
sites in the CDK19 3’UTR using a Qiagen algorithm (www.qiagen.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 RTPCR.
3.1.8.3 Transfection with small interfering RNAs (siRNAs)
In separate E-plate experiments, two pre-designed small interfering RNAs (siRNAs) for
NEDD9, two pre-designed siRNAs for CDK19, 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 16well 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 × 105 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 miRNA 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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3.1.11 Chromatin immunoprecipitation
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 MIR17HG 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.
3.1.11.1 Optimization of chromatin digestion
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 × 107 HT29 cells
were obtained, using the method described in 3.1.11.2. Micrococcal Nuclease was
diluted 1:5 in 1× buffer B + DTT. In five tubes each containing 200 µL of the nuclei
preparation, 0 µL, 2.5 µL, 5 µL, 7.5 µL or 10 µL 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 µL 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 µL of 1× 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 µL of each sonicated
lysate was transferred to a new tube. To each 50 µL sample, 100 µL water, 6 µL 5 M
NaCl and 2 µL RNAse A were added, and samples were incubated at 37°C for 30 min.
Following addition of 2 µL Proteinase K, samples were incubated at 65°C for 2 h. DNA
fragment size was determined by electrophoresis, with 20 µL 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 × 107 cells in the preparative chromatin digestion.
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3.1.11.2 In vivo cross-linking, nuclei preparation and nuclease S7 digestion
of chromatin
For each treatment (butyrate or control medium), 4 × 107 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 × 106 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 × 107 cells.
To perform cross-linking in the remaining plates (two sets of 4 × 107 cells), various
solutions were prepared, as outlined in Table 3.8. To cross-link proteins to DNA, 540
µL 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 10× 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 1× PBS. To each plate, 2 mL ice-cold 1× 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 µL 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 1× ChIP buffer + PIC + PMSF and split into two tubes of 500
µL. 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 µL of
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the chromatin preparation was removed, with the remainder stored at -80°C until
further use.
3.1.11.3 Analysis of chromatin digestion and concentration
To each of the 50 µL chromatin samples, 100 µL nuclease-free water, 6 µL 5 M NaCl
and 2 µL RNAse A were added, with incubation at 37°C for 30 min. To each RNAse Adigested sample, 2 µL 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 µL 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 µg/mL.
3.1.11.4 Chromatin immunoprecipitation
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 1× ChIP Buffer was prepared for ten
immunoprecipitations (five for each treatment), with each precipitation containing 400
µL of 1× ChIP Buffer (40 µL of 10× ChIP Buffer + 360 µL water) and 2 µL PIC. To
the prepared ChIP buffer, the equivalent of 100 µL (10 to 20 µg 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 1× ChIP
Buffer (200 µL 10× ChIP Buffer + 1.8 mL water) + 10 µL PIC + 500 µL digested
chromatin preparation. For each treatment, a 10 µL sample of the diluted chromatin was
removed and stored at -20°C to be used as a 2% input sample. For each
immunoprecipitation, 500 µL 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 µL 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 µL 1× ChIP
Elution Buffer was prepared. First, 150 µL of the 1× 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 µL 1× 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 µL 5 M NaCl
and 2 µL 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 µL of DNA Binding Buffer
was added to each sample, and 450 µL 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 µL 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 µL 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 µL of DNA Elution Buffer
following centrifugation at 14,000 rpm for 30 sec. The eluate of purified DNA was
stored at -80°C.
3.1.11.8 Primer design
To quantify the purified DNA for each immunoprecipitation sample, primer pairs were
designed to target intron and exon regions of the MIR17HG gene, as well as to target up
to 4 kB upstream of the TSS. A search for MIR17HG 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 MIR17HG 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 TaqMan Fast SYBR Green
protocol, as described in section 3.1.11.9.
3.1.11.9 Quantitation of DNA by relative quantitation real-time PCR
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
MIR17HG gene region, and a control primer provided by the manufacturer for Human
ribosomal protein L30 (RPL30) Exon 3.
Real-time qPCR was carried out according to the TaqMan Fast SYBR Green protocol,
using triplicate 20 µL reactions including 2 µL of DNA, 2 µL (300 nM) of forward
primer, 2 µL (300 nM) of reverse primer, 10 µL Fast SYBR Green master mix, and 4 µL
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.

50

CHAPTER 3
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. log2 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 × 2 (Adjusted input minus Ct IP), with this 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.

3.1.12 Statistical analysis
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).

51

CHAPTER 3

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 substudy 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 crossover 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.

3.2.7 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.
3.2.7.1 Run-in and washout periods
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.
3.2.7.2 High red meat diet
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.
3.2.7.3 High red meat and resistant starch diet
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).

3.2.8 Outcomes
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, faecal 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.
3.2.8.1 Demographic data
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.
3.2.8.2 Weighed food diaries
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.
3.2.8.3 Faecal samples
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 (Nnitrosamines, phenols, cresols), and microbiota profile.
3.2.8.4 Urine samples
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.

56

CHAPTER 3
3.2.8.5 Blood samples
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.
3.2.8.6 Rectal mucosa biopsies
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 mL 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, baseline 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.
3.2.8.7 Mucosal swabs of rectum
A mucosal swab was taken at the time of each rectal biopsy, and analysed by a study
investigator for surface mucosal bacteria.

57

CHAPTER 3
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/

NORMAL DIET
Food diary:

RM +/- RS

NORMAL DIET
XXX

XXX

XXX

XXX

Faecal sample:

X

X

X

X

Urine sample:

X

X

X

X

Blood sample:

X

X

X

X

Rectal biopsy:

X

X

X

X

Mucosal swab:

X

X

X

X

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
58

CHAPTER 3
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

Sigma–Aldrich, St Louis, MO, USA

Ammonium persulfate (APS)

Sigma–Aldrich, St Louis, MO, USA

Chloroform

Chem-supply, Gillman, SA, Australia

Complete Mini Protease Inhibitor Cocktail Tablets

Roche, Basel, Switzerland

Cycloheximide

Sigma-Aldrich, St Louis, MO, USA

Dimethyl sulfoxide

Sigma–Aldrich, St Louis, MO, USA

DL-Dithiothreitol

Sigma–Aldrich, St Louis, MO, USA

DNA ladders

New England Biolabs, Ipswich, MA, USA

DNA loading dye

New England Biolabs, Ipswich, MA, USA

DNase buffer

Promega, Madison, WI, USA

DNase inactivation slurry

Ambion, Foster City, CA, USA

dNTP mix

Promega, Madison, WI, USA

Dulbecco's Modified Eagle Medium

Invitrogen, Newcastle, NSW, Australia

E-plate 16

Roche, Basel, Switzerland

Enhanced chemiluminescence reagents

SuperSignal West Pico, Rockford, IL, USA

Ethanol

Chem-supply, Gillman, SA, Australia

Exiqon hybridization buffer (208020)

Exiqon, Vadbaek, Denmark

Exiqon v11 ready-to-spot probeset (208210-A v11.0)

Exiqon, Vadbaek, Denmark

Exiqon Wash Buffer kit (208021)

Exiqon, Vadbaek, Denmark

EZQ Protein Quantitation kit

Invitrogen, Newcastle, NSW, Australia

Fast SYBR Green Master Mix

Applied Biosystems, Foster City, CA, USA

F-12 Nutrient Mixture

Invitrogen, Newcastle, NSW, Australia

Foetal bovine serum

Bovogen Biologicals, Essendon, VIC, Australia

Formaldehyde

Chem-supply, Gillman, SA, Australia

Glycine

Sigma–Aldrich, St Louis, MO, USA

Hydrochloric acid

Chem-supply, Gillman, SA, Australia

Immobilon transfer polyvinylidene diflouride membrane

Millipore, Bedford, MA, USA

Isopropanol

Chem-supply, Gillman, SA, Australia

LifterSlips

Erie Scientific, Portsmouth, NH, USA

Lipofectamine 2000 Transfection Reagent

Invitrogen, Newcastle, NSW, Australia

M-MLV Reverse Transcriptase, Rnase H minus, Point mutant

Promega, Madison, WI, USA

McCoy’s 5A (modified) Medium

Invitrogen, Newcastle, NSW, Australia

N,N,N′,N′-Tetramethylethylenediamine (TEMED)

Sigma–Aldrich, St Louis, MO, USA

Opti-MEM Reduced Serum Medium

Invitrogen, Newcastle, NSW, Australia

Phenylmethanesulfonyl fluoride (PMSF)

Sigma–Aldrich, St Louis, MO, USA

Pre-stained protein markers (broad range 7 – 175 kDa or 10

New England Biolabs, Ipswich, MA, USA

– 230 kDa)
Qiagen DNeasy Blood & Tissue Kit

Qiagen, Valencia, CA, USA

RNA 6000 Pico kit

Agilent Technologies, Santa Clara, CA, USA

RNA later

Ambion, Foster City, CA, USA

RQ1 RNase-Free DNase

Promega, Madison, WI, USA

SimpleChIP Enzymatic Chromatin IP kit (Agarose Beads)

Cell Signaling Technology, Danvers, MA, USA
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Contains:
Glycine Solution (10×)
Buffer A (4×)
Buffer B (4×)
ChIP Buffer (10×)
ChIP Elution Buffer (2×)
5 M NaCl
0.5 M EDTA
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/µL)
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

Fonterra, Mt Waverley, VIC, Australia

Sodium chloride

Chem-supply, Gillman, SA, Australia

Sodium butyrate

Sigma–Aldrich, St Louis, MO, USA

Sodium dodecyl sulfate

Sigma–Aldrich, St Louis, MO, USA

StarPlus™ (50 – 60% RS)

National Starch and Food Innovation, Bridgewater, NJ, USA

Suberoylanilide hydroxamic acid

Selleck Chemicals, Houston, TX, USA

TaqMan Gene Expression Master Mix

Applied Biosystems, Foster City, CA, USA

TaqMan MicroRNA Reverse Transcription Kit

Applied Biosystems, Foster City, CA, USA

TaqMan Universal PCR Master Mix No AmpErase UNG

Applied Biosystems, Foster City, CA, USA

TRIzol Reagent

Invitrogen, Newcastle, NSW, Australia

Trichostatin A Ready Made Solution

Sigma–Aldrich, St Louis, MO, USA

Trizma HCl

Sigma–Aldrich, St Louis, MO, USA

Trizma Base

Sigma–Aldrich, St Louis, MO, USA

TrypLE Express (tryspin)

Invitrogen, Newcastle, NSW, Australia

Tween-20

Sigma–Aldrich, St Louis, MO, USA

Whatman filter paper

Whatman, Maidstone, Kent, UK

Table 3.5: Equipment and software
Equipment

Supplier

Agilent 2100 Bioanalyzer

Agilent Technologies, Santa Clara, CA, USA

Allegra X-22 R centrifuge

Beckman Coulter, Brea, CA, USA

Axiovert 25 light microscope

Ziess, Jena, Germany
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Carestream Molecular Imaging Software

Carestream Health, Rochester, NY, USA

CO2 water jacketed cell incubator

Forma Scientific, Marietta, OH, USA

Corbett Rotorgene 2000

Corbett Research, Sydney, NSW, Australia

modified Dremel Multipro homogeniser

Dremel, USA

Dry block heater

Thermoline L+M, Sydney, NSW, Australia

Multi Gauge software

Fujifilm Corporation, Tokyo, Japan

Gel tank blotting system

Bio-Rad, Hercules, CA, USA

GeneAmp PCR system 9700 thermal cycler

Applied Biosystems, Foster City, CA, USA

Gene Genius Bio imaging System

Syngene, Cambridge, UK

Genepix 4000B Scanner

Molecular Devices, Union City, CA, USA

ImageQuant LAS 4000

GE Healthcare Life Sciences, Uppsala, Sweden

Ingenuity Pathway Analysis Software

Ingenuity Systems, Redwood City, CA, USA

Microcentrifuge 5424

Eppendorf, Hamburg, Germany

Microson Ultrasonic cell disruptor

Misonix, Farmingdale, NY, USA

Nanodrop-8000

Nanodrop Technologies, Wilmington, DE, USA

PASW Statistics 17

IBM Corporation, Somers, NY

Power-Pac Basic

Bio-Rad, Hercules, CA, USA

Primer Express Software

Applied Biosystems, Foster City, CA, USA

Programmable Thermal Controller

MJ Research, Waltham, MA, USA

R statistical software package

R Project, Vienna, Austria

Rocking platform

Ratek, Boronia, VIC, USA

Rotorgene Q

Qiagen, Valencia, CA, USA

STATA statistical software, version 12.0

StataCorp, TX, USA

Tempette Junior TE-85 water bath

Techne, Staffordshire, UK

Typhoon 9400 Variable mode imager

Amersham Biosciences, Piscataway, NJ, USA

Ultra-low temperature freezer (-80°C)

Thermo Scientific Revco, Waltham, MA, USA

Weigh scales

Shimadzu, Kyoto, Japan

xCELLigence RTCA DP instrument

Roche, Basel, Switzerland

Table 3.6: Primers and oligonucleotides
Assay

Catalogue number/ Sequence

Supplier

Random primer 6

S1230S

New England

(5' d(N6 ) 3' [N=A,C,G,T])

Biolabs, Ipswich,
MA, USA

Taqman assays:
hsa-miR-16

#000391

Applied

hsa-miR-17

#000393

Biosystems,

hsa-miR-18a

#002422

Foster City, CA,

hsa-miR-19a

#000395

USA

hsa-miR-20a

#000580

hsa-miR-19b

#000396

hsa-miR-92a

#000430

hsa-miR-106a

#002169

hsa-miR-18b

#002217
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hsa-miR-20b

#001014

hsa-miR-21

#000397

hsa-miR-23a

#000399

hsa-miR-23b

#000400

hsa-miR-29b

#000413

hsa-miR-33a

#002135

hsa-miR-192

#000491

hsa-miR-196a

#241070

hsa-miR-196b

#002215

hsa-miR-210

#000512

hsa-miR-215

#000518

hsa-miR-301a

#000528

hsa-miR-301b

#002392

hsa-miR-584

#001624

hsa-miR-1275

#002840

hsa-miR-1290

#002863

RNU6B

#001093

CDKN1A

#Hs00355782_m1

PTEN

#Hs02621230_s1

BCL2L11

#Hs00708019_s1

E2F1

#Hs00153451_m1

c-MYC

#Hs00905030_m1

NEDD9

#Hs00610590_m1

CDK19

#Hs00292369_m1

LIN28

#Hs00702808_s1

CCDC88A

#Hs00214014_m1

GAB1

#Hs00157646_m1

ACTB (β-actin)

#Hs99999903_m1

Primers for ChIP analysis:
SimpleChIP Human

#7014

Cell Signaling

RPL30 Exon 3

Technology,

Primers 1

Danvers, MA,
USA

P1: 17HG -4 to -

F: 5’ TTTGGCCCCACTTCTTACCA 3’

Geneworks,

3kb (-3.9 kb)

R: 5’ CTTTACAATCAACCAAGAGCCTTTG 3’

Hindmarsh, SA,

P2: 17HG -3 to -

F: 5’ AAACGTTCTGAATGTTCTGGATTGT 3’

Australia

2kb (-2.3 kb)

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

P3: 17HG -2 to -

F: 5’ CGAAACCCTTAAAATGCAACCTACT 3’

1kb (-1.8 kb)

R: 5’ CAGGATTTTGGAAGACGCAAAT 3’

P4: 17HG -1 to -

F: 5’ ACCTCGGAAACCCACCAAG 3’

0.5kb (-0.5 kb)

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

P5: 17HG -0.5 to

F: 5’ GCTAATGAGGGAGTGGGGCTTGTC 3’

0kb (-0.1 kb)

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

P6: 17HG exon 1

F: 5’ AAAGGCAGGCTCGTCGTTG 3’

and intron 1 (1.5

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

kb)
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P7: 17HG exon 2

F: 5’ CTCGACTCTTACTCTCACAAATGG 3’

(1.8 kb)

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

P8: 17HG intron 2

F: 5’ TTTAAACAGGATATTTACGTTCTGC 3’

and exon 3 (2.3 kb)

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

P9: 17HG intron 3

F: 5’ GGCACTTGTAGCATTATGGTGACA 3’

(2.9 kb)

R: 5’ GCACCTTAGAACAAAAAGCACTCA 3’

P10: 17HG intron 3

F: 5’ GCCTGTCGCCCAATCAAA 3’

(3.4 kb)

R: 5’ CAGCAGAATATCACACAGCTGGAT 3’

P11: 17HG intron 3

F: 5’ CCAAGCTGAAGTACAGGCAAACT 3’

(4.6 kb)

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

P12: 17HG exon 4

F: 5’ CCAGACTTGGGTTTTCTCCTGTAG 3’

(6.2 kb)

R: 5’ GAGTTGTTCTCCAGGAAGTTGCA 3’

miRNA oligonucleotide duplexes:
miR-17:
miR-18a:

5’ CAAAGUGCUUACAGUGCAGGUAG 3’

GenePharma,

5’ ACCUGCACUGUAAGCACUUUGUU 3’

Shanghai,

5’ UAAGGUGCAUCUAGUGCAGAUAG 3’

China

5’ AUCUGCACUAGAUGCACCUUAUU 3’
miR-19a:

5’ UGUGCAAAUCUAUGCAAAACUGA 3’
5’ AGUUUUGCAUAGAUUUGCACAUU 3’

miR-20a:

5’ UAAAGUGCUUAUAGUGCAGGUAG 3’
5’ ACCUGCACUAUAAGCACUUUAUU 3’

miR-19b:

5’ UGUGCAAAUCCAUGCAAAACUGA 3’
5’ AGUUUUGCAUGGAUUUGCACAUU 3’

miR-92a:

5’ UAUUGCACUUGUCCCGGCCUGU 3’
5’ AGGCCGGGACAAGUGCAAUAUU 3’

NC mimic

5’ UUCUCCGAACGUGUCACGUTT 3’
5’ ACGUGACACGUUCGGAGAATT 3’

miScript target protectors:
Seed sequence (and location

Target protector context sequence

on 3’UTR)
TPNEDD91

Site 1: GCACCTT (nucleotides

5’AACCATGAATTACGAAGCACCTTAGTA

Qiagen, Valencia,

338 – 344); Site 2: GCACCTT

AGCACCTTCTAAT 3’

CA, USA

(nucleotides 350 – 356)
TPNEDD92
TPNEDD93
TPCDK191
TPCDK192
TPCDK193
negative control

Site 3: TCACCTT (nucleotides

5’AGTTTATTTGCAAGTGTTCACCTTCCAA

485 – 491)

ATCATGAGGCAT 3’

Site 4: GCACCTT (nucleotides

5’GAATTTATTGCTATCTTGCACCTTCTTT

1055 – 1061)

AAAACTCACATA 3’

Site 1: GCACCTT (nucleotides

5’TTGAAGGATTTCCTGGTGCACCTTTCT

308 – 314)

CATGCTGTAGCAA 3’

Site 2: GCACCTT (nucleotides

5’GCAACACAGGTAAAAATGCACCTTTTA

448 – 454)

AAGCACTACGTTT 3’

Site 3: CCACCTT (nucleotides

5’TTGGCTCACTCCAACCTCCACCTTCCA

2816 – 2822)

GGTTCAAGTGATT 3’

#MTP0000002

miScript target
protector
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Mission siRNAs:
NEDD9 human

Catalogue number

Sequence

#SASI_Hs01_00191226

GAUGGUGGCUGUGCUCGUU

siRNA 1
NEDD9 human

Sigma–Aldrich, St
Louis, MO

#SASI_Hs01_00191227

CCGGGUGAAGCUUCUGAUU

#SASI_Hs01_00108233

CAAUUCUCCUCUAAAGCCA

#SASI_Hs01_00108234

GAAGGUAUGGCUGCUGUUU

#SIC001

-

siRNA 2
CDK19 human
siRNA 1
CDK19 human
siRNA 2
negative control
siRNA

Table 3.7: Antibodies
Antibody

Dilution

Supplier

rabbit monoclonal anti-CDKN1A (12D1)

1:1000 (for Western blot)

Cell Signaling Technology,

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

Danvers, MA, USA
1:1000 (for Western blot)

Cell Signaling Technology,
Danvers, MA, USA

rabbit monoclonal anti-BCL2L11

1:1000 (for Western blot)

(C34C5) #2933
mouse monoclonal anti-HEF1/NEDD9 (2G9)

Danvers, MA, USA
1:1000 (for Western blot)

#4044
Rabbit monoclonal anti-ACTB

Cell Signaling Technology,
Cell Signaling Technology, Danvers,
MA, USA

1:5000 (for Western blot)

Abcam, Cambridge, MA, USA

Secondary horseradish

1:8000 (for Western blot

Immunopure, Thermo Scientific,

peroxidase-conjugated goat anti-rabbit IgG

secondary)

Rockford, IL, USA

Secondary horseradish

1:8000 (for Western blot

Immunopure, Thermo Scientific,

peroxidase-conjugated donkey anti-mouse

secondary)

Rockford, IL, USA

1:50 (for ChIP)

Cell Signaling Technology, Danvers,

(ab8227)

IgG
Rabbit monoclonal anti- histone H3 (D2B12)
XP # 4620
Rabbit anti-Normal rabbit IgG #2729

MA, USA
1:500 (for ChIP)

Cell Signaling Technology, Danvers,
MA, USA

Rabbit polyclonal anti-acetyl-histone H3 (Lys

1:50 (for ChIP)

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

MA, USA
1:25 (for ChIP)

27) #4353
Rabbit polyclonal anti-tri-methyl histone H3
(Lys 4) #9727

Cell Signaling Technology, Danvers,
Cell Signaling Technology, Danvers,
MA, USA

1:100 (for ChIP)

Cell Signaling Technology, Danvers,
MA, USA

65

CHAPTER 3
Table 3.8: Buffers and solutions
Buffer/ solution

Formula

10× PBS

For 1L: 8 g NaCl, 0.2 g KCl, 1.44 g Na2HPO4, 0.24 g KH2PO4
in 800 mL water. pH adjusted to 7.4 with HCl. water added to
make 1L.

10× MOPS

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.

Protein lysis buffer

6.7 M urea, 10 mM Tris/HCl pH 6.8, 10% glycerol, 1% SDS.
For 1 L: 402.4 g urea, 1.21 g Tris/HCl, 100 mL glycerol, 1 g
SDS, water to 1 L.
pH adjusted using conc. HCl and 5 M NaCl.

SDS 4× Lower buffer

1.5 M Tris/HCl pH 8.8, 0.4% SDS.
For 500 mL: 91 g Tris/HCl, 2 g SDS, water to 500 mL.

SDS 4× Upper buffer

0.5 M Tris/HCl pH 6.8, 0.4% SDS.
For 500 mL: 30.4 g Tris/HCl, 2 g SDS, water to 500 mL.

5× SDS Running buffer

125 mM Tris Base, 1 M Glycine, 0.5% SDS.
For 500 mL: 7.57 g Tris/HCl, 37.5 g Glycine, 25 mL of 10%
SDS, water to 500 mL.

Western Transfer buffer

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.

10× TBS

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. HCl.

1× TBS-T

1× TBS, 0.1% Tween-20
For 500 mL: 50 mL 10× TBS, 5 mL 10× Tween-20, water to
500 mL.

ChIP solutions for cross-linking, nuclei preparation, and

1)

10 mL 10× glycine

nuclease digestion of chromatin

2)

200 mL 1× PBS

3)

10 mL 1× PBS + 100 µL PMSF

4)

10 mL 1× Buffer A (2.5 mL 4× Buffer A + 7.5 mL
water) + 5 µL 1 M DTT + 50 µL 200× Protease
Inhibitor Cocktail (PIC) + 100 µL PMSF

5)

11 mL 1× Buffer B (2.75 mL 4× Buffer B + 8.25 mL
water) + 5.5 µL 1 M DTT

6)

1 mL 1× ChIP Buffer (100 µL 10× ChIP Buffer + 900
µL water) + 5 µL 200× PIC + 10 µL PMSF.

ChIP solutions for chromatin washing

1)

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

2)

High salt wash: 1 mL 1× ChIP Buffer (100 µL 10×
ChIP Buffer + 900 µL water) + 70 µL 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 shortchain 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 G0 – G1 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 G1
phase and reduced the percentage of cells in S and G2 – M phases. As markers of
butyrate activity, Iacomino et al (2001) observed increases in alkaline phosphatase
activity (a marker of differentiation), increased expression of the cyclin-dependent
kinase inhibitor CDKN1A peaking at 48 – 72 h after butyrate addition, and downregulation 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 novo 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
2006). Of these, 796 genes were up-regulated (4.1%) and 1187 were down-regulated
(6.1%). Daly and Shirazi-Beechey (2006) 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 upregulated with butyrate, 26 were associated with cell cycle regulation and arrest, such as
CDKN1A, CDX2, GADD45A, MAPK12 (p38), FOS, PTEN, 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 β-catenin/TCF4 transcriptional activity, and inhibition of NF-κB signalling. Genes
down-regulated by butyrate were associated with cell cycle progression, activation of
NF-κB signalling, activation of β-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 2006).
In addition to the cell line studies, several studies have used microarray analyses to
investigate butyrate-induced gene expression changes using an in vivo approach. Kameue
et al (2006), 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 in vivo. 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 in 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, in vitro and in vivo. 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 miRNAs 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

Cell type

Methods

Key results

Alvaro et al

Caco2/ TC-7

- Cells grown at

No. differentially expressed genes: 7098 (24% of total

(2008)

(human

confluence for 21 days to

on array) with >2-fold variation above or below control

colorectal

cause differentiation.

levels upon treatment with at least one SCFA (acetate,

adenocarcinoma
cell line)

- 2 mM or 5 mM sodium

propionate, or butyrate). 5 mM butyrate had greater effect

butyrate for 24 h. Also 2

than 2 mM butyrate.

mM sodium acetate or

Genes/pathways affected: Nine biological processes

sodium propionate for 24

affected by butyrate (2 mM and 5 mM) (P < 0.05): Protein

h.

metabolism and modification; Nucleoside, nucleotide, and

- Microarray: Applied

nucleic acid metabolism; Cell cycle; DNA metabolism;

Biosystems Human

Lipid, fatty acid, and steroid metabolism; Carbohydrate

Genome Survey Arrays

metabolism; Amino acid metabolism; Intracellular protein

with 29,098 human

traffic; Transport. Eleven metabolic pathways affected by

genes.

butyrate (5 mM) (P < 0.05): GABA-B receptor II signalling;

- Differentially expressed

Endogenous cannabinoid signalling; Parkinson’s disease;

genes classified using

General transcription by RNA polymerase I; Glycolysis;

PANTHER.

5HT1 type receptor-mediated signalling pathway;

- Real-time RT-PCR to
confirm changes.

Heterotrimeric G-protein signalling pathway-rod outer
segment phototransduction; Hedgehog signalling pathway;
Metabotropic glutamate receptor group III pathway;
Cholesterol biosynthesis; Androgen/estrogen/progesterone
biosynthesis.

Blais et al

HIEC

(2007)

(undifferentiated
non-transformed

- 5 mM sodium butyrate
for 8 h.
- Microarray: Affymetrix

No. differentially expressed genes: 1464 genes with >2fold variation above control levels (P < 0.05). 872 genes
with >2-fold variation below control levels (P < 0.05).

human crypt

Human Genome U133

Genes/pathways affected: Biological processes:

intestinal

Plus 2.0 Array with

Apoptosis; Cell cycle; Chemotaxis; Cytokinesis; Cytoplasm

epithelial cell

47,000 transcripts.

organization and biogenesis; Defence response;

line)

- Gene classification

Dephosphorylation; DNA packaging; G-protein coupled

according to biological

receptor protein; Signalling pathway; Inflammatory

processes using DAVID.

response; Intracellular transport; Ion transport; Nuclear

- RT-PCR to confirm
changes.

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 GTPasemediated signal transduction; Ubiquitin cycle, WNT
receptor signalling pathway.

Cai et al

HT29 (human

(2006)

colorectal
adenocarcinoma
cell line)

- 3 mM sodium butyrate
for 48 h.
- Array: Clontech Atlas
human stress and

No. differentially expressed genes: NR
Genes/pathways affected: Increased expression of
several heat shock proteins including hsp70 family and hsp
27.

toxicology array with 234
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genes.
- Real-time RT-PCR to
confirm changes.
Daly et al

HT29 (human

(2005), Daly

colorectal

and Shirazi-

adenocarcinoma

Beechey

cell line)

(2006)

- 5 mM sodium butyrate
for 24 h.
- Microarray: MWG

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

Human 40K A array with

Genes/pathways affected: 221 genes (1.1%) associated

19,400 human genes.

with processes of apoptosis, proliferation and

- Real-time RT-PCR to
confirm changes.

differentiation (59 (0.3%) up-regulated, 162 (0.8%) downregulated including 13 known tumour markers) Also, 71
other transcription factors (39 up-regulated, 32 downregulated). Up-regulated genes associated with: Cell cycle
regulation; Transcriptional silencing through promoter
regulation; Induction of apoptosis; inhibition of βcatenin/TCF4 transcriptional activity; Inhibition of NF-κB
signalling. Down-regulated genes associated with: Cell
cycle progression; Activation of NF-κB signalling;
Activation of β-catenin/TCF4 transcriptional activity;
Activation of PI3K-AKT/PKB signalling; Activation of CMYC; 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 downregulated genes: CCND1, BIRC5, PTGS2/COX2, PIK3CG,
CFLAR, BCL-XL, SPP1, RB1, CCT5, PCNA, MMP7,
MECP2.

Della

HT29 (human

- 2 mM sodium butyrate

Ragione et

colorectal

for 5 h (or 0.3 µM TSA).

fold up-regulation by butyrate or TSA, 2 genes with >2-fold

al (2001)

adenocarcinoma

Concomitant treatment

down-regulation.

cell line)

with 36 µM

Genes/pathways affected: transcription factor, cell cycle

cycloheximide.

regulators, chemokine receptor, transduction modulators,

- Microarray: ATLAS

No. differentially expressed genes: 21 genes with >2-

stress responses, detoxification, adhesion molecule.

cDNA expression assay
with 588 transcripts for
human genes.
- RT PCR to confirm
changes.
Gaudier et

HT29-C1.16E

- Cells seeded at post-

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

al (2004)

(clonal derivative

confluence (day 18)

variation.

of HT29 human

when differentiated, then

Genes/pathways affected: glycosylation related.

adenocarcinoma

further cultured for 8

cell line)

days.
- 2 mM sodium butyrate
for 24 h.
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- Microarray: MWG array
with 252 human
glycosylation related
genes
- Real-time RT-PCR to
confirm changes.
Iacomino et

HT29 (human

al (2001)

colorectal
adenocarcinoma
cell line)

- 4 mM sodium butyrate
for 72 h.
- Microarray: Atlas cDNA

No. differentially expressed genes: 60 genes with >2fold variation (39 up-regulated, 21 down-regulated)
Genes/pathways affected: Apoptosis-related proteins,

expression array with

DNA synthesis, repair and recombination proteins;

588 human genes.

Oncogenes, tumour suppressors, and cell cycle control

- RT-PCR to confirm
changes.

proteins; Ion 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.

Mariadason

SW620 (human

et al (2000)

colorectal
adenocarcinoma
cell lines)

- 5 mM sodium butyrate

No. differentially expressed genes: Over a 48 h period,

over 48 h time course.

256 gene sequences were up-regulated by butyrate, 333

- Microarray: Array with

were repressed (7% of total assayed). Of the 589 altered

8,063 human gene

sequences, 345 represented named sequences, and the

sequences.

remainder was unnamed or expressed sequence tags.

- Real-time RT-PCR to
confirm changes.
- 5 mM sodium butyrate

Genes/pathways affected: Signalling pathways;
Regulation of cell cycle progression.

Ogawa et al

HIMEC (human

No. differentially expressed genes: NR

(2003)

intestinal

for 2 h followed by

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

microvascular

bacterial

COX-2 gene expression attenuated.

endothelial cells)

lipopolysaccharide
stimulation.
- Array: TranSignal NF-κB
Target Gene Array with
110 genes.
- Western blotting to
confirm changes.

Pool-Zobel

LT97 (human

et al (2005)

pre-malignant

butyrate for 12 h; LT97 1

Genes/pathways affected: p450 Family,

colon adenoma

mM or 2 mM for 72 h;

Acetyltransferases, Glutathione S-transferases,

cell line); HT29

HT29 4 mM for 48 h or

Sulfotransferases, Miscellaneous, Metallothioneins, p-

(human

72 h.

Glycoproteins.

colorectal

- Primary 10 mM sodium

No. differentially expressed genes: NR

- Arrays: Superarray

adenocarcinoma

membrane; Affymetrix

cell lines);

U133A gene expression

Primary colon

arrays with probe sets
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cells

recognizing 414 000
well-characterised
human gene sequences.
- Real-time RT-PCR to
confirm changes.

Sauer et al

Primary colon

(2007)

cells

- 10 mM sodium butyrate
for 12 h.
- Array: GEArray Q Series

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

Human Stress &Toxicity
Gene Array HS12 with
112 genes.
- Real-time RT-PCR to
confirm changes.
Wilson et al

30 colon cancer

(2010a)

cell lines
(Caco-2,
Colo201,
Colo205,

- 5 mM sodium butyrate
for 24 h
- Array: 27,000 feature
cDNA microarrays
- Real-time RT-PCR and

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 butyrateresistant cell lines

Colo320, Dld-

Western blotting to

Genes/pathways affected: 48 sequences were identified

1,

confirm changes.

as significantly and preferentially induced by butyrate in

HCT116, HCT-

sensitive cell lines: 7 of these 48 genes (Fos, Jun, Atf3,

15, HCT-8,

Arc, Nr4a1 (Nur77), Egr1, and Egr3) are immediate-early

HT29, LoVo,

genes, and 7 genes have previously been classified as

LS174T, RKO,

stress response genes (Gadd45b, Ndrg4, Mt1B, Mt1E,

SKCO-

Mt1F, Mt1H, and MtIX). Forty-four genes preferentially

1, SW1116,

repressed by butyrate in sensitive lines were also

SW403, SW48,

identified. These included several genes involved in

SW480,

organization of microtubules and the actin cytoskeleton

SW620,

(TRIP6, SRHML, PLXNB1, MAP7, LASP1, and LAD1), cell

SW837,

adhesion (OCLN, DSC2), transcriptional repression

SW948, T84,

(NCoR2, SET), and apoptosis (FLIP, DAXX).

WiDr, HT29Cl.16E, HT29Cl.19A,
LIM1215,
LIM2405,
HCC2998,
KM12,
RW2982, and
RW7213).
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 realtime 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).

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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4.4.2 microRNA microarray analysis of butyrate-treated colorectal
cancer cell lines
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 downregulated 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-miR943, hsa-miR-33b, hsa-miR-874, hsa-miR-23a, hsa-miR-373*, hsa-miR-508-5p, hsa-miR769-5p, 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-miR19b-1*, hsa-miR-20b, hsa-miR-20a*, hsa-miR-18b, hsa-miR-196b, hsa-miR-301a, hsamiR-18a, hsa-miR-33a, hsa-miR-301b, hsa-miR-19b, hsa-miR-29b, hsa-miR-215, hsamiR-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 miRNA expression in HT29 cells after 48 h of
butyrate treatment – volcano plot.
The x-axis of the volcano plot represents the differential expression (log2 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 downregulated, and were selected for subsequent real-time RT-PCR validation, are labelled.
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Table 4.2: Microarray analysis of miRNA 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)

2.12

4.35

up

9.11

0.00021

8.13

1.92

3.78

up

8.37

0.00021

7.95

1.61

3.05

up

12.07

0.000238

7.05

hsa-miR-17*

-1.25

2.38

down

9.82

0.000238

6.74

hsa-miRPlus-

1.12

2.18

up

14.00

0.000238

6.66

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

2.48

up

12.62

0.000239

6.28

-1.04

2.06

down

7.15

0.00026

6.02

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

1.28

2.42

up

7.17

0.000394

5.35

hsa-miR-210

1.53

2.88

up

9.68

0.000586

4.90

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

4.74

hsa-miR-1275

1.33

2.52

up

9.48

0.000699

4.55

hsa-miR-584

1.14

2.20

up

8.57

0.000796

4.32

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

4.17

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

2.15

up

9.39

0.001446

3.43

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

0.69

1.61

up

10.99

0.002357

2.67

hsa-miRPlusE1028
ebv-miRBART6-3p
hsa-miRPlusE1033

E1170

E1117
hsa-miR-19b1*

E1108
hsa-miRPlusE1234

F1099

E1067

F1181
hsa-miRPlusE1077
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hsa-miRPlus-

0.67

1.59

up

12.87

0.002785

2.47

1.03

2.05

up

9.63

0.002827

2.43

hsa-miR-943

0.95

1.93

up

7.27

0.00301

2.27

hsa-miRPlus-

0.75

1.69

up

11.60

0.00301

2.27

0.65

1.57

up

11.59

0.00301

2.26

hsa-miR-301b

-1.02

2.03

down

8.73

0.003894

1.95

hsa-miRPlus-

0.81

1.75

up

9.65

0.003894

1.95

hsa-miR-19b

-0.73

1.66

down

12.38

0.005295

1.56

hsa-miR-29b

-0.61

1.52

down

13.78

0.006035

1.36

hsa-miR-215

-0.53

1.45

down

12.59

0.007053

1.15

hsa-miRPlus-

0.63

1.55

up

10.57

0.007231

1.11

hsa-miR-33b

0.63

1.55

up

9.25

0.007543

1.02

hsa-miR-874

0.54

1.45

up

8.42

0.007543

1.01

hsa-miR-23a

0.68

1.61

up

12.45

0.007543

0.99

hsa-miR-192

-0.69

1.61

down

12.17

0.007543

0.99

hsa-miR-373*

0.60

1.52

up

6.69

0.008014

0.91

hsa-miR-508-

0.57

1.49

up

6.52

0.010092

0.61

0.59

1.51

up

7.53

0.010486

0.54

hsa-miR-15b*

-0.58

1.49

down

8.07

0.010586

0.46

hsa-miR-769-

0.53

1.45

up

8.86

0.010586

0.46

0.60

1.51

up

11.10

0.010586

0.44

-0.54

1.45

down

11.57

0.010586

0.44

hsa-miR-92b

-0.55

1.46

down

8.77

0.010586

0.44

hsa-miRPlus-

0.58

1.50

up

12.56

0.010683

0.41

0.64

1.56

up

11.25

0.011437

0.32

0.74

1.67

up

10.28

0.011437

0.30

hsa-miR-17

-1.12

2.17

down

13.36

0.011437

0.29

hsa-miRPlus-

0.45

1.37

up

12.61

0.011925

0.23

hsa-miR-23b

0.73

1.66

up

13.02

0.012237

0.17

hsa-miR-196a

-0.65

1.57

down

7.98

0.012237

0.17

hsa-miR-136

-0.45

1.37

down

8.57

0.013729

0.02

E1141
hsa-miRPlusA1056

E1045
hsa-miRPlusE1088

D1116

E1035

5p
hsa-miRPlusF1042

5p
hsa-miRPlusE1225
hsa-miRPlusE1205

F1170
hsa-miRPlusF1159
hsa-miRPlusD1036

E1153
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hsa-miRPlus-

0.64

1.56

up

14.77

0.013903

-0.01

0.63

1.55

up

8.51

0.014076

-0.03

hsa-miR-451

-0.53

1.44

down

7.55

0.015648

-0.17

hsa-miRPlus-

-0.48

1.39

down

10.65

0.016447

-0.24

hsa-let-7a*

-0.52

1.44

down

8.22

0.016447

-0.26

hsa-miRPlus-

0.70

1.63

up

10.21

0.016447

-0.26

0.52

1.43

up

8.63

0.018074

-0.37

hsa-miR-19a*

-0.74

1.67

down

8.00

0.018074

-0.38

hsa-miR-18a*

-0.57

1.48

down

6.92

0.019558

-0.49

hsa-miR-142-

-0.64

1.56

down

8.99

0.019558

-0.50

0.77

1.70

up

11.18

0.019782

-0.52

0.47

1.39

up

13.96

0.020747

-0.59

hsa-miR-16-1*

-0.56

1.47

down

7.30

0.0214

-0.63

hsa-miR-135b

-0.43

1.35

down

10.61

0.022063

-0.68

hsa-let-7c*

0.55

1.46

up

7.01

0.022063

-0.68

hsa-miR-192*

-0.40

1.32

down

6.78

0.026479

-0.89

hsa-miR-194

-0.89

1.85

down

11.79

0.026955

-0.92

hsa-miRPlus-

0.59

1.51

up

8.89

0.027181

-0.94

hsa-miR-452*

-0.43

1.34

down

8.09

0.028121

-0.98

hsa-miRPlus-

0.53

1.44

up

7.33

0.030141

-1.06

-0.49

1.41

down

11.90

0.030222

-1.08

0.80

1.74

up

7.04

0.030451

-1.10

hsa-miR-16-2*

-0.39

1.31

down

7.60

0.034235

-1.26

hsa-miR-29a*

-0.65

1.57

down

8.92

0.035702

-1.32

hsa-miR-455-

-0.59

1.50

down

7.75

0.03671

-1.37

0.46

1.38

up

7.47

0.03671

-1.39

-0.46

1.37

down

11.87

0.03671

-1.39

-0.48

1.39

down

8.75

0.03671

-1.40

hsa-miR-659

0.36

1.29

up

8.67

0.036966

-1.41

hsa-miR-1246

0.40

1.32

up

14.59

0.03933

-1.50

E1047
hsa-miRPlusA1027

F1091

C1115
hsa-miRPlusA1098

3p
hsa-miRPlusF1037
hsa-miRPlusE1065

E1285

F1080
hsa-miRPlusE1139
hsa-miRPlusE1168

5p
ebv-miRBART8*
hsa-miRPlusE1013
hsa-miRPlusE1082
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hsa-miR-557

0.63

1.55

up

6.83

0.039965

-1.52

hsa-miR-106b

-0.65

1.57

down

12.36

0.040846

-1.56

hsa-miR-19a

-0.90

1.87

down

12.24

0.041654

-1.60

hsa-miR-30b*

-0.48

1.40

down

6.95

0.043105

-1.65

hsa-miR-652

-0.40

1.32

down

8.08

0.043318

-1.66

hsa-miRPlus-

-0.44

1.35

down

9.85

0.043673

-1.70

hsa-miR-149

0.93

1.90

up

8.18

0.043673

-1.70

sv40-miR-S1-

0.58

1.50

up

10.18

0.046827

-1.79

hsa-miR-144

-0.46

1.38

down

8.13

0.04749

-1.81

hsa-miR-205

-0.65

1.57

down

8.81

0.04956

-1.87

F1024

0.39

1.31

up

12.25

0.050222

-1.89

hsa-miR-1274b

-0.43

1.35

down

7.68

0.050222

-1.90

hsa-miR-923

0.45

1.36

up

12.52

0.050222

-1.90

3p

0.38

1.30

up

7.31

0.051891

-1.94

hsa-miR-92a

-0.49

1.40

down

9.01

0.053511

-1.99

hsa-miR-15b

-0.34

1.26

down

12.19

0.053511

-1.99

hsa-miR-7-1*

-0.46

1.38

down

7.10

0.05784

-2.09

A1065

5p

hsa-miRPlus-

hsa-miR-296-

4.4.3 Real-time RT-PCR validation of microRNAs with butyrateinduced expression changes in colorectal cancer cell lines
To validate the miRNA microarray data, differentially expressed miRNAs were selected
for relative quantitation real-time RT-PCR analysis. HT29 and HCT116 CRC cell lines
were treated for 48 h with 5 mM butyrate, or maintained in control medium. Among the
miRNAs selected for validation were those shown to be up-regulated in the microarray,
including miR-23a, miR-23b, miR-210, miR-584, miR-1275, and miR-1290. Other
miRNAs selected for validation were those miRNAs shown in the microarray
experiment to be potentially down-regulated, including miR-17, miR-18a, miR-19a, miR20a, miR-19b, miR-92a, miR-18b, miR-20b, miR-106a, miR-29b, miR-33a, miR-192,
miR-196a, miR-196b, miR-215, miR-301a, and miR-301b. The real-time RT-PCR
miRNA expression data presented represent robust findings from multiple experiments;
the experimental results shown in this Chapter replicate results from preliminary
experiments (shown in Appendix 1).
The real-time RT-PCR results for miRNAs that were increased with butyrate treatment
in the microarray experiment are shown in Figures 4.3 and 4.4. In both the HT29 and
HCT116 cells, miRNAs that were shown to be significantly increased with butyrate
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treatment included miR-23a (P = 0.001 in HT29 cells; P = 0.04 in HCT116 cells), miR23b (P = 0.0002 in HT29 cells; P < 0.0001 in HCT116 cells), miR-210 (P = 0.0002 in
HT29 cells; P = 0.049 in HCT116 cells), and miR-1290 (P = 0.0003 in HT29 cells; P <
0.0001 in HCT116 cells). miR-584 levels were unchanged with butyrate treatment in
HT29 cells (P = 0.26), and decreased in HCT116 cells (P = 0.001). Similarly, miR-1275
levels were unchanged with butyrate treatment in the HT29 cells (P = 0.26), and were
decreased in HCT116 cells (P = 0.002).
Figures 4.5 and 4.6 illustrate the real-time RT-PCR analysis of miRNAs that were
decreased with butyrate in the microarray. Butyrate significantly decreased levels of
miRNAs in the miR-17-92 cluster (miR-17, miR-18a miR-19a, miR-20a, miR-92a, miR19b) and the miR-106a-363 paralog (miR-18b, miR-20b, miR-106a), in both HT29 and
HCT116 cells (P values in Table 4.3). Other miRNAs that were significantly decreased
with butyrate, in both cell lines, included miR-29b (P = 0.03 in HT29 cells; P = 0.0007
in HCT116 cells), miR-196a (P = 0.01 in HT29 cells; P = 0.0001 in HCT116 cells), miR196b (P = 0.01 in HT29 cells; P =0.006 in HCT116 cells), and miR-301a (P = 0.009 in
HT29 cells; P = 0.0007 in HCT116 cells), with miR-301b significantly decreased in the
HCT116 cell line only (P = 0.0007). miR-215 was significantly decreased in HT29 cells
only (P = 0.01), and was significantly increased in HCT116 cells (P = 0.0001). Similarly,
miR-192 appeared slightly decreased in HT29 cells only (P = 0.06), and was significantly
increased in HCT116 cells (P < 0.0001).
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Table 4.3: P values showing the significant decrease in miR-17-92 and miR-106a363 cluster mature miRNA levels in standard HT29 and HCT116 treated with 5
mM butyrate for 48 h as detected by real-time RT-PCR.
P values represent significance relative to untreated control cells, for the mean of three
cell culture replicates
miRNA

P value

Standard HT29 cells

miRNA

P value

Standard HCT116 cells

miR-17

0.0005

miR-17

0.0002

miR-18a

0.0001

miR-18a

0.0001

miR-19a

0.0002

miR-19a

0.0002

miR-20a

0.0002

miR-20a

<0.0001

miR-19b

0.0002

miR-19b

<0.0001

miR-92a

0.0003

miR-92a

0.0003

miR-106a

0.001

miR-106a

0.0003

miR-18b

0.007

miR-18b

0.0008

miR-20b

0.0003

miR-20b

0.0006

Note: miR-19b-2 and miR-92a-2 in the miR-106a-363 cluster have the same sequence as miR-19b-1 and miR-92a-1 respectively in the miR17-92 cluster, so the real-time RT-PCR results for these miRNAs do not distinguish between these. miR-363 was not examined as it showed
no change in the microarray analysis.
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Figure 4.3: Real-time RT-PCR analysis of miRNA levels in HT29 cells for
miRNAs identified by the microarray experiment as being up-regulated with 48
h butyrate treatment.
Cells treated with 5 mM butyrate, compared with cells in control medium (0) (* P <
0.05). The mean ± SEM of three cell culture replicates is shown, and expression is
normalised to RNU6B levels.

Figure 4.4: Real-time RT-PCR analysis of miRNA levels in HCT116 cells for
miRNAs identified by the microarray experiment as being up-regulated with 48
h butyrate treatment.
Cells treated with 5 mM butyrate, compared with cells in control medium (0) (* P <
0.05). The mean ± SEM of three cell culture replicates is shown, and expression is
normalised to RNU6B levels.
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Figure 4.5: Real-time RT-PCR analysis of miRNA levels in HT29 cells for
miRNAs identified by microarray as being down-regulated with 48 h butyrate
treatment.
Cells treated with 5 mM butyrate, compared with cells in control medium (0) (* P <
0.05). The mean ± SEM of three cell culture replicates is shown, and expression is
normalised to RNU6B levels. (A) miR-17-92 cluster of miRNAs. (B) miR-106a-363
cluster of miRNAs. (C) Other miRNAs.
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Figure 4.6: Real-time RT-PCR analysis of miRNA levels in HCT116 cells for
miRNAs identified by microarray as being down-regulated with 48 h butyrate
treatment.
Cells treated with 5 mM butyrate, compared with cells in control medium (0) (* P <
0.05). The mean ± SEM of three cell culture replicates is shown, and expression is
normalised to RNU6B levels. (A) miR-17-92 cluster of miRNAs. (B) miR-106a-363
cluster of miRNAs. (C) Other miRNAs.
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4.4.4 Butyrate-induced microRNA expression changes in butyrateresistant versus standard colorectal cancer cell lines
The butyrate-resistant HT29 and HCT116 cell lines (HT29-BR and HCT116-BR)
developed by Fung et al (2009) were used to determine any differences in the miRNA
response to butyrate treatment, compared with the standard HT29 and HCT116 cell
lines. The BR cells were maintained in 5 mM butyrate prior to use in any experiments,
to retain their resistance (Fung et al 2009). The experiments in which standard HT29
and HCT116 CRC cell lines were treated for 48 h with butyrate, or maintained in
control medium, were conducted simultaneously in the HT29-BR and HCT116-BR cell
lines. These included the real-time cell growth, harvesting of RNA for miRNA
expression analysis.
To test the levels of resistance in the BR cell lines, proliferation results for the standard
and butyrate-resistant cell lines growing in increasing concentrations of butyrate were
obtained (Figure 4.7). At lower butyrate concentrations (1 mM), proliferation was
greater in the HT29-BR cell line compared with the standard HT29 cell line, but both
cell lines had significantly decreased proliferation with 10 mM butyrate treatment,
compared with the untreated control HT29 cells (P < 0.05). Similarly, while
proliferation was greater in the HCT116-BR cell line compared with the standard
HCT116 cell line at low butyrate concentrations, both cell lines were shown to have a
significantly decreased proliferation with 5 mM butyrate treatment, compared with the
untreated control HCT116 cells (P < 0.05).
miRNAs from the miR-17-92 cluster, which were all significantly reduced in butyratetreated standard CRC cell lines, were also examined in the butyrate-resistant cell lines, to
detect any expression differences between the strains (Figures 4.8 and 4.9). It could be
hypothesised that in the butyrate-resistant cell lines, treatment with 5 mM butyrate
would have little effect on miRNA expression, as these cells have been conditioned to
growing at this level. In contrast, real-time RT-PCR analysis showed all of the selected
miR-17-92 cluster miRNAs to be significantly down-regulated by 5 mM butyrate, in
both standard HT29 and HT29-BR cells (P values in Table 4.3 and 4.4). Similarly, realtime RT-PCR analysis showed all of the selected miR-17-92 cluster miRNAs to be
significantly down-regulated by 5 mM butyrate, in both standard HCT116 and HCT116BR cells (P values in Table 4.3 and 4.4), with the exception of miR-17 in the HCT116BR cell line. Expression was dose-dependent, with increasing butyrate concentration
leading to decreasing levels of miR-17-92 cluster members, in both the standard and
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butyrate-resistant cell lines. It was only at the low butyrate concentration of 1 mM that
differences could be observed in butyrate-induced miRNA expression changes in the
standard and butyrate-resistant cell lines.
Table 4.4 P values showing the significant decrease in miR-17-92 cluster mature
miRNA levels in butyrate-resistant HT29 and HCT116 treated with 5 mM
butyrate for 48 h as detected by real-time RT-PCR.
P values represent significance relative to untreated control cells, for the mean of three
cell culture replicates
miRNA

P value

HT29-BR cells

miRNA

P value

HCT116-BR cells

miR-17

0.0001

miR-17

0.07

miR-18a

0.001

miR-18a

0.003

miR-19a

0.002

miR-19a

0.02

miR-20a

<0.001

miR-20a

0.01

miR-19b

0.0001

miR-19b

0.01

miR-92a

0.003

miR-92a

0.04
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Figure 4.7: Proliferation of standard and butyrate-resistant HT29 and HCT116
cells after 48 h of butyrate treatment.
Cell index measurements using the xCELLigence RTCA DP instrument in HT29
standard or BR cells (A) or HCT116 standard or BR cells (B) treated with increasing
doses of butyrate, compared with respective cells in control medium (0) (* P < 0.05).
The mean ± SEM of three cell culture replicates is shown.
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Figure 4.8: Real-time RT-PCR analysis of miRNAs levels for miRNAs identified
by microarray as being down-regulated with 48 h butyrate treatment (miR-17-92
cluster) – comparison between standard HT29 and HT29-BR cells.
Cells treated with 5 mM butyrate, compared with cells in control medium (0) (* P <
0.05). The mean ± SEM of three cell culture replicates is shown, and expression is
normalised to RNU6B levels.
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Figure 4.9: Real-time RT-PCR analysis of miRNAs levels for miRNAs identified
by microarray as being down-regulated with 48 h butyrate treatment (miR-17-92
cluster) – comparison between standard HCT116 and HCT116-BR cells.
Cells treated with 5 mM butyrate, compared with cells in control medium (0) (* P <
0.05). The mean ± SEM of three cell culture replicates is shown, and expression is
normalised to RNU6B levels.
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4.4.5 Ingenuity pathway analysis of microRNAs with butyrateinduced expression changes
Following the microarray analysis to assess miRNA expression in HT29 cells treated
with 5 mM butyrate compared with untreated controls, an IPA analysis was performed.
IPA software allows analysis of microarray and gene expression data to identify relevant
pathways that contain these molecules. The analysis can provide insight into the
potential causes of observed expression changes and into the predicted downstream
biological effects of those changes.
The dataset analysed in the IPA consisted of miRNAs which were considered
differentially expressed based on a positive Bayesian log odds value in the microarray
analysis (Table 4.2). In the IPA analysis, both direct and indirect relationships were
included, but results were filtered to consider only relationships which had been
experimentally observed.
IPA analysis of the butyrate-regulated miRNAs showed subsets of these miRNAs to be
involved in several relevant pathways (Tables 4.5 – 4.7). The top IPA networks
associated with miRNAs that experienced butyrate-induced expression changes are
listed in Table 4.5. The top two networks ‘Connective Tissue Disorders, Genetic
Disorder, Inflammatory Disease’, and ‘Cancer, Gastrointestinal Disease, Hepatic System
Disease’ are shown in Figures 4.10 and 4.11. The first network (Figure 4.10) is of note
as it contains multiple differentially expressed miRNAs from the microarray analysis,
including miR-17-92 cluster miRNAs, and contains genes important in CRC, such as the
tumour suppressor TP53. Among the top IPA diseases and disorders associated with
the miRNAs showing butyrate-induced expression changes (Table 4.6) are the relevant
disorders of ‘Cancer’, ‘Gastrointestinal Disease’, and ‘Genetic Disorder’. The top IPA
molecular and cellular functions associated with the miRNAs with butyrate-induced
expression changes (Table 4.7) included cell cycle, death, and proliferation, which are
relevant in cancer development and progression.
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Table 4.5: Top IPA networks associated with miRNAs showing butyrateinduced expression changes
Network

Associated Network Functions

IPA Score

1

Connective Tissue Disorders, Genetic Disorder, Inflammatory Disease

34

2

Cancer, Gastrointestinal Disease, Hepatic System Disease

14

3

Unnamed network

3

4

Cell Cycle, Cancer, Cell-To-Cell Signaling and Interaction

3

5

Cellular Assembly and Organization, Genetic Disorder, Neurological Disease

3

number

Table 4.6: Top IPA diseases and disorders associated with miRNAs showing
butyrate-induced expression changes
Name

P value

Number of molecules

Reproductive System Disease

8.71E-15 – 4.35E-02

13

Cancer

1.28E-12 – 3.43E-02

15

Gastrointestinal Disease

1.28E-12 – 4.87E-02

14

Genetic Disorder

1.28E-12 – 4.87E-02

15

Connective Tissue Disorders

5.20E-12 – 1.35E-02

8

Table 4.7: Top IPA molecular and cellular functions associated with miRNAs
showing butyrate-induced expression changes
Name

P value

Number of molecules

Cellular Development

2.31E-09 – 2.57E-02

7

Cellular Growth and Proliferation

2.31E-09 – 3.72E-02

7

Cell Death

1.68E-04 – 3.30E-02

3

Cell Cycle

3.28E-04 – 1.72E-02

2

Cell-To-Cell Signaling and Interaction

1.08E-03 – 5.40E-03

2
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Figure 4.10: First top IPA network associated with miRNAs showing butyrateinduced expression changes, displaying predicted miRNA and gene interactions
miRNAs were associated with the IPA network of Connective Tissue Disorders,
Genetic Disorder, Inflammatory Disease. Red indicates a miRNA that was increased
with butyrate and green represents a miRNA that was decreased with butyrate.
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Figure 4.11: Second top IPA network associated with miRNAs showing butyrateinduced expression changes, displaying predicted miRNA and gene interactions
miRNAs were associated with the IPA network of Cancer, Gastrointestinal Disease,
Hepatic System Disease. Red indicates a miRNA that was increased with butyrate and
green represents a miRNA that was decreased with butyrate.

96

CHAPTER 4

4.5 Discussion
This Chapter demonstrated the anti-proliferative effect of butyrate on HT29 and
HCT116 CRC cell lines, with the HCT116 cell line showing greater susceptibility to the
action of butyrate. Also in this Chapter, the effect of butyrate treatment on miRNA
expression in CRC cell lines was displayed, through microarray analysis and real-time
RT-PCR validation. In both the HT29 and HCT116 cell lines, butyrate was shown to
alter the expression of miRNAs that have been found to be dysregulated in CRC.
Expression profiles of miRNAs differ along the gastrointestinal tract (Slattery et al 2011)
and are altered in CRC, with this dysregulation often contributing to tumour
progression (Michael et al 2003, Lu et al 2005, Cummins et al 2006, Slaby et al 2007,
Chen et al 2009).
The finding of decreased CRC cell growth with butyrate treatment was obtained using
the xCELLigence RTCA DP instrument, which in this Chapter and subsequent
Chapters was used to provide a cell index measure. A benefit of the xCELLigence
system over traditional assays is that it allows continual real-time monitoring of cell
growth over time. A limitation of the system, however, is that the cell index does not
clearly distinguish between proliferation and other cellular events; for example, a
reduced cell index could be due to reduced proliferation/cell cycle arrest, increased
apoptosis or necrosis, morphological changes, or a combination. Additional measures of
proliferation and apoptosis may have been of benefit; however, previous studies have
already used assays to show that butyrate both reduces proliferation and increases
apoptosis in CRC cells (Mariadason et al 2000, Iacomino et al 2001, Daly & ShiraziBeechey 2006).
In this Chapter, treatment with 5 mM butyrate for 48 h led to down-regulation of all
miR-17-92 cluster miRNAs, in both HT29 and HCT116 cells. miR-17-92 cluster
members are derived from a single transcript which yields six mature miRNAs (miR-17,
miR-18a, miR-19a, miR-20a, miR-19b-1, and miR-92a-1) (Tanzer & Stadler 2004), and
thus are likely to be co-regulated. miR-17-92 over-expression has been observed in
multiple tumour types, including CRC (Hayashita et al 2005, He et al 2005a, Cummins et
al 2006, Chen et al 2009, Diosdado et al 2009). A recent study found a 2 to 5-fold
increase in miR-17-92 cluster members in colorectal tumours compared with control
epithelium (Diosdado et al 2009). The miR-17-92 cluster has oncogenic potential, and
has been shown to promote proliferation and angiogenesis, inhibit differentiation, and
sustain cell survival (Olive et al 2009). Mammals also possess miR-17-92 paralogs,
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including the miR-106a-363 cluster on chromosome X, which is also over-expressed in
CRC (Volinia et al 2006, Monzo et al 2008, Chen et al 2009, Luo et al 2012). miRNAs in
the miR-106a-363 cluster, including miR-18b, miR-20b, and miR-106a, were also shown
to be down-regulated with 5 mM butyrate treatment for 48 h.
Other miRNAs that experienced decreased expression in the colorectal cell lines with 5
mM butyrate treatment included miR-29b, miR-196a and miR-196b, and miR-301a and
miR-301b. These miRNAs have all been shown to be up-regulated in CRC (Cummins et
al 2006, Monzo et al 2008, Motoyama et al 2009). There is some evidence to suggest
that high miR-196a levels promote the oncogenic phenotype of CRC cells (Schimanski
et al 2009), and that a miR-196a polymorphism increases susceptibility to digestive
system cancers (Guo et al 2012).
While multiple oncogenic miRNAs were decreased in colorectal cell lines in response to
butyrate treatment, other miRNAs were shown to be increased with butyrate treatment.
miR-23a and miR-23b have both been shown to be down-regulated in CRC (Cummins
et al 2006, Chen et al 2009). There is evidence that miR-23b regulates a cohort of prometastatic targets, and thus aids in supressing tumour growth, invasion and angiogenesis
(Zhang et al 2011). Treatment of HT29 and HCT116 cells with 5 mM butyrate resulted
in increased expression of miR-23a and miR-23b. Another miRNA shown to be
increased with butyrate treatment in both cell lines was miR-1290, which has also been
shown to be decreased in CRC (Luo et al 2012). miR-210 was also increased with
butyrate treatment in both cell lines. miR-210 can be induced by hypoxia (low oxygen),
which is a common feature in tumourigenesis (Huang et al 2009). While miR-210 has
been shown to have multiple functions, several studies have identified roles for miR-210
in repressing initiation of tumour growth, and inhibiting cancer cell survival and
proliferation (Huang et al 2009, Tsuchiya et al 2011).
Also of note was the regulation of miR-215 by butyrate, which displayed cell linespecific action. In the microarray and subsequent real-time RT-PCR validation in HT29
cells, miR-215 was significantly decreased with butyrate treatment. In the HCT116 cell
line, however, miR-215 was significantly increased with butyrate treatment, a finding
also presented in a study by Hu et al (2011). miR-192 was also significantly increased
with butyrate treatment in the HCT116 cell line only. Such variation in the butyrate
response of the HT29 and HCT116 cell lines may provide insight into mechanisms for
the increased sensitivity of the HCT116 cells to the pro-apoptotic effect of butyrate. For
example, the over-expression of miR-192 and miR-215 has been shown to significantly
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reduce cell proliferation in CRC cells by targeting cell cycle progression (Braun et al
2008, Boni et al 2010). These two miRNAs are often decreased in CRC (Braun et al
2008, Schetter et al 2008, Chen et al 2009, Earle et al 2010).
The real-time RT-PCR generally confirmed the initial findings from the microarray, with
several exceptions. The microarray indicated, for example, that miR-33a was
significantly decreased and miR-584 and miR-1275 were significantly increased in
butyrate-treated HT29 cells, while subsequent real-time RT-PCR in the same cell line
did not show significant changes for these miRNAs. Previous studies have similarly
shown that while there is generally excellent correlation between microarray and realtime RT-PCR results, some miRNA levels do not correlate between the microarray and
real-time RT-PCR measurements (Ach et al 2008, Git et al 2010). Microarrays are
typically used as a screening tool, and it is important to confirm results with a more
accurate detection method (van Rooij 2011). While a microarray screen followed by realtime RT-PCR validation is a common experimental workflow, alternative detection
methods such as high-throughput sequencing are also emerging, and may have benefits
in terms of sensitivity, measurement of absolute abundance, and novel miRNA
discovery (Git et al 2010, van Rooij 2011). In this Chapter, while the microarray was
only performed in one cell line, a strength of the work was that several CRC cell lines
were used in the real-time RT-PCR analysis, to determine the generality of the findings.
This study made use of standard colorectal carcinoma cell lines, and variants developed
by Fung et al (2009) which were less sensitive to the apoptotic effects of butyrate. Fung
et al (2009) found that the apoptotic response to 48 h butyrate treatment was
consistently lower in the HT29-BR cell line in comparison to the HT29 cells exposed to
the same concentration of butyrate, but still identified a significant apoptotic response in
both HT29 and HT29-BR cells at concentrations of 5 mM and greater (P < 0.02). The
extent of differentiation, as measured by alkaline phosphatase activity, was less in the
HT29-BR cell line compared with the HT29 cell line, but both cell lines were shown to
have significantly increased alkaline phosphatase activity upon 5 mM butyrate treatment
compared with the untreated control HT29 cells (P < 0.005). Fung et al (2009)
identified a number of proteins that were differentially expressed between the HT29 and
HT29-BR cell lines, and which potentially contributed to survival of cells insensitive to
the tumour suppressing effects of butyrate, however, they also identified a large number
of proteins which were similarly detected between the two cell lines. In this current
study, the HT29-BR and HCT116-BR cell lines were shown to be slightly resistant to
the anti-proliferative action of low butyrate concentrations compared to their standard
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counterparts; however at higher butyrate concentrations (10 mM butyrate in the HT29BR cells and 5 mM butyrate in the HCT116-BR cells), proliferation was still significantly
reduced compared with the untreated controls. This was reflected in the miR-17-92
cluster expression results, where a 5 mM butyrate concentration significantly reduced
miR-17-92 cluster miRNAs in both the standard and butyrate-resistant HT29 and
HCT116 cell lines. It would appear that the butyrate-resistant cell lines are only
insensitive to butyrate treatment at lower concentrations, such as 1 mM; thus these cell
lines were not further utilised in subsequent Chapters.
Following the completion of this miRNA microarray study examining butyratemodulated miRNA expression, a similar study was published by Hu et al (2011). Rather
than using HT29 cells, Hu et al (2011) performed a miRNA microarray in the HCT116
human colorectal carcinoma cell line, using the miRCURY LNA microarray v.11.0
(Exiqon) that contained probes targeting all miRNAs for human, mouse, or rat
registered in miRBase version 13 at the Sanger Institute. This present study also used
the Exiqon v11 probeset, which offered an opportunity for comparison between the
two studies. While the present study used a 5 mM butyrate treatment for 48 h, Hu et al
(2011) used only 1 mM butyrate for 24 – 48 h; however as shown in this Chapter,
HCT116 cells are more susceptible to butyrate than HT29 cells, which could account
for the lower concentration used. The microarray performed by Hu et al (2011)
identified 44 miRNAs that demonstrated significant changes in expression in response
to butyrate treatment. miRNAs with decreased expression included miR-29b-1*, miR18a, miR-92a, miR-20a*, miR-222*, miR-7, miR-18b, miR-29a*, let-7b*, miR-17, miR196b, miR-20a, miR-20b, miR-19a, miR-34a, miR-106a, miR-221, miR-25, miR-106b,
miR-19b, and miR-93, and miRNAs with increased expression included miR-96, miR320b, miR-215, miR-194, miR-492, miR-184, miR-202, miR-381, miR-424, and miR-95.
There was substantial overlap between the two studies for those miRNAs with
decreased expression upon butyrate treatment. In particular, miRNAs from the miR-1792 cluster and the paralogous cluster miR-106a-363, were significantly down-regulated
in both studies. Both this study and the Hu et al (2011) study used real-time PCR to
validate the microarray results. Hu et al (2011) also assessed expression levels of these
miRNAs in six paired human sporadic colon cancers and surrounding normal appearing
colon by microarray (mirVana miRNA Bioarrays v.2, Ambion). It was found that the
miRNAs that decreased in butyrate-treated HCT116 cells were dramatically increased in
tumour tissues compared with normal controls, including miR-17, miR-20a, miR-20b,
miR-93, miR-106a, and miR-106b (P < 0.05) (Hu et al 2011).
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This present study and that of Hu et al (2011) are the first to systematically identify
changes in miRNA expression in response to butyrate in CRC cells. Also of interest,
however, is an earlier somewhat related study by Bandres et al (2009), which treated
CRC derived cell lines with 1 or 3 mM 4-phenylbutyric acid every 24 h for five days, in
addition to treatment with a DNA methyltransferase inhibitor, 5-aza-2’deoxycytidine.
Bandres et al (2009) looked specifically at five miRNAs included within 1000 base pairs
of a CpG island, which were known to be down-regulated in CRC, and found that
combined treatment with 4-phenylbutyric acid and the DNA methyltransferase inhibitor
restored expression of three of these miRNAs (miR-9, miR-129, and miR-137). The
changes in these miRNAs were not replicated in the microarray analyses by Hu et al
(2011) and this present study; however, the study by Bandres et al (2009) is useful in
displaying how both DNA methylation and histone modifications alter miRNA
expression in CRC cells.
This Chapter identified multiple miRNAs that experienced altered expression with 5
mM butyrate treatment for 48 h. Some miRNAs that have oncogenic potential and are
over-expressed in CRC, such as the miR-17-92 and miR-106a-363 clusters, were shown
to be decreased with butyrate treatment. Others that are down-regulated in CRC and
may play a protective role, such as miR-23a and miR-23b, were increased with butyrate
treatment. Similar to the gene expression microarray studies, a limitation of this miRNA
microarray was that it could not distinguish between miRNAs that had their
transcription altered by direct butyrate action at the chromatin level, and miRNAs that
experienced altered transcription due to butyrate-induced changes in regulator gene
expression, including transcription factor activity. It was also unclear to what extent the
butyrate-induced changes in miRNA expression mediated the anti-proliferative and proapoptotic effects of butyrate treatment. These issues will be addressed in later Chapters.
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Chapter 5. HDI treatment reduces
miR-17-92 cluster expression and
increases expression of target genes
5.1 Introduction
Butyrate is a known HDI, which is one mechanism that allows the diet-derived
substance to alter gene and miRNA expression in colorectal cells. Other HDIs, such as
trichostatin A (TSA) and suberoylanilide hydroxamic acid (SAHA), have also been
shown to similarly alter gene expression to reduce cell growth or induce apoptosis. The
cellular pathways influenced by HDIs, such as cell cycle control and apoptosis, are also
regulated by miRNAs. In Chapter 4, butyrate was shown to alter expression of multiple
miRNAs, including those in the miR-17-92 cluster. The butyrate-induced decrease in
miR-17-92 expression may mediate the anti-proliferative and pro-apoptotic effects of
butyrate treatment. This Chapter explores this hypothesis, and examines the effect of
different HDIs on miR-17-92 miRNA levels.

5.1.1 Histone deacetylase inhibitors
5.1.1.1 Classes of HDACs and HDAC inhibitors
Histones are an important component of chromatin structure, with the highly conserved
core histone proteins H3, H4, H2A, and H2B acting with linker histones H1/H5 to
package eukaryotic DNA into repeating units that are folded into higher-order
chromatin (Strahl & Allis 2000). Various combinations of post-translational histone
modifications allow regulation of gene expression, with such modifications including
acetylation, methylation, phosphorylation, ubiquitination, and ADP-ribosylation (Strahl
& Allis 2000, Kouzarides 2007). Such modifications mainly occur along the N-terminal
tails, and to a lesser extent throughout other regions of the histone protein (Turner
1998, Strahl & Allis 2000). Enzymes that effect these modifications include, among
others, HATs and HDACs, which are responsible for increasing and decreasing
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).
HDACs catalyse the deacetylation of α-acetyl lysine that resides within the N-terminal
tail of core histones, which can lead to decreased transcription (Thorne et al 1990, Strahl
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& Allis 2000). Eighteen HDACs have been characterised in the human genome, and
these are grouped into class I, class II, class III and class IV based on their sequence
homology, their subcellular localization and their enzymatic activities (Thiagalingam et al
2003). Eleven classical HDACs have been described (class I, II and IV) (Table 5.1), as
well as seven sirtuins (class III), with the classical HDACs and sirtuins differing in their
catalytic mechanisms. Classical HDACs are Zn2+-dependent enzymes, while sirtuins
require NAD+ as a cofactor (de Ruijter et al 2003). Besides targeting histones, HDACs
can also target non-histone proteins, including those that have regulatory roles in cell
proliferation, migration, and apoptosis (Table 5.1). HDACs can either decrease or
increase the function or stability of these non-histone proteins (Glozak et al 2005).
Among the multiple non-histone proteins targeted by HDACs are DNA binding
transcription factors such as p53 and the E2F family (Magnaghi-Jaulin et al 1998, Luo et
al 2000, Robertson et al 2000, Ferreira et al 2001, Ito et al 2002). In addition to
mediating transcriptional repression through altered histone acetylation and chromatin
structure, by targeting non-histone proteins HDACs can also play other regulatory roles,
including transcription-independent regulation. HDACs can often form subunits of
multi-protein nuclear complexes that are important for gene repression (Huang et al
1999, Zhang et al 1999, Witt et al 2009).
Changes in normal patterns of histone modifications have been reported in various
cancers (Ono et al 2002, Fraga et al 2005b, Enroth et al 2011), as have alterations in
expression of different HDACs. In CRCs, over expression of HDAC1, HDAC2, and
HDAC3 have been observed (Zhu et al 2004, Wilson et al 2006). Wilson et al (2006)
found that HDAC3 and other class I HDAC proteins are up-regulated in colon
tumours, may play a physiological role in maintaining cell proliferation and inhibiting
maturation, and are involved in the repression of the cell cycle mediator CDKN1A. Zhu
et al (2004) found increased HDAC2 expression in the majority of human colon cancers
sampled compared with normal matched tissue, and also identified HDAC2 to play a
role in inhibiting apoptosis in colon cancer cells. In contrast to the HDAC overexpression observed by Wilson et al (2006) and Zhu et al (2004), Ropero et al (2006)
observed mutations in HDAC2 and loss of expression in a subset of MSI CRC cell lines
and tumour samples. In addition to altered HDAC expression, in certain cancers the
interaction between HDACs and oncogenic DNA-binding fusion proteins leads to
aberrant recruitment of HDACs to promoters (Bolden et al 2006). These cancer-related
changes in HDAC activity make them targets for anti-cancer therapy (Bolden et al
2006).
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Inhibitors of HDACs include both natural and synthetic compounds, and can be
divided into four chemical classes consisting of the SCFAs (aliphatic acids), hydroxamic
acids, cyclic peptides, and benzamides (Table 5.2). The term ‘HDAC inhibitor’ is
generally reserved for compounds that target the classical class I, II, and IV HDACs
(Witt et al 2009), with HDIs acting by binding to the HDAC active site and blocking
substrate-Zn chelation at the base of the site (Finnin et al 1999). Certain HDIs may
preferentially inhibit certain HDACs (Xu et al 2007). One of the main anti-cancer
effects of HDIs is cell cycle arrest (at G1 or G2 – M) (Mariadason et al 2000), which is
associated with induction of cell cycle inhibitors such as CDKN1A (Archer et al 1998).
HDIs can induce cell differentiation or cell death through various apoptotic pathways
(Xu et al 2007), and can also inhibit angiogenesis (Deroanne et al 2002, Pellizzaro et al
2002, Gururaj et al 2003, Kim et al 2007b, Prasanna Kumar et al 2008) and metastasis
(Liu et al 2003, Joseph et al 2004, Li et al 2004), and increase chemotherapy sensitivity
(Noro et al 2010, Iwahashi et al 2011, Kretzner et al 2011).
While HDACs are distributed ubiquitously around chromatin, HDIs only alter
expression of a select proportion of genes, usually between approximately 2% and 25%
in in vitro experiments (Van Lint et al 1996, Gray et al 2004, Daly & Shirazi-Beechey
2006, Alvaro et al 2008). This selective effect on gene transcription may be due to
altered acetylation of particular histone complexes and other proteins regulating gene
expression (Dokmanovic et al 2007). Studies in CRC cells, as in other cancers, have
shown that HDIs activate some genes but repress others, with at least as many genes
down-regulated as up-regulated (Mariadason et al 2000, Daly & Shirazi-Beechey 2006).
This complexity surrounding histone modifications and subsequent transcriptional
activation or repression is discussed further in Chapter 7.
5.1.1.2 Butyrate, TSA, and SAHA
As summarised in Chapter 4, microarray studies in CRC cells have detected multiple
genes modulated by the natural HDI butyrate, including genes associated with cell cycle
regulation and arrest, differentiation and apoptosis (Mariadason et al 2000, Iacomino et
al 2001, Daly & Shirazi-Beechey 2006). While butyrate’s ability to epigenetically regulate
gene expression is often attributed to its induction of histone hyperacetylation, it can
also induce 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 2006). Use of a more specific and potent inhibitor of
HDAC was deemed necessary to characterise the specific effects of HDIs, which led to
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the development of TSA (Yoshida et al 1990). Originally reported as a fungistatic
antibiotic by Tsuji et al (1976), TSA was then characterised as a HDI (Yoshida et al
1987, Yoshida & Beppu 1988, Yoshida et al 1990). At low (nanomolar) concentrations,
TSA was shown to cause induction of Friend leukaemia cell differentiation, inhibition of
the cell cycle of normal rat fibroblasts in both the G1 and G2 phases, accumulation of
highly acetylated histones in vivo, and strong inhibition of HDAC activity in vitro
(Yoshida et al 1987, Yoshida & Beppu 1988, Yoshida et al 1990). TSA was deemed to
be an important tool in the analysis of the role of histone acetylation in regulation of
chromatin structure, differentiation, and the cell cycle (Yoshida et al 1990).
Mariadason et al (2000) were among the first to comprehensively compare the response
of colonic epithelial cells to butyrate and the selective HDAC inhibitor TSA, both of
which induce cell cycle arrest and an apoptotic response, but are structurally unrelated.
Microarray analysis was used to determine gene expression changes in SW620 human
colorectal adenocarcinoma cell line, treated with 5 mM butyrate or 1 µM TSA for 0.5, 2,
12, 16, 24, and 48 h. Extensive alterations in gene expression were detected in response
to butyrate. More limited changes were induced by TSA, although the profiles of gene
expression induced by TSA and butyrate were similar. This was attributed to their
shared mechanism of action as HDIs (Mariadason et al 2000). Della Ragione et al (2001)
also compared the genes modulated by butyrate to those altered by TSA, in HT29
colorectal adenocarcinoma cells. Cells were treated with 2 mM butyrate or 0.3 µM TSA
for 5 h, in the presence of cycloheximide to inhibit de novo protein synthesis and observe
transcriptional effects only. Della Ragione et al (2001) identified a number of genes
induced by both butyrate and TSA, including cell cycle regulators such as CDKN1A,
transcription factors, chemokine receptors, transduction modulators, stress responses,
detoxification genes, and adhesion molecules (Della Ragione et al 2001). In similar
studies, Siavoshian et al (2000) and Chen et al (2004) also compared the molecular
mechanisms of butyrate and TSA action on HT29 cells, and highlighted the ability of
butyrate and TSA to stimulate expression of CDKN1A, at both the mRNA and protein
level. Wu et al (2001) found early increases in CDKN1A mRNA levels with 5 mM
butyrate or 0.3 µM TSA.
While there is overlap between the genes modulated by butyrate and TSA, there are also
differences in the mechanisms of action of the two agents. Mariadason et al (2000)
found that the kinetics of alteration of histone acetylation differed between the two
agents. Butyrate induced a gradual increase in histone H4 acetylation that peaked at 16
h, while TSA produced a rapid and short-lived increase in H4 acetylation that peaked at
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2 h (Mariadason et al 2000). Similarly, Siavoshian et al (2000) also found that exposure
to butyrate or TSA induced histone H4 hyperacetylation, with histone H4 remaining
hyperacetylated at 15 and 24 h with butyrate treatment, but returning to control levels in
the presence of TSA. Siavoshian et al (2000) and Iacomino et al (2006) showed that
butyrate treatment blocked cells mainly in the G1 phase of the cell cycle, whereas TSA
treatment blocked cells in both G1 and G2 phases. While both substances have HDI
activity, butyrate and TSA appear to induce slightly different cell responses.
Aside from TSA, which was the first natural hydroxamic acid identified with HDI
properties, substantial research has been conducted on a structurally similar HDI,
SAHA (Vorinostat). SAHA is also a hydroxamic acid, and was the first of two HDIs to
be approved by the US Food and Drug Administration (FDA) for the treatment of
cutaneous T-cell lymphoma (Duvic et al 2007, Olsen et al 2007). This approval in 2006
followed the completion of a pivotal phase II single-arm open-label trial that enrolled 74
patients with cutaneous T-cell lymphoma who had failed two systemic therapies (Olsen
et al 2007). Another phase II trial in 33 patients with cutaneous T-cell lymphoma also
supported the approval (Duvic et al 2007). In both studies, the response rate (measured
using the Severity-Weighted Assessment Tool or the Physician’s Global Assessment
Scale) to treatment with oral Vorinostat was approximately 30% (Duvic et al 2007,
Olsen et al 2007), which was comparable to response rates obtained with other FDAapproved cutaneous T-cell lymphoma therapies (Mann et al 2007). The most common
adverse events with the treatment were diarrhoea, fatigue, nausea, and anorexia (Duvic
et al 2007, Olsen et al 2007). The other HDI to be FDA approved was Romidepsin
(FK-228), also for cutaneous T-cell lymphoma (Piekarz et al 2009, Whittaker et al 2010).
SAHA is also under investigation for use in other cancer types, with both phase I and
phase II trials conducted in patients with solid tumours including CRC. Several small
early phase II trials of SAHA in tumours including CRC were mainly concerned with
safety and establishing appropriate dosage, and were unable to establish the efficacy of
the treatment (Vansteenkiste et al 2008, Wilson et al 2010b). Other HDIs have also
been examined mostly in hematopoietic malignancies, but have been used in mainly
phase I trials in solid tumours including CRC (Table 5.2).
An in vitro microarray profiling study by LaBonte et al (2009) examined the response of
CRC cells treated with the clinical hydroxamic acid HDI SAHA, and another
hydroxamic acid explored in the clinical setting, LBH589. Using HCT116 and HT29
CRC cell lines, LaBonte et al (2009) found that treatment with 2 µM SAHA induced
histone acetylation and cell cycle arrest, with increased H4 acetylation at 2 h (in HCT116
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cells) or 4 h (in HT29 cells) post-treatment, and H3 acetylation as early as 0.5 h posttreatment in both cell lines. SAHA induced mainly G2/M arrest in HCT116 cells, and
mainly G1 arrest in HT29 cells. In the HCT116 cells, 3566 genes (7% of total gene set
analysed) were modulated by either LBH589 or SAHA, with 3100 differentially
expressed with SAHA. In the HT29 cells, 2645 genes (5% of total gene set analysed)
were modulated by either LBH589 or SAHA, with 2448 differentially expressed with
SAHA. An IPA analysis identified five networks to be altered by the HDIs, based on
these networks possessing significantly more of the identified differentially expressed
genes than would be expected by random chance. These networks were cell cycle, DNA
replication, recombination and repair, apoptosis, gene expression, and cell growth and
proliferation (LaBonte et al 2009).
Other studies have also examined the effect of SAHA treatment on various CRC cell
lines in vitro. Portanova et al (2008) showed that in HT29 cells, SAHA caused apoptosis,
and induced an accumulation of cells in the G2/M phase of the cell cycle at 4 – 8 h, and
a progressive increase in the percentage of cells confined to the sub-G0/G1 phase with
longer treatment. Another study in 320 HSR colon cancer cells also found SAHA to
induce apoptosis and sub-G1 arrest, and reduce anti-apoptosis proteins (Sun et al 2010).
Wilson et al (2010a) examined the effect of HDIs in multiple CRC cell lines including
HCT116 and HT29, and within a particular cell line the apoptotic response was
comparable with 2.5 µM SAHA, 1 µM TSA, or 5 mM butyrate. Bressan et al (2010)
found that chronic exposure to SAHA induced a less aggressive phenotype in human
colon carcinoma HCT116 cells, while Lobjois et al (2009) used multicellular tumour
spheroids of HCT116 cells to mimic an in vivo tumour situation and show that SAHA
effects such as cell cycle arrest and apoptosis are dependent on the position of the cells
within the spheroid. Combination treatment with SAHA and other chemotherapeutic
agents has also been investigated in CRC cell lines, with SAHA shown to act in synergy
with other agents, including 5-fluorouracil, Bortezomib, and Selumetinib, to decrease
proliferation and increase apoptosis (Fazzone et al 2009, Pitts et al 2009, Morelli et al
2012). Fazzone et al (2009) also showed that SAHA may assist in overcoming resistance
to 5-fluorouracil by repressing thymidylate synthase (TS), which when over-expressed
promotes 5-fluorouracil resistance.
CDKN1A (p21) is one of the most commonly reported genes to be induced in cells
treated with butyrate, TSA, SAHA and other HDIs, and is important in mediating the
cell cycle arrest observed in response to HDI treatment (Janson et al 1997, Nakano et al
1997, Siavoshian et al 1997, Archer et al 1998, Siavoshian et al 2000, Kobayashi et al
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2003, Orchel et al 2003, Daly & Shirazi-Beechey 2006, Wilson et al 2006). Altered
CDKN1A expression can be observed within a few hours of HDI treatment (Archer et
al 1998). Current literature presents conflicting evidence, with some studies showing the
HDI-induced increase in CDKN1A expression to be p53 independent (Archer et al
1998, Kobayashi et al 2003), and others showing it to be influenced by p53 (Zhao et al
2006, Habold et al 2008). The increase in CDKN1A expression may be associated with
modifications in acetylation and methylation patterns in histones H3 and H4 associated
with the CDKN1A promoter region. In a multiple myeloma cell line, Gui et al (2004)
found HDI treatment to induce a specific increase in acetylation of histone H3 lysine 9
and 14, acetylation of histone H4 lysine 5, 8, 12, and methylation of histone H3 lysine 4.
This was associated with more open chromatin, increased DNase I sensitivity and
restriction enzyme accessibility in the CDKN1A promoter (Gui et al 2004). Increased
H3 and H4 acetylation at the CDKN1A promoter region has also been demonstrated in
CRC cells treated with HDIs (Chen et al 2004, Fang et al 2004). HDIs can also induce
alterations in components of CDKN1A-associated proteins, leading to activation of
CDKN1A expression. Alterations included a decrease in HDAC1 and MYC bound to
the CDKN1A promoter and an increase in RNA polymerase II associated with the
promoter bound proteins (Gui et al 2004). Changes in other promoter-associated
proteins such as SP1 and SP3 may also lead to CDKN1A induction (Xiao et al 2000,
Davie 2003, Hammill et al 2005). CDKN1A is known to induce G1 cell cycle arrest, and
to affect downstream regulators such as cyclin B (Archer et al 2005). Multiple
mechanisms appear to regulate CDKN1A levels, and it has been suggested that direct
modification of histone acetylation alone is insufficient to induce CDKN1A expression
by butyrate (Kobayashi et al 2003, Kobayashi et al 2004). Changes in specific miRNA
levels may also play a regulatory role.

108

CHAPTER 5
Table 5.1: Classical histone deacetylases (HDACs)
Class

Name

Location

Selected protein targets/ substrates

Class I

HDAC1

N

p53 (Luo et al 2000, Ito et al 2002)
MYOD (Mal et al 2001)
E2F1 (Magnaghi-Jaulin et al 1998, Robertson et al 2000, Ferreira et al
2001)
STAT3 (Yuan et al 2005, Ray et al 2008)
Androgen receptor (Gaughan et al 2005)
SHP (Gobinet et al 2005)
YY-1 (Yang et al 1996, Yao et al 2001)
GCMa (Chuang et al 2006)
SMAD7 (Simonsson et al 2005)

HDAC2

N

BCL-6 (Bereshchenko et al 2002)
STAT3 (Yuan et al 2005, Pang et al 2011)
Glucocorticoid receptor (Ito et al 2006)
YY-1 (Yang et al 1996, Yao et al 2001)

HDAC3

N

GATA-1 (Watamoto et al 2003)
GATA-2 (Ozawa et al 2001)
GCMa (Chuang et al 2006)
RelA (Chen et al 2001)
MEF2D (Gregoire et al 2007)
YY-1 (Yang et al 1996, Yao et al 2001, Sankar et al 2008)
SHP (Gobinet et al 2005)
SMAD7 (Simonsson et al 2005)

Class IIa

HDAC8

N

-

HDAC4

N/C

GCMa (Chuang et al 2006)
GATA-1 (Watamoto et al 2003)
HP-1 (Zhang et al 2002)

HDAC5

N/C

SMAD7 (Simonsson et al 2005)
HP-1 (Zhang et al 2002)
GCMa (Chuang et al 2006)
GATA-1 (Watamoto et al 2003)

Class IIb

HDAC7

N/C

PLAG1 and PLAGL2 (Zheng & Yang 2005)

HDAC9

N/C

-

HDAC6

C

α-Tubulin (Hubbert et al 2002)
HSP90 (Bali et al 2005)
SHP (Gobinet et al 2005)
SMAD7 (Simonsson et al 2005)
β-catenin (Li et al 2008)

Class IV

HDAC10

C

HSP90 (Park et al 2008)

HDAC11

N/C

-

C: cytoplasm; N: nucleus; -: none identified.
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Table 5.2: Known histone deacetylase (HDAC) inhibitors
Chemical class

Selected compounds

HDAC target

Potency

Clinical trials in solid tumours,
including CRC

Short-chain fatty acids/

Sodium butyrate

Class I and IIa

mM

-

Phenylbutyrate

Class I and IIa

mM

Phase I: (Gilbert et al 2001, Camacho

aliphatic acids
et al 2007, Sung & Waxman 2007, Lin
et al 2009)
Valproate

Class I and IIa

mM

Phase I: (Atmaca et al 2007, Munster
et al 2007); Phase I-II: (Munster et al
2009a)

Hydroxamic acids

AN-9 (Pivanex)

-

µM

Phase I: (Patnaik et al 2002)

TSA

Class I and II

nM

-

SAHA (Vorinostat)

Class I and II

µM

Phase I: (Fakih et al 2009, Munster et
al 2009b, Fakih et al 2010,
Ramalingam et al 2010, Ree et al
2010, Dickson et al 2011, Stathis et al
2011); Phase I-II: Wilson et al (2010b);
Early Phase II: Vansteenkiste et al
(2008)

LAQ-824

Class I and II

nM

Phase I: (de Bono et al 2008)

Class I and II

µM

Phase I: (Steele et al 2008, Lassen et

(Dacinostat)
PDX-101 (Belinostat)

al 2010)
LBH-589

Class I and II

nM

(Panobinostat)

Cyclic peptides

Phase I: (Jones et al 2011, Morita et al
2011, Fukutomi et al 2012)

CBHA

-

µM

-

ITF2357

Class I and II

nM

-

PCI-24781

Class I and II

NR

-

FK-228

Class I

nM

Phase II: (Whitehead et al 2009)

HDAC1, HDAC2,

µM

Phase I: (Gore et al 2008, Pili et al

(Romidepsin)
Benzamides

MS-275 (Entinostat)

HDAC3
MGCD-0103

Class I

2012)
µM

Phase I: (Siu et al 2008)

(Mocetinostat)
NR: not reported; -: none identified.
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5.1.2 The miR-17-92 cluster
In addition to its effects on gene expression, the HDI butyrate was shown in Chapter 4
to decrease expression of multiple miRNAs, including those in the polycistronic miR17-92 cluster and its paralog cluster, miR-106a-363. The human miR-17-92 host gene is
located at 13q31.3, a chromosomal region amplified in several hematopoietic
malignancies and solid tumours (Ota et al 2004). Over-expression of miR-17-92 has
been observed in lymphomas and multiple solid tumours including colon, breast, lung,
pancreas, prostate, and stomach tumours (Ota et al 2004, Hayashita et al 2005, He et al
2005a, Cummins et al 2006, Volinia et al 2006, Petrocca et al 2008, Chen et al 2009,
Diosdado et al 2009). He et al (2005a) were the first to show that besides the overexpression of miRNAs from this cluster in tumours and tumour cell lines, miR-17-92
could modulate tumour formation and act as an oncogene in vivo. The miR-17-92 cluster
was therefore designated oncomir-1 due to its oncogenic properties (He et al 2005a).
The host gene of miR-17-92 is known as C13 open reading frame 25 (C13ORF25), or
more recently as MIR17HG (Figure 5.1), with the miR-17-92 cluster located in the third
intron of the ~ 7 kb primary transcript (Ota et al 2004). The transcript of the miR-17-92
cluster contains six stem-loop hairpins that are processed to yield six mature miRNAs:
miR-17, miR-18a, miR-19a, miR-20a, miR-19b-1, and miR-92a-1 (Tanzer & Stadler
2004). Complementary star form miRNAs (*) are also derived from the miR-17-92 premiRNAs. As shown in Figure 5.1, the six mature miR-17-92 miRNAs can be categorised
into four miRNA families based on their seed sequences, which are the regions
considered most important for target selection: the miR-17 family (miR-17, miR-20a),
the miR-18 family (miR-18a), the miR-19 family (miR-19a, miR-19b-1), and the miR-92
family (miR-92a-1) (Mendell 2008). Gene duplication events have also resulted in two
miR-17-92 paralog clusters in mammals. The host gene of one paralog cluster, miR106b-25, is MCM7 on Chromosome 7, and the primary transcript of another paralogous
cluster, miR-106a-363 on Chromosome X, has not been well characterised (Tanzer &
Stadler 2004, Poliseno et al 2010). Each paralog contains homologous miRNAs to a
subset of miR-17-92 components (Figure 5.1).
The miR-17-92 cluster host gene has several known regulators (Figure 5.2). He et al
(2005a) provided some of the first evidence of the oncogenic activity of the miR-17-92
cluster, and also demonstrated the interaction between miR-17-92 and C-MYC. Overexpression of the miR-17–92 cluster accelerated c-Myc-induced lymphomagenesis in
mice, and tumours resulting from combined c-Myc and miR-17-92 expression also
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showed increased tumour invasion and reduced apoptosis (He et al 2005a). A study by
Tagawa et al (2007) also indicated that miR-17-92 is stably up-regulated in the presence
of constitutive expression of MYC, and that the deregulation of the miR-17-92 cluster
and MYC synergistically contributes to aggressive cancer development by repressing
tumour suppressor genes (Tagawa et al 2007). O'Donnell et al (2005) determined that
miR-17-92 host gene transcription is directly activated by C-MYC binding, while Schulte
et al (2008) showed that N-MYC also activates miR-17-92 host gene transcription. In
addition to regulation by C-MYC, the E2F family of transcription factors also regulate
miR-17-92, with E2F1 and E2F3 in particular known to bind to the miR-17-92
promoter region and activate transcription (Sylvestre et al 2007, Woods et al 2007,
Pickering et al 2009). E2F family members are essential for cell cycle progression, can
drive progression from G1 to S phase, and can also induce apoptosis at high levels in
response to DNA damage (Lin et al 2001). Cycling cells are likely to have elevated miR17-92 due to increased E2F activity during S phase (Olive et al 2010). There also exists a
potential homeostatic feedback loop between E2F factors and miR-17-92 cluster
miRNAs; miR-20 has been shown to target E2F1, and miR-17 has been shown to target
E2F3 (O'Donnell et al 2005). Another feedback loop has also been suggested where CMYC and E2F members can transcriptionally activate each other (O'Donnell et al
2005). It has been postulated that the feedback between E2F factors and miR-17-92 acts
to dampen the apoptotic potential of E2F1, and assists the miR-17-92 cluster in exerting
its anti-apoptotic effect (O'Donnell et al 2005, Olive et al 2010). Figure 5.2 displays the
key regulators of the miR-17-92 cluster, and also selected key target genes.
The miR-17-92 cluster of miRNAs has been shown to target genes that are important in
cell cycle control (Figure 5.2). Studies in mainly lymphoma models have shown that the
cell cycle inhibitor CDKN1A (p21) and the pro-apoptotic genes PTEN and BCL2L11
(Bim) are regulated by miR-17-92 (Ventura et al 2008, Inomata et al 2009, Mu et al 2009,
Olive et al 2009, Wong et al 2010). The anti-apoptotic effect of miR-17-92 could be
mediated by the targeting of PTEN and BCL2L11 (Koralov et al 2008, Ventura et al
2008, Xiao et al 2008), while the proliferative effect of miR-17-92 could be partially
attributed to its ability to repress CDKN1A translation (Cloonan et al 2008, Fontana et
al 2008). In studies in CRC cells, HDIs including butyrate, TSA and SAHA also
regulated CDKN1A and PTEN (Siavoshian et al 2000, Chen et al 2004, Daly & ShiraziBeechey 2006). It could be hypothesised that the butyrate-induced decrease in miR-1792 cluster expression shown in Chapter 4 may mediate the anti-proliferative and pro-
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apoptotic effects of butyrate treatment. Other HDIs may have similar effects on miR17-92 cluster genes and their targets, and are investigated in this Chapter.
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Figure 5.1: Structure of the human miR-17-92 cluster and its paralogs, miR-106a363 and miR-106b-25.
(A) Primary transcript organisation of the human miR-17-92 cluster and its paralogs,
miR-106a-363 and miR-106b-25. The host gene of miR-17-92 is MIR17HG
(C13ORF25) on Chromosome 13, and the host gene of miR-106b-25 is MCM7 on
Chromosome 7. The miR-106a-363 transcript on Chromosome X has not been
characterised. miRNAs from the clusters can be categorised into separate miRNA
families based on their seed sequences (the miR-17 family, miR-18 family, miR-19
family, and miR-92 family). (B) Mature miRNA sequences of the miR-17-92 cluster and
its paralogs, with the seed sequences shaded.
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Figure 5.2: Transcriptional regulation and target mRNAs of the miR-17-92
cluster
The miR-17-92 cluster is a transcriptional target of C-MYC and the E2F family of
transcription factors. miRNAs in the miR-17-92 cluster have multiple target genes. Wellvalidated targets include the cell cycle inhibitor CDKN1A (p21) (target of miRs 17 and
20a) and the pro-apoptotic genes PTEN (target of miRs 17, 19a, 19b, and 20a) and
BCL2L11 (Bim) (target of miRs 17, 18a, 19a, 20a, 19b and 92a).
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5.2 Aims
The aims of this Chapter were 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.

5.3 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 were used to determine the effects of different HDIs on
cell growth, miRNA expression, and expression of miR-17-92 target genes. Cells were
treated with increasing doses of butyrate (0, 1, 5, 10, or 25 mM) or SAHA (0, 1, 2 or 3
µM) for 48 h, and proliferation was measured in real-time using the xCELLigence
RTCA DP instrument. In separate experiments, cells were treated for 48 h with 1, 5 or
10 mM butyrate, 2 µM SAHA or 0.3, 0.5, or 0.7 µM TSA, or maintained in control
medium, and total RNA was extracted from treated cells using the TRIzol method.
Relative quantitation real-time RT-PCR analysis was performed on miR-17-92 miRNAs.
To confirm the effect of HDIs on miR-17-92 target genes, relative quantitation realtime RT-PCR analysis was used to determine mRNA levels of target genes in 5 mM
butyrate-treated cells and cells in control medium. Western blots were used to determine
protein levels of miR-17-92 target genes in 5 mM butyrate-treated cells and cells in
control medium. The miR-17-92 target genes examined were CDKN1A, PTEN, and
BCL2L11. mRNA levels of miR-17-92 regulators, including C-MYC and E2F1, were
also examined in 5 mM butyrate-treated cells and cells in control medium, using relative
quantitation real-time RT-PCR analysis. Real-time RT-PCR analysis was also used to
compare levels of miR-17-92 cluster miRNAs and target gene transcripts in the
butyrate-treated and control medium CRC cell lines, with levels in normal human rectal
mucosa. This mucosa was previously utilised by Michael et al (2003).

5.4 Results
5.4.1 Proliferation of colorectal cancer cell lines with HDI treatment
As shown in Chapter 4, treatment of HT29 and HCT116 CRC cells with increasing
concentrations of butyrate led to decreased proliferation over a 48 h period, when
measured with real-time cell growth analysis. In this Chapter, the anti-proliferative effect
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of butyrate was compared to that of a structurally unrelated HDI, SAHA (Figure 5.3A).
By 48 h, treatment with 5 mM butyrate significantly reduced proliferation in HT29 cells
compared with the untreated control cells (P = 0.0005), and in HCT116 cells compared
with the untreated control cells (P < 0.0001). The HCT116 cells were more susceptible
to the anti-proliferative effect of 5 mM butyrate. At 48 h, SAHA treatment at 2 µM had
an equivalent effect on proliferation in HT29 cells as 5 mM butyrate (P = 0.007
compared with untreated controls), although the growth kinetics appeared to differ
between treatments (Figure 5.3B). Treatment of HCT116 cells with 2 µM SAHA also
reduced proliferation compared with untreated controls (P = 0.002).

5.4.2 Real-time RT-PCR of miR-17-92 changes in colorectal cancer
cells treated with butyrate and other HDIs
HT29 and HCT116 CRC cell lines were treated for 48 h with 1, 5 or 10 mM butyrate, 2
µM SAHA or 0.3, 0.5, or 0.7 µM TSA, or maintained in control medium, to compare
the effect of these HDIs on expression of miR-17-92 cluster miRNAs and the miR106a-363 paralog miRNAs. Following 5 mM butyrate treatment, all of the miR-17-92
cluster miRNAs exhibited significant differential expression in the microarray analysis
(Bayesian log odds value > 0) in the previous Chapter, with the exception of miR-19a
and miR-92; however, these miRNA also showed potential down-regulation and were
examined further. As shown in Chapter 4, real-time RT-PCR analysis showed all of the
selected miR-17-92 and miR-106a-363 cluster miRNAs to be significantly downregulated by 5 mM butyrate, in both HT29 and HCT116 cells (P < 0.05). In this
Chapter, the effects of various butyrate doses were compared to the effects of HDIs
from a different class, the hydroxamic acids TSA and SAHA, on miR-17-92 and miR106a-363 cluster miRNA levels. Expression was dose-dependent, with increasing
butyrate concentration generally leading to decreasing levels of miR-17-92 cluster
members in both the HT29 and HCT116 cells (Figure 5.4 and Figure 5.5). Similar
results were achieved with SAHA and TSA, with all of the miR-17-92 cluster miRNAs
significantly down-regulated by 2 µM SAHA or 0.5 µM TSA, in both HT29 and
HCT116 cells (P < 0.05) (Figure 5.4 and Figure 5.5). As with butyrate, an increasing
TSA dose led to decreasing levels of miR-17-92 miRNAs. With 5 mM butyrate, 2 µM
SAHA or 0.5 µM TSA treatment, miRNAs from the miR-106a-363 cluster were reduced
to a similar extent to miRNAs from the miR-17-92 cluster (Table 5.3). The folddecrease in miR-17-92 and miR-106a-363 cluster miRNAs levels in response to HDI
treatment was greater in the HCT116 cell line compared with the HT29 cell line (Table
5.3).
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Figure 5.3: Proliferation of HT29 and HCT116 cells after 48 h of butyrate or
SAHA treatment.
(A) Cell index measurements at 48 h using the xCELLigence RTCA DP instrument in
HT29 cells or HCT116 cells treated with increasing doses of butyrate or SAHA,
compared with cells in control medium (0) (* P < 0.05). (B) xCELLigence real-time
proliferation graph demonstrating differences in growth kinetics between 5 mM
butyrate and 2 µM SAHA treatments in HT29 cells. The mean ± SEM of three cell
culture replicates is shown.
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Figure 5.4: Real-time RT-PCR validation of miR-17-92 cluster changes in HT29
cells after 48 h of butyrate, TSA or SAHA treatment
miR-17-92 cluster miRNA levels in cells treated with increasing doses of butyrate or
TSA, or with SAHA, compared with cells in control medium (0) (* P < 0.05). The mean
± SEM of three cell culture replicates is shown, and expression is normalised to
RNU6B levels.
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Figure 5.5: Real-time RT-PCR validation of miR-17-92 cluster changes in
HCT116 cells after 48 h of butyrate, TSA or SAHA treatment
miR-17-92 cluster miRNA levels in cells treated with increasing doses of butyrate or
TSA, or with SAHA, compared with cells in control medium (0) (* P < 0.05). The mean
± SEM of three cell culture replicates is shown, and expression is normalised to
RNU6B levels.
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Table 5.3: Changes in miR-17-92 and miR-106a-363 cluster mature miRNA levels
in HT29 and HCT116 cells treated with butyrate, TSA or SAHA for 48 h as
detected by real-time RT-PCR.
Values represent fold changes (and P values) relative to untreated control cells.
Expression is normalised to RNU6B levels and the mean of three cell culture replicates
is shown.
Butyrate
1 mM
miR-17-92 cluster
HT29 cells
miR-17
-1.13
(0.07)
miR-18a
-1.30
(0.006)
miR-19a
-1.18
(0.04)
miR-20a
-1.28
(0.008)
miR-19b
-1.25
(0.009)
miR-92a
-1.18
(0.02)

5 mM

10 mM

TSA
0.3 µM

0.5 µM

0.7 µM

SAHA
2 µM

-1.54
(0.0005)
-2.07
(0.0001)
-1.78
(0.0002)
-1.89
(0.0002)
-2.00
(0.0002)
-1.41
(0.0003)

-1.71
(<0.0001)
-2.37
(<0.0001)
-2.06
(0.0001)
-2.01
(<0.0001)
-2.37
(0.0001)
-1.57
(<0.0001)

-1.00
(0.96)
-1.20
(0.004)
-1.15
(0.05)
-1.13
(0.03)
-1.14
(0.14)
+1.01
(0.75)

-1.37
(0.003)
-1.61
(0.0004)
-1.54
(0.001)
-1.43
(0.002)
-1.61
(0.0008)
-1.27
(0.003)

-2.66
(<0.0001)
-3.05
(<0.0001)
-3.07
(0.0001)
-2.44
(<0.0001)
-3.56
(<0.0001)
-2.03
(<0.0001)

-1.29
(0.001)
-1.78
(0.001)
-1.47
(<0.0001)
-1.45
(0.0002)
-1.50
(0.002)
-1.36
(0.0005)

HCT116 cells
miR-17
-2.04
(0.0005)
miR-18a
-2.32
(0.0003)
miR-19a
-1.91
(0.0007)
miR-20a
-1.92
(0.0002)
miR-19b
-2.00
(0.0001)
miR-92a
-1.69
(0.0004)

-2.97
(0.0002)
-4.57
(<0.0001)
-2.91
(0.0002)
-2.40
(<0.0001)
-3.08
(<0.0001)
-1.76
(0.0003)

-2.85
(0.0002)
-4.27
(0.0001)
-3.14
(0.0002)
-2.34
(<0.0001)
-2.98
(<0.0001)
-1.78
(0.0003)

-1.32
(0.02)
-1.24
(0.04)
-1.23
(0.03)
-1.04
(0.67)
-1.14
(0.06)
-1.02
(0.73)

-1.60
(0.002)
-1.69
(0.002)
-1.62
(0.004)
-1.24
(0.04)
-1.56
(0.003)
-1.19
(0.01)

-2.44
(0.0006)
-2.23
(0.0006)
-2.00
(0.0006)
-1.52
(0.003)
-1.90
(0.0001)
-1.36
(0.009)

-1.62
(<0.0001)
-2.00
(0.001)
-1.73
(<0.0001)
-1.88
(<0.0001)
-2.03
(0.0007)
-1.58
(0.008)

miR-106a-363 clustera
HT29 cells
miR-106a
-1.23
(0.02)
miR-18b
-1.52
(0.004)
miR-20b
-1.22
(0.03)

-1.82
(0.001)
-1.78
(0.007)
-1.85
(0.0003)

-1.98
(<0.001)
-2.17
(0.0002)
-2.01
(<0.0001)

-1.01
(0.70)
-1.14
(0.31)
+1.02
(0.73)

-1.35
(0.002)
-1.55
(0.002)
-1.40
(0.0004)

-2.27
(<0.001)
-2.30
(0.0004)
-2.51
(<0.0001)

-1.51
(<0.0001)
-1.30
(0.06)
-1.51
(0.001)

HCT116 cells
miR-106a
-2.13
(0.0007)
miR-18b
-1.68
(0.006)
miR-20b
-1.83
(0.002)

-2.86
(0.0003)
-2.96
(0.0008)
-2.44
(0.0006)

-2.85
(0.0003)
-3.48
(0.0002)
-2.36
(0.0006)

-1.17
(0.11)
-1.08
(0.35)
-1.08
(0.40)

-1.42
(0.01)
-1.44
(0.01)
-1.33
(0.04)

-1.72
(0.003)
-1.30
(0.02)
-1.72
(0.006)

-1.89
(<0.0001)
-1.95
(<0.0001)
-1.85
(0.0002)

a

miR-19b-2 and miR-92a-2 in the miR-106a-363 cluster have the same sequence as miR-19b-1 and miR-92a-1 respectively in the miR-17-92

cluster, so the fold change results for these miRNAs do not distinguish between these. miR-363 was not examined as it showed no change in
the microarray analysis.
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5.4.3 Expression of miR-17-92 validated target genes and regulators
in colorectal cancer cells treated with butyrate
Elevated expression of the miR-17-92 cluster promotes proliferation and suppresses
apoptosis in cancer cells (Mu et al 2009, Olive et al 2009). To understand how the
butyrate-induced decrease in miR-17-92 miRNAs affected proliferation and apoptosis,
the influence of these miRNAs on target genes was studied. Experimentally validated
targets whose expression was modulated by miR-17-92 miRNAs in other, mainly
lymphoma, cell models were examined first, including CDKN1A (target of miRs 17 and
20a), PTEN (target of miRs 17, 19a, 19b and 20a), and BCL2L11 (target of miRs 17,
18a, 19a, 20a, 19b and 92a) (Ventura et al 2008, Inomata et al 2009, Mu et al 2009, Olive
et al 2009, Wong et al 2010) (Figure 5.2). Real-time RT-PCR was used to determine
mRNA levels of these target genes in HT29 and HCT116 cells with and without 5 mM
butyrate treatment for 48 h. The decrease in miR-17-92 levels in response to butyrate
correlated with an increase in transcript levels of CDKN1A (P = 0.02 in HT29 cells; P =
0.004 in HCT116 cells), PTEN (P = 0.001 in HT29 cells; P = 0.02 in HCT116 cells),
and BCL2L11 (P = 0.001 in HT29 cells; P = 0.0001 in HCT116 cells) (Figure 5.6). To
investigate the effect of butyrate on translation of these genes, Western blot analysis was
used to display changes in protein levels in target genes. Again, the decrease in miR-1792 in response to butyrate correlated with an increase in CDKN1A (P = 0.006 in HT29
cells; P = 0.01 in HCT116 cells), PTEN (P = 0.001 in HT29 cells; P = 0.001 in HCT116
cells), and BCL2L11 (P = 0.002 in HT29 cells; P < 0.0001 in HCT116 cells) proteins
(Figure 5.7 and Figure 5.8).
The transcription factors E2F1, E2F2, and E2F3 and C-MYC and are known regulators
of the MIR17HG, the host gene of the miR-17-92 cluster of miRNAs (O'Donnell et al
2005, Woods et al 2007). Real-time RT-PCR was used to investigate mRNA levels of
these transcription factors in HT29 and HCT116 cells with and without 5 mM butyrate
treatment for 48 h, to determine whether altered transcription of these genes may be
responsible for the decrease in miR-17-92 miRNAs observed with butyrate treatment.
At the mRNA level, E2F1 decreased in response to butyrate treatment (P = 0.0002 in
HT29 cells; P < 0.0001 in HCT116 cells), whereas C-MYC was not significantly changed
in HT29 cells (P = 0.77), but was significantly increased in HCT116 cells (P = 0.0008)
(Figure 5.9).
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Figure 5.6: Changes in miR-17-92 cluster target gene mRNA levels in HT29 and
HCT116 cells after 48 h of butyrate treatment: Real-time RT-PCR.
CDKN1A, PTEN and BCL2L11 mRNA levels in cells treated with butyrate (5 mM),
compared with cells in control medium (0) (* P < 0.05). The mean ± SEM of three cell
culture replicates is shown and expression normalised to ACTB levels.
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Figure 5.7: Changes in miR-17-92 cluster target gene protein levels in HT29 cells
after 48 h of butyrate treatment: Western blot.
(A) CDKN1A, PTEN and BCL2L11 protein levels in cells treated with 5 mM butyrate
(+) compared with cells in control medium (-), as measured by Western blot analysis
using three cell culture replicates. (B) Densitometry results were normalised to ACTB
levels, and cells treated with butyrate (5 mM) were compared with cells in control
medium (0) (* P < 0.05). The mean ± SEM of three cell culture replicates is shown.
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Figure 5.8: Changes in miR-17-92 cluster target gene protein levels in HCT116
cells after 48 h of butyrate treatment: Western blot.
(A) CDKN1A, PTEN and BCL2L11 protein levels in cells treated with 5 mM butyrate
(+) compared with cells in control medium (-), as measured by Western blot analysis
using three cell culture replicates. (B) Densitometry results were normalised to ACTB
levels, and cells treated with butyrate (5 mM) were compared with cells in control
medium (0) (* P < 0.05). The mean ± SEM of three cell culture replicates is shown.
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Figure 5.9: Changes in mRNA levels of transcription factors that regulate
MIR17HG (the miR-17-92 host gene) in HT29 and HCT116 cells after 48 h of
butyrate treatment: Real-time RT-PCR.
mRNA levels of the miR-17-92 cluster regulators E2F1 and C-MYC in cells treated with
butyrate (5 mM), compared with cells in control medium (0) (* P < 0.05). The mean ±
SEM of three cell culture replicates is shown and expression normalised to ACTB levels.
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5.4.4 miR-17-92 microRNAs and target genes in colorectal cancer
cells and normal human rectal mucosa
To determine whether butyrate treatment was able to restore miR-17-92 expression to a
more normal level, a comparison of miR-17-92 miRNA levels in untreated control
HT29 and HCT116 cells, 5 mM butyrate-treated cells HT29 and HCT116 cells, and
normal human rectal mucosa was performed (Figure 5.10). In the HCT116 cells, 5 mM
butyrate treatment allowed miR-17-92 levels to fall to a level similar to that in normal
human rectal mucosa. In the HT29 cells, miR-17-92 levels also fell with 5 mM butyrate
treatment, but did not reach the low levels found in normal human rectal mucosa.
A similar comparison was performed for miR-17-92 target gene mRNA levels in
untreated control and 5 mM butyrate-treated HT29 and HCT116 cells, and normal
human rectal mucosa, again to determine whether butyrate treatment restored target
gene expression to a more normal level (Figure 5.11). Expression of the target genes
CDKN1A, PTEN, and BCL2L11 were increased in the context of a butyrate-induced
reduction in miR-17-92 levels. Particularly in the HCT116 cells, CDKN1A, PTEN, and
BCL2L11 mRNA levels in the butyrate-treated cells were restored to levels similar or
greater than those detected in normal human rectal mucosa. In the HT29 cells,
CDKN1A, PTEN, and BCL2L11 mRNA levels also increased with butyrate treatment,
but did not reach the levels found in normal human rectal mucosa.
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Figure 5.10: Comparison of miR-17-92 miRNA levels in untreated control CRC
cells, 5 mM butyrate-treated CRC cells and normal human rectal mucosa
miR-17-92 cluster miRNA levels in cells in control medium, 5 mM butyrate-treated
cells, or normal rectal mucosa. The mean ± SEM of three cell culture replicates is
shown and expression is normalised to RNU6B levels.
HCT116 0: untreated control HCT116 cells; HCT116 5: 5 mM butyrate-treated
HCT116 cells; HT29 0: untreated control HT29 cells; HT29 5: 5 mM butyrate-treated
HT29 cells; NRM: normal human rectal mucosa.
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Figure 5.11: Comparison of CDKN1A, PTEN, and BCL2L11 mRNA levels in
untreated control CRC cells, 5 mM butyrate-treated CRC cells and normal
human rectal mucosa
CDKN1A, PTEN and BCL2L11 mRNA levels in cells in control medium, 5 mM
butyrate-treated cells, or normal rectal mucosa. The mean ± SEM of three cell culture
replicates is shown, with each sample assayed in triplicate and expression normalised to
ACTB.
HCT116 0: untreated control HCT116 cells; HCT116 5: 5 mM butyrate-treated
HCT116 cells; HT29 0: untreated control HT29 cells; HT29 5: 5 mM butyrate-treated
HT29 cells; NRM: normal human rectal mucosa.
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5.5 Discussion
In this Chapter, the effects of the natural HDI butyrate were compared with those of
other HDIs, in particular the hydroxamic acids TSA and SAHA. At the concentrations
used, these three HDIs were all shown to decrease expression of the miR-17-92 cluster
of miRNAs in CRC cell lines. As in the previous Chapter, the HCT116 cell line showed
greater susceptibility than the HT29 cell line to the anti-proliferative effects of HDIs,
and the decrease in miR-17-92 cluster expression in response to HDI treatment was also
greater in the HCT116 cell line. The decrease in miR-17-92 cluster miRNA levels
corresponded with an increase in expression of genes targeted by the cluster, including
CDKN1A, PTEN and BCL2L11.
The miR-17-92 cluster has been shown to have oncogenic properties and is increased in
CRC; thus the reduction of these miRNAs with butyrate and other HDIs is potentially
protective against CRC. As previously discussed in Chapter 4, multiple studies have
found miR-17-92 cluster miRNAs to be up-regulated in CRC (Cummins et al 2006,
Chen et al 2009). Compared to some previous studies, a recent study by Diosdado et al
(2009) isolated pure epithelial cells rather than whole normal mucosa biopsies, in order
to more accurately compare differences in expression of miR-17-92 cluster miRNAs
between control and CRC samples. The study found a 2 to 5-fold increase in miR-17-92
cluster members in colorectal tumours compared with control epithelium, and also
higher expression in adenocarcinomas than in adenomas, indicating a role in tumour
progression (Diosdado et al 2009). Of the six members of the cluster, all except miR18a showed significantly increased expression in colorectal tumours with miR-17-92
locus gain compared with tumours without miR-17-92 locus gain (Diosdado et al 2009).
The finding by this current study that 5 mM butyrate, 2 µM SAHA or 0.5 µM TSA
decreased levels of miR-17-92 cluster miRNAs approximately 2-fold in CRC cells
implies that these compounds restore miR-17-92 expression to a more normal level.
This was particularly true in the HCT116 cells, where 5 mM butyrate treatment allowed
miR-17-92 levels to fall to a level similar to that in normal human rectal mucosa. It
should be noted that in this Chapter, in vitro examination of the effect of butyrate was
limited to cancer cell lines; a comparison of the effect of butyrate treatment in primary
non-cancerous colorectal epithelial cells would also be useful, particularly in light of in
vivo findings described later in Chapter 8.
This Chapter demonstrated that butyrate and other HDIs had similar effects on miR17-92 expression. No other studies have previously compared the effects of multiple
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HDIs on miRNA expression in CRC; however several other recent studies in CRC cells
show the effects of individual HDIs on miRNA expression. As discussed in Chapter 4,
one other study has examined the effect of butyrate on miRNA levels in HCT116 CRC
cells, and found miRNAs from the miR-17-92 cluster and the paralogous cluster miR106a-363 to be significantly down-regulated (Hu et al 2011). Another study by Bandres
et al (2009) examined the modulation of several miRNAs in CRC cell lines with 4phenylbutyric acid treatment, but did not examine miR-17-92 expression changes. There
has also been one study which examined the effect of SAHA on miRNA expression in
CRC cells (Shin et al 2009b). Shin et al (2009b) identified miRNA expression profiles
induced by SAHA in the HCT116 colorectal carcinoma cell line, which contains wildtype p53, and a null-p53 derivative HCT116 cell line. Cell lines were treated for 24 h
with 0 or 1.5 µM SAHA, and a miRNA microarray was performed using a human
miRNA microarray kit (version 2, Agilent Technologies) to examine 723 human
miRNAs. Of the miRNAs studied, 144 showed >2-fold change in the presence of
SAHA or p53. In the wild-type p53 HCT116 cells, treatment with SAHA resulted in
altered expression of 51 miRNAs, and in the null-p53 HCT116 cells, SAHA treatment
altered expression of 123 miRNAs; 31 of these miRNAs were common between cell
types. In the wild-type p53 HCT116 cells 32 miRNAs were up-regulated and 19 were
down-regulated, while in the null-p53 HCT116 cells 29 were up-regulated and 94 were
down-regulated. This difference in SAHA-induced down-regulation of miRNAs in the
two HCT116 cell lines implies that p53 is responsible for some regulation of miRNA
expression. When the wild-type p53 HCT116 cells and null-p53 HCT116 cells were
compared in the absence of SAHA, 40 miRNAs showed different expression levels due
to p53 status alone. There was substantial overlap in the miRNAs that changed with p53
status and those that changed with SAHA treatment (Shin et al 2009b). In terms of the
specific miRNAs altered by SAHA or p53 status, the authors only presented the
miRNAs that changed >5-fold between groups, and not all the miRNAs that changed
>2-fold. miRNAs in the miR-17-92 cluster were not present in the list of miRNAs that
changed >5-fold, but it is unclear whether any smaller changes in their expression were
observed with SAHA treatment in the study by Shin et al (2009b). In this current study,
for instance, the reduction in miR-17-92 cluster miRNAs in response to SAHA in
HCT116 cells was approximately 2-fold.
The effects of HDIs on miRNA expression in CRC cells have only been examined in
this present study and in the two above mentioned studies; however, some additional
studies have looked at the interaction between HDI treatment and miRNA expression
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in other cancer types, including lymphoma, lung, pancreas, and breast cancer cells, and
in cultured primary hepatocytes (Zhang et al 2008, Lee et al 2009, Bolleyn et al 2011,
Kretzner et al 2011, Rhodes et al 2012). Several of these studies identified miRNAs
from the miR-17-92 cluster to be among those down-regulated by HDIs, in lymphoma,
lung and pancreatic cancer cells (Zhang et al 2008, Lee et al 2009, Kretzner et al 2011).
There are several potential mechanisms that explain why butyrate and other HDIs alter
the expression of the miR-17-92 cluster in cancer cells. HDIs can epigenetically regulate
gene expression through induction of histone hyperacetylation and also through
acetylation of non-histone proteins. In addition, butyrate has been shown affect DNA
methylation and histone methylation and phosphorylation (Boffa et al 1981, Boffa et al
1994, Daly & Shirazi-Beechey 2006, Mathew et al 2010, Huang et al 2011, Marinova et
al 2011). This study and other recent studies have confirmed that butyrate and other
HDIs such as SAHA (Bandres et al 2009, Shin et al 2009b, Hu et al 2011) can alter
miRNA expression in colorectal cells, with this Chapter showing the different HDIs to
have similar effects on expression of miR-17-92 cluster miRNAs. Generally, increased
histone acetylation caused by HDIs is associated with increased gene transcription
(Mariadason et al 2000), and by this method epigenetically silenced antineoplastic genes,
or in this case miRNAs, can be reactivated (Rada-Iglesias et al 2007). For miRNAs such
as the miR-17-92 cluster that decreased following HDI treatment, histone modification
may still be involved, as butyrate action appears to be region-specific. Hinnebusch et al
(2003) observed localised changes in a butyrate-treated CRC cell line, with histone
acetylation increasing in some regions while remaining the same in others. Rada-Iglesias
et al (2007) showed that butyrate may actually reduce histone H3 and H4 acetylation
close to some transcription start sites, and by this mechanism may decrease
transcription.
While histone modification may account for the altered miR-17-92 host gene
transcription in response to HDIs, additional mechanisms may assist. Transcription of
MIR17HG, the miR-17-92 cluster host gene, is directly activated by C-MYC and by
E2F1 and E2F3 (O'Donnell et al 2005, Woods et al 2007). In CRC samples, C-MYC
and miR-17-92 expression levels have been shown to be significantly correlated,
illustrating this transcriptional regulation by C-MYC on the miR-17-92 cluster
(Diosdado et al 2009). In some studies HDIs reduced C-MYC expression in CRC cells
(Daly & Shirazi-Beechey 2006, Daroqui & Augenlicht 2010), while in others HDI
treatment had no effect (Fang et al 2004). Jiang et al (2007) have suggested that cancer
cells with deregulated MYC might be more sensitive to treatment with HDIs. In this
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study no significant C-MYC decrease was observed at the mRNA level in butyratetreated HT29 cells, whereas in HCT116 cells there was an increase. In contrast, in this
study E2F1 expression was significantly reduced with butyrate in both cell lines, which
is in keeping with other studies that have shown a decrease in E2F in response to HDIs
(Boutillier et al 2003, Abramova et al 2006, Abramova et al 2010, Noro et al 2010). This
decrease in E2F1 could play a role in the observed decrease in miR-17-92 levels.
The miR-17-92 host gene is also a target for p53 mediated gene repression (Yan et al
2009). Several transcription factors, including p53, are regulated by acetylation events,
and their expression can be influenced by HDI treatment (Palmer et al 1997, Murphy et
al 1999, Zhao et al 2006, Roy & Tenniswood 2007). p53 is normally present in cells at
low levels, and is activated in response to DNA damage or cellular stress to regulate cell
cycle arrest, DNA repair or apoptosis (Baker et al 1990a, Kastan et al 1991, Fritsche et al
1993). This activation is by post-translational modification, which leads to protein
stabilisation and increased half-life (Kastan et al 1991). Mutation of the p53 gene is a
common late stage event in CRC development, which can promote oncogenic
transformation (Baker et al 1990b). Multiple studies have investigated the role of
butyrate and other HDIs in modulating p53 expression, with most demonstrating a
decrease in p53 in response to HDI treatment in CRC and pre-malignant colonic
adenoma cells (Gope & Gope 1993, Heruth et al 1993, Janson et al 1997, Palmer et al
1997, Coradini et al 2000, Emenaker et al 2001, Taniguchi et al 2012). Despite this
observed decrease in overall p53 levels in cancer cells with HDI treatment, it has been
hypothesised that low-levels of wild type p53 protein may retain the ability to be
activated, and that p53 levels are not directly proportional to activity (Williams et al
1999). It is even possible that HDI treatment could increase p53 stability and activity by
inhibiting HDAC targeting of p53 (Luo et al 2000, Roy & Tenniswood 2007). HDAC1,
for example, has been shown to regulate the transcription factor activity of p53, with
deacetylation by HDAC1 reducing p53 stability, repressing its interaction with DNA,
and its transactivation activity, and in turn modulating p53-mediated cell growth arrest
and apoptosis (Gu & Roeder 1997, Luo et al 2000, Roy & Tenniswood 2007).
Acetylated p53 has been shown to have a longer half-life (Zhao et al 2006), which again
illustrates the complexity of p53 regulation by HDIs.
Various alterations in p53 expression and activity by HDIs may in turn alter miRNA
expression (Shin et al 2009b). Shin et al (2009b) found both p53 and the HDI SAHA
had effects on miRNA expression. While their study attempted to address the role of
p53 by using cancer cells differing in the presence or absence of the p53 gene, there is
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added complexity in cancer cells that have accumulated various genetic mutations in the
p53 gene. This current study used HT29 cells which have mutated p53, and HCT116
cells which have wild-type p53 (ATCC). In this study the HCT116 cells appeared to
respond to HDI treatment to a greater extent than the HT29 cells. This is consistent
with earlier findings by Williams et al (1993), Palmer et al (1997), and Emenaker et al
(2001) showing that mutations in p53 reduced response to butyrate. This is also in
keeping with the study by LaBonte et al (2009) which highlighted the difference
between HT29 and HCT116 cell lines in a number of key genes reported to determine
response to chemotherapeutics, including the presence of mutant p53 in HT29 cells and
activating KRAS and β-catenin mutations in HCT116 cells. When measuring HDIinduced reductions in proliferation, the study found that the HCT116 cells
demonstrated a 1.5-fold increase in sensitivity to Vorinostat (P = 0.027) over the HT29
cells (LaBonte et al 2009). The HCT116 cells were also significantly more sensitive to
onset of HDI-induced apoptosis (LaBonte et al 2009). This was confirmed by Wilson et
al (2010a) when 30 different CRC cell lines were treated with butyrate; the HCT116 cell
line was among the five CRC cell lines with the highest sensitivity and apoptotic
response to low-dose butyrate treatment, the HT29 cell line was in the middle of the
panel, and five other cell lines had the greatest resistance and lowest apoptotic response
to high-dose butyrate treatment. Colony formation was significantly reduced in sensitive
compared with resistant lines (P = 0.01), and cell lines sensitive and resistant to
butyrate-induced apoptosis were likewise differentially sensitive to other HDIs tested,
including TSA and SAHA (Wilson et al 2010a).
Further study is required to elucidate the precise mechanism of miR-17-92 regulation by
HDIs, but it would appear that down-regulation of miR-17-92 mediated by a decrease in
regulator proteins such as E2F1 may be possible. This Chapter was limited to examining
changes in several regulators of the miR-17-92 cluster at the mRNA level; however,
further investigation of E2F1 changes at the protein level may be beneficial, as would
exploration of potential changes in other regulators such as p53. In addition, the
possibility of a direct transcriptional response via histone modification cannot be
discounted. This possible direct regulation of miR-17-92 expression is examined further
in Chapter 7.
The miR-17-92 cluster functions during normal development and malignant
transformation to promote proliferation and angiogenesis, inhibit differentiation, and
sustain cell survival (Dews et al 2006, Olive et al 2009). The cell cycle inhibitor
CDKN1A and the pro-apoptotic genes PTEN and BCL2L11 are regulated by miR-17134
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92 (Ventura et al 2008, Inomata et al 2009, Mu et al 2009, Olive et al 2009, Mavrakis et
al 2010, Wong et al 2010), and butyrate can also regulate CDKN1A and PTEN
expression (Daly & Shirazi-Beechey 2006). Expression of these genes is decreased in
CRC, but in the context of a butyrate-induced reduction in miR-17-92 levels both
CDKN1A and PTEN mRNA and protein levels were increased and, particularly in the
HCT116 cells, were restored to levels similar or greater than those detected in normal
human rectal mucosa.
The findings in this Chapter demonstrate the high degree of complexity surrounding
epigenetic regulation of cancer cells by HDIs. The multiple genes modulated by HDIs
play distinct but complementary roles to facilitate the decreased proliferation and
increased apoptosis observed in HDI-treated CRC cell lines. For example, one gene that
has increased expression with HDIs such as butyrate is CDKN1A, which can induce
growth arrest, but can also inhibit apoptosis and differentiation when over-expressed
(Izawa et al 2005, Sun et al 2010). However, other butyrate-induced genes such as
PTEN and BCL2L11 promote apoptosis. As indicated by Mariadason et al (2000), cell
response to butyrate appears to be the result of interactions between large numbers of
genes. This Chapter has displayed an additional layer of complexity whereby the
butyrate response is also mediated by miRNA interactions with regulator and target
genes. Butyrate was shown to decrease miR-17-92 cluster miRNAs and increase target
gene expression. It remains to be confirmed in the subsequent Chapter whether the
effect of butyrate on target genes is, at least in part, directly mediated by the miR-17-92
cluster miRNAs.
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Chapter 6. Treatment with HDIs
reveals competing roles for miR-1792 cluster members
6.1 Introduction
Treatment of CRC cell lines with HDIs such as butyrate was shown in previous
Chapters to decrease proliferation, decrease levels of miR-17-92 cluster miRNAs and
increase expression of the miR-17-92 target genes CDKN1A, PTEN and BCL2L11.
The effect of butyrate on overall cell proliferation, and on cell cycle inhibitors and proapoptotic genes, could be mediated in part by the observed decrease in miR-17-92
cluster miRNAs. This hypothesis is addressed in this Chapter. miR-17-92 miRNAs may
also regulate other predicted target genes to mediate changes in proliferation.

6.1.1 microRNA mimics
In this Chapter, levels of individual miR-17-92 cluster miRNAs were manipulated to
determine their role in influencing the response of CRC cell lines to HDIs. The use of
miRNA mimics to reverse the butyrate-induced reduction in miR-17-92 miRNA levels
assisted in determining the effect of miR-17-92 cluster miRNAs on proliferation and
gene expression. miRNA mimics are small, chemically-synthetic and optimised nucleic
acids designed to mimic endogenous mature miRNA molecules in cells. They can
directly enter the miRNA processing pathway and undergo the same incorporation into
RISC as endogenous miRNAs within the cell (Wang 2011).
The development of miRNA mimics emerged from earlier RNA interference (RNAi)
techniques. Double stranded RNA (dsRNA) was first used for RNAi experiments,
where dsRNAs could induce the degradation of corresponding target mRNAs (Fire et al
1998, Svoboda et al 2000, Wianny & Zernicka-Goetz 2000); however, introducing long
dsRNA was found to be less than ideal in most mammalian cells because it had nonspecific inhibitory effects including induction of the antiviral interferon response which
led to cell death (Stark et al 1998, Dorsett & Tuschl 2004). Investigations of the
mechanisms guiding RNAi in different organisms revealed that one important feature of
using long dsRNA for RNAi was its processing by Dicer and other proteins into 21 – 23
nucleotide small interfering RNAs (siRNAs) of defined structure (Zamore et al 2000).
These siRNAs are integrated into the RISC, where they can bind and inhibit
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complementary mRNAs. siRNAs could be used to silence genes in mammalian tissue
culture without triggering the interferon response (Bernstein et al 2001, Caplen et al
2001, Elbashir et al 2001). Subsequently, short hairpin RNAs (shRNA) have been
developed to evoke a specific RNAi-type response, and to induce sequence-specific
gene silencing in mammalian cells (McManus et al 2002, Paddison et al 2002). These
shRNAs are similar in structure to precursor miRNAs, and when transfected into cells
were shown to be processed to smaller 21 – 23 nucleotide size RNAs, consistent with
cleavages in the loop sequence (McManus et al 2002). They have been shown to
successfully target the 3’UTR of target gene mRNAs (McManus et al 2002). The early
studies by McManus et al (2002) and others (Brummelkamp et al 2002, Lee et al 2002,
Paddison et al 2002, Paul et al 2002, Sui et al 2002, Yu et al 2002) indicated that shRNAs
can be effective silencers, and are likely to be processed in a similar fashion to precursor
miRNAs that occur naturally in cells, through cleavage by Dicer and incorporation into
RISCs. Synthesised hairpins may be transfected into cells for transient target gene
silencing, or transcribed from plasmid vectors for longer-term or stable silencing
(Brummelkamp et al 2002, Lee et al 2002, McManus et al 2002, Paddison et al 2002,
Paul et al 2002). shRNA-expressing transgenic mice have also been created, to generate
widespread and sustained expression of an shRNA with a structure that mimics a
human miRNA (Xia et al 2006).
A number of commercial sources of synthetic precursor miRNAs that mimic miRNA
activity are now available (Ford 2006). These miRNA mimics can be used to control
specific miRNA cellular levels, and enable up-regulation of miRNA activity for miRNA
functional analysis. They can be used to screen for miRNAs that regulate expression of
a gene or affect a cellular process, and can assist in miRNA target site identification and
validation. Several studies have made use of miRNA mimics for the miR-17-92 cluster
of miRNAs (Fontana et al 2008, Carraro et al 2009, Lakner et al 2012, Tao et al 2012).
Besides the transfection of miRNA mimics, stable genetic models of miRNA over or
under-expression can also be created. These genetic models have also been used to
explore functions of the miR-17-92 cluster (Ventura et al 2008, Mu et al 2009, Olive et
al 2009). Another common miRNA manipulation technique is the use of miRNA
inhibitors such as antagomirs to silence miRNAs and inhibit their regulation of
complementary mRNAs (Krutzfeldt et al 2005).
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6.1.2 Validation of microRNA targets
miRNAs are known to regulate gene expression by cleaving complementary mRNA or
more frequently, where there is imperfect complementarity, by acting through
translational inhibition and transcript destabilization (Hutvagner & Zamore 2002,
Filipowicz et al 2008, Guo et al 2010). Each miRNA may have hundreds of
evolutionarily conserved targets and even more non-conserved targets (Bentwich et al
2005). Multiple methods are available for identifying miRNA target genes and
confirming their biological efficacy (Kuhn et al 2008). This Chapter describes an
examination of miR-17-92 targets that were previously validated in other cell types, and
also the validation of novel targets of the miR-17-92 cluster member, miR-18a.
Commonly the first step in identifying miRNA targets is bioinformatic prediction.
Different bioinformatics algorithms use distinct parameters to predict the probability of
a functional miRNA binding site within a given mRNA target, thus each algorithm
varies in sensitivity and specificity of target prediction and may predict distinct miRNA
binding sites (Kuhn et al 2008). Commonly used bioinformatics algorithms that predict
miRNA target sites include miRanda (John et al 2004), TargetScan (Lewis et al 2003,
Lewis et al 2005), PicTar (Krek et al 2005), and DIANA-microT (Kiriakidou et al 2004).
All of these algorithms allow the investigation of a specific gene by predicting miRNA
target sites within that gene, mainly within the 3’UTR mRNA sequence. The algorithms
also allow the determination of all the putative mRNA targets of a given miRNA. It is
generally recommended that more than one algorithm should predict the same miRNA
binding site before additional validation experiments are conducted (Kuhn et al 2008).
Interfaces such as miRGen and miRWalk provide access to the unions and intersections
of several widely used target prediction programs, and experimentally supported targets
from TarBase (Megraw et al 2007). These interfaces can be used to compare and
combine algorithms, allowing the user to focus on genes common to two or more
prediction programs (Megraw et al 2007). In addition to bioinformatics prediction,
further in silico analysis may be performed to predict accessibility of miRNA binding
sites (Kuhn et al 2008).
Predicting candidate genes with computational algorithms can lead to a large number of
false positive predictions (Nicolas 2011). Following bioinformatics prediction,
experimental validation of the miRNA/mRNA interaction is required. It has been
proposed that multiple criteria should be met to confirm a miRNA target (Kuhn et al
2008), which typically could comprise:
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Confirmation of miRNA and target mRNA co-expression, which can be simply
demonstrated using quantitative real-time PCR using total RNA isolated from
the cell type of interest and primers specific for the given miRNA and mRNA
target. Alternatively, in situ hybridisation can be used to demonstrate coexpression.



Determination of a miRNA effect on target mRNA and protein, which can be
demonstrated by transient over-expression of a given miRNA mimic in a cell
type known to express the target gene. The effect of the miRNA mimic on the
target mRNA can be assayed, although as miRNAs can modulate gene
expression by translational repression rather than mRNA cleavage, a decrease in
mRNA levels may not always be detected (Hutvagner & Zamore 2002,
Filipowicz et al 2008, Guo et al 2010). Examining whether a miRNA mimic
decreases the target gene protein levels is therefore also of importance, and can
be assessed using Western blot analysis. In addition to mimic experiments, an
antisense miRNA inhibitor for the specific endogenous mature miRNA of
interest can also be used to determine whether there is an increase in target gene
expression.



Validation of a direct rather than indirect miRNA/mRNA interaction, as
discussed further below.



Demonstration that the miRNA-mediated regulation of target gene expression
equates to altered biological function. Depending on the target protein of
interest, biological functions to be measured could include cell proliferation,
differentiation, apoptosis, migration, or signalling (Kuhn et al 2008).

Experimental approaches based on expression profiles can predict indirect targets, in
addition to the real direct targets for each miRNA (Nicolas 2011). Such preliminary
expression experiments require subsequent confirmation of direct miRNA/mRNA
interaction. A commonly used method to validate a sequence as a direct miRNA target
is a reporter based system where the 3’UTR of the candidate target gene is inserted into
a reporter plasmid downstream of a luciferase or green fluorescent protein sequence.
The plasmid can then be transiently transfected into a host cell line, along with the
miRNA of interest, if not endogenously expressed. Subsequent fluorescence or
luciferase activity can be assayed, with this activity predicted to decrease if the miRNA
binds to the target gene of interest, compared with the appropriate controls such as a
negative control with a mutated binding sequence (Kuhn et al 2008, Nicolas 2011).
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While such a reporter plasmid system is a useful screening tool to assess the ability of a
miRNA to repress translation of reporter genes, it remains a surrogate for examining the
effects of a miRNA on an endogenous target gene transcript (Kuhn et al 2008). One
experimental method that allows more direct testing is the Argonaute
immunoprecipitation (AgoIP) method. The Argonaute family of proteins associate with
miRNAs and bind to complementary sequences in the 3’UTR of target mRNAs. Using
specific antibodies, Argonaute proteins can be co-immunoprecipitated with the bound
mRNAs, and the mRNAs can be identified. This approach allows the identification of
functional miRNA targets (Beitzinger et al 2007, Easow et al 2007), but doesn’t easily
allow the specific examination of a selected miRNA/mRNA interaction.
Target protector experiments are a relatively recent alternative technique to allow the
determination of direct miRNA/mRNA interaction. Target protectors are singlestranded, 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 (Qiagen). Target protectors complementary to miRNA binding sites in target
mRNAs were first developed by Choi et al (2007), to disrupt the interaction of specific
miRNA-mRNA pairs and to determine the function of a particular miRNA. Additional
studies have since used target protectors both in vitro and in vivo to explore how a
particular miRNA directly interacts with a specific target mRNA (Gehrke et al 2010,
Goljanek-Whysall et al 2011, Long & Lahiri 2011, Staton & Giraldez 2011).
Commercially synthesised target protectors are now available, and can be custom
designed for each putative miRNA binding site in the target gene 3’UTRs, to elucidate
the precise silencing role of a miRNA on this target (Qiagen). When transfected into
host cells, the target protector binds to the miRNA-binding site, blocking miRNA
access to the site and preventing gene down-regulation by the specific miRNA/RISC
complex. Increased target gene expression after transfection of a target protector
provides evidence that the miRNA is directly targeting the mRNA in question.
Experiments can purely consist of target protector transfection if the miRNA under
study is endogenously expressed in the cell type; alternatively the target protector can be
co-transfected with a miRNA mimic if the miRNA is expressed at low levels or not
endogenously expressed. Routine controls should also be designed, including the use of
a negative control target protector which has no homology to any known mammalian
gene (Qiagen). In contrast to the reporter plasmid system with luciferase or fluorescence
assay, this approach investigates regulation of the endogenous transcripts rather than
introduced reporter constructs, and is therefore of greater biological relevance.
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6.2 Aims
The aims of this Chapter were 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.

6.3 Methods overview
Experiments were conducted according to the general methods outlined in Chapter 3.
All experimental groups were conducted in triplicate, with the exception of the real-time
proliferation measures of transfected cells, where each experimental group had six
replicates.
HT29 and HCT116 cell lines were used to determine the specific roles of miR-17-92
cluster members. Transfections were performed using Lipofectamine 2000. Cells were
reverse transfected with miRNA mimics of the miR-17 family (miR-17 and miR-20a),
miR-18 family (miR-18a), miR-19 family (miR-19a and miR-19b), miR-92 family (miR92a), entire miR-17-92 cluster, miR-17-92 cluster minus miR-18a, or mimic negative
control (NC), and then treated with 5 mM butyrate, 2 µM SAHA, or control medium
for 48 h, and proliferation was measured in real-time using the xCELLigence RTCA DP
instrument. In separate experiments, cells were transfected with mimics, and then
treated for 48 h with 5 mM butyrate or maintained in control medium, and either total
RNA or protein was harvested from treated cells. Relative quantitation real-time RTPCR analysis was used to determine mRNA levels of miR-17-92 targets in 5 mM
butyrate-treated cells and cells in control medium, upon transfection with different
mimics. Western blots were used to determine protein levels of miR-17-92 target genes
in 5 mM butyrate-treated cells and cells in control medium, upon transfection with
miRNA mimics. The miR-17-92 target genes examined were CDKN1A, PTEN, and
BCL2L11. Novel predicted targets of miR-18a were also investigated, following target
prediction using multiple algorithms through miRGen (Megraw et al 2007).
Additional experiments were performed in the HT29 and HCT116 cells to confirm
miR-18a predicted targets. Cells were reverse co-transfected with miR-18a mimics and
also with miScript target protectors designed for miR-18a predicted target genes
NEDD9 and CDK19, or with a negative control miScript target protector. Cells were
then treated with 5 mM butyrate or control medium and grown for 48 h, and RNA
harvested. Relative quantitation real-time RT-PCR analysis was used to determine
mRNA levels of NEDD9 and CDK19 following the various manipulations. In separate
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experiments, two pre-designed siRNAs for NEDD9 or for CDK19 or a negative control
siRNA were reverse transfected, cells were also treated with 5 mM butyrate or control
medium, and proliferation was recorded for 48 h using the xCELLigence RTCA DP
instrument.

6.4 Results
6.4.1 Proliferation of colorectal cancer cell lines following
manipulation of mir-17-92 cluster members during HDI
treatment
In Chapter 5, it was shown that HDIs reduced CRC cell proliferation, and also
decreased miR-17-92 miRNA levels. In this Chapter, levels of miR-17-92 cluster
miRNAs were raised using synthetic miRNA mimics, to determine how they influence
the response of HT29 and HCT116 CRC cells to the HDIs butyrate or SAHA. In an
initial screen, HT29 cells were transfected with mimics of the individual miRNA families
(categorised according to their similar sequences into the miR-17 family (miR-17, miR20a), the miR-18 family (miR-18a), the miR-19 family (miR-19a, miR-19b), and the miR92 family (miR-92a)), with the entire cluster, or with a mimic negative control (NC)
sequence that does not represent a human miRNA (sham transfection), in order to
dissect how different cluster members influence the cells’ proliferative capacity. When
examining cell proliferation at 48 h, transfection with miR-19 family mimics increased
proliferation compared with the NC transfection, particularly in the 5 mM butyratetreated cells (P = 0.0003) (Figure 6.1). The miR-19 family transfection in the 5 mM
butyrate-treated cells was shown to reverse the HDIs’ anti-proliferative effect, and
restored growth closer to that of the control medium NC-transfected cells. In contrast,
transfection with miR-18a mimics decreased proliferation compared with the NC
transfection, in the 5 mM butyrate-treated cells (P = 0.04) (Figure 6.1). Transfection
with the entire miR-17-92 cluster did not increase proliferation to the same extent as
miR-19 family transfection alone, and there was no significant difference compared with
the NC transfection, in the 5 mM butyrate-treated cells (P > 0.05) (Figure 6.1).
A subsequent experiment was designed to further investigate the specific roles of miR19 (a and b) and miR-18a in the context of decreased proliferation induced by HDIs.
HT29 and HCT116 cells were transfected with mimics of miR-19 (a and b), miR-18a,
the entire miR-17-92 cluster, the miR-17-92 cluster minus miR-18a, or a mimic NC. In
the HT29 cells, transfection with miR-19 (a and b) or with miR-17-92 (minus miR-18a)
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significantly increased growth compared with the NC transfection at 48 h, in cells
treated with 5 mM butyrate (miR-19 family: P = 0.01; miR-17-92 (minus miR-18a): P =
0.049), 2 µM SAHA (miR-19 family: P = 0.02; miR-17-92 (minus miR-18a): P = 0.046),
or with control medium (miR-19 family: P = 0.007; miR-17-92 (minus miR-18a): P =
0.007) (Figure 6.2). Similarly to the initial screen experiment, in the HDI-treated cells,
this transfection with miR-19 (a and b) or miR-17-92 (minus miR-18a) reversed the
HDIs’ anti-proliferative effect and restored growth closer to that of the control medium
NC-transfected cells. Transfection with miR-18a significantly decreased growth
compared with the NC transfection at 48 h, in cells treated with 5 mM butyrate (P =
0.01) or control medium (P = 0.02) (Figure 6.2). Transfection with miR-17-92, including
miR-18a, led to proliferation levels similar to those of NC-transfected cells for each of
the control medium and HDI treatments (P > 0.05) (Figure 6.2). A similar effect was
observed in the HCT116 cells, with miR-19 (a and b) or with miR-17-92 (minus miR18a) significantly increasing growth compared with the NC transfection at 48 h, in both
HDI-treated and untreated control (P < 0.05) (Figure 6.2). Also in the HCT116 cells,
miR-18a or miR-17-92 (including miR-18a) significantly decreased growth compared
with the NC transfection, in both HDI-treated and untreated control cells (P < 0.05)
(Figure 6.2).
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Figure 6.1: Proliferation of HT29 cells after transfection with miR-17-92 miRNAs
and treatment with butyrate or control medium for 48 h
Cell index measurements using the xCELLigence RTCA DP instrument showing the
different effects of miR-17-92 cluster members on proliferation, in the control medium
and 5 mM butyrate-treated HT29 cells. The mean ± SEM of six cell culture replicates is
shown.
NC: mimic negative control transfection; 17-92: entire miR-17-92 cluster transfection.
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Figure 6.2: Proliferation of HT29 and HCT116 cells after transfection with miR19 (a and b), miR-18a, miR-17-92 (minus miR-18a), or all miR-17-92 miRNAs and
treatment with butyrate, SAHA or control medium for 48 h
Cell index measurements using the xCELLigence RTCA DP instrument in the 5 mM
butyrate, 2 µM SAHA or control medium HT29 or HCT116 cells showing increased
growth in cells transfected with miR-19 (a and b) or the entire miR-17-92 cluster (minus
miR-18a), and decreased growth in cells transfected with miR-18a, compared with the
NC transfection (* P < 0.05). The mean ± SEM of six cell culture replicates is shown.
NC: mimic negative control transfection; 17-92: entire miR-17-92 cluster transfection;
17-92 (-18a): miR-17-92 cluster (minus miR-18a) transfection.
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6.4.2 Expression of miR-17-92 validated target genes in colorectal
cancer cells following transfection with miR-19 (a and b), 17,
20a, and 92a during HDI treatment
Following transfection with miR-17-92 cluster mimics in the presence or absence of 5
mM butyrate, mRNA levels of predicted target genes were quantified using real-time
RT-PCR to confirm that individual miR-17-92 components contribute to their
regulation. The decreased miR-17-92 expression in response to butyrate was already
shown in Chapter 5 to correlate with increased transcript levels of miR-17-92 validated
targets CDKN1A, PTEN, and BCL2L11 (Figure 5.6). In the 5 mM butyrate-treated
HT29 cells, transfection with the predicted regulator miR-19 (a and b) (P = 0.02) or
with miR-92a (P = 0.0002) significantly down-regulated PTEN mRNA levels compared
with the mimic NC transfection at 48 h, while transfection with miR-17 and miR-20a
did not significantly change levels (Figure 6.3). Also in the 5 mM butyrate-treated cells,
transfection with miR-17 and miR-20a (P = 0.007) or with miR-92a (P = 0.008) but not
miR-19 (a and b) significantly down-regulated CDKN1A mRNA levels, and transfection
with miR-19 (a and b) (P = 0.006) or with miR-92a (P = 0.0004) but not miR-17 and
miR-20a significantly down-regulated BCL2L11 mRNA levels (Figure 6.3). The same
patterns of significant down-regulation were replicated in the HCT116 cells (P < 0.05)
(Figure 6.4), with the exception of miR-92a transfection, which did not have a
significant effect on CDKN1A or PTEN mRNA levels in this cell line (P > 0.05).
Interestingly, miR-18a transfection was shown to increase CDKN1A mRNA levels in
both cell lines treated with 5 mM butyrate (P = 0.04 in HT29 cells; P = 0.01 in HCT116
cells), with the magnitude of this change greater in the HT29 cells (Figure 6.3 and 6.4).
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Figure 6.3: Target gene expression in HT29 cells after transfection with miR-1792 miRNAs and treatment with butyrate or control medium
CDKN1A, PTEN and BCL2L11 mRNA levels in HT29 cells transfected with individual
miR-17-92 cluster members or NC, and treated with butyrate (5 mM) or control
medium for 48 h (* P < 0.05). The mean ± SEM of three cell culture replicates is shown
and expression normalised to ACTB levels. NC: mimic negative control transfection
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Figure 6.4: Target gene expression in HCT116 cells after transfection with miR17-92 miRNAs and treatment with butyrate or control medium
CDKN1A, PTEN and BCL2L11 mRNA levels in HCT116 cells transfected with
individual miR-17-92 cluster members or NC, and treated with butyrate (5 mM) or
control medium for 48 h (* P < 0.05). The mean ± SEM of three cell culture replicates
is shown and expression normalised to ACTB levels. NC: mimic negative control
transfection.
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6.4.3 Expression of miR-18a predicted target genes in colorectal
cancer cells following transfection with miR-18a during HDI
treatment
While transfection with miR-19 (a and b), miR-17, miR-20a, and miR-92a mimics
confirmed several cell cycle inhibitor and pro-apoptotic genes as validated targets, few
validated target genes for miR-18a had been described in the literature. Potential miR18a targets were identified using miRGen (Megraw et al 2007). Focusing on the
intersection of genes common to two or more prediction programs led to the
identification of 91 potential target genes. Ingenuity Pathway Analysis (IPA) detected
genes involved in proliferation and cell cycle control, and expressed in colorectal cells.
Details of the IPA analysis of potential miR-18a target genes are presented in Appendix
2. Such predicted target genes of miR-18a involved in cell cycle and proliferation
pathways and expressed in colorectal cells included CCDC88A (coiled-coil domain
containing 88A), CDK19 (cyclin-dependent kinase 19), GAB1 and 2 (GRB2-associated
binding protein 1 and 2), LIN28A (lin-28 homolog A), and NEDD9 (neural precursor
cell expressed, developmentally down-regulated 9). Transfection with miR-18a mimics
confirmed two of these genes, NEDD9 and CDK19, to be likely targets. In the 5 mM
butyrate-treated HT29 and HCT116 cells, transfection with miR-18a significantly downregulated NEDD9 (P = 0.01 in HT29 cells; P = 0.03 in HCT116 cells) and CDK19 (P =
0.02 in HT29 cells; P = 0.01 in HCT116 cells) mRNA levels compared with the NC
transfection at 48 h (Figure 6.5), and also decreased NEDD9 protein levels (P = 0.04 in
HT29; P = 0.03 in HCT116) (Figure 6.6 and 6.7). A suitable antibody to detect CDK19
protein levels could not be obtained. Transfection with miR-18a did not significantly
alter transcript levels of CCDC88A, GAB1 and 2, or LIN28A (P > 0.05), and these
potential targets were not studied further.
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Figure 6.5: Target gene mRNA levels in HT29 and HCT116 cells after
transfection with miR-18a and treatment with butyrate or control medium
mRNA levels of miR-18a predicted targets genes NEDD9 and CDK19 in cells
transfected with miR-18a or NC mimics, and treated with butyrate (5 mM) or control
medium for 48 h (* P < 0.05). The mean ± SEM of three cell culture replicates is shown
and expression normalised to ACTB levels. NC: mimic negative control transfection.
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Figure 6.6: Target gene protein levels in HT29 cells after transfection with miR18a and treatment with butyrate
NEDD9 protein levels in cells transfected with miR-18a or NC mimics, in the presence
of 5 mM butyrate for 72 h, as measured by Western blot analysis using three cell culture
replicates. Densitometry results were normalised to ACTB levels, and cells transfected
with miR-18a were compared with NC cells (* P < 0.05). The mean ± SEM of three cell
culture replicates is shown. NC: mimic negative control transfection.
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Figure 6.7: Target gene protein levels in HCT116 cells after transfection with
miR-18a and treatment with butyrate
NEDD9 protein levels in cells transfected with miR-18a or NC mimics, in the presence
of 5 mM butyrate for 72 h, as measured by Western blot analysis using three cell culture
replicates. Densitometry results were normalised to ACTB levels, and cells transfected
with miR-18a were compared with NC cells (* P < 0.05). The mean ± SEM of three cell
culture replicates is shown. NC: mimic negative control transfection.
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6.4.4 Validation of NEDD9 and CDK19 as miR-18a targets
Based on multiple target prediction algorithms, including TargetScan (Lewis et al 2003,
Lewis et al 2005) and miRanda (John et al 2004), the 3’UTR of NEDD9 contains four
potential binding sites for miR-18a, while the 3’UTR of CDK19 contains three (Figure
6.8 and 6.9).
To confirm that NEDD9 and CDK19 are directly targeted by miR-18a, miScript target
protectors were employed. These single-stranded, modified RNAs specifically interfere
with the interaction of a miRNA with a single endogenous target, while leaving the
regulation of other targets of the same miRNA unaffected. Target protectors were
designed for the four putative miR-18a binding sites on the NEDD9 3’UTR and three
binding sites on the CDK19 3’UTR (Figures 6.8 and 6.9, Table 3.6), and a cotransfection experiment was performed to elucidate the precise functional role of miR18a on these targets. A Negative Control miScript Target Protector was also used with
no homology to any known mammalian gene. In HT29 and HCT116 cultures treated
with 5 mM butyrate, transfection with the miR-18a mimic significantly down-regulated
NEDD9 (P = 0.04 in HT29 cells; P = 0.001 in HCT116 cells) and CDK19 (P = 0.02 in
HT29 cells; P = 0.03 in HCT116 cells) mRNA levels compared with the mimic NC
transfection at 48 h (Figure 6.10). Addition of gene-specific target protectors shielded
NEDD9 and CDK19 transcripts from miR-18a binding and regulation, and resulted in
increased mRNA levels which were not significantly different from the NC transfection
for both NEDD9 (P = 0.42 in HT29 cells) and CDK19 (P = 0.73 in HT29 cells, P =
0.22 in HCT116 cells), or were only slightly decreased compared with the NC
transfection (NEDD9 in HCT116 butyrate-treated cells; P = 0.01) (Figure 6.10). In the
butyrate-treated cells, NEDD9 transcripts were significantly decreased in the miR-18a
transfected cells compared with the miR-18a plus NEDD9 target protector cotransfected cells (P = 0.03 in HT29 cells; P = 0.007 in HCT116 cells), and CDK19
transcripts were significantly decreased in the miR-18a transfected cells compared with
the miR-18a plus CDK19 target protector co-transfected cells (P = 0.008 in HT29 cells;
P = 0.01 in HCT116 cells). Introduction of a negative control target protector did not
protect NEDD9 and CDK19 from miR-18a binding and regulation (Figure 6.10). This
supports the finding that NEDD9 and CDK19 transcripts are direct targets of miR-18amediated repression.
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Figure 6.8: Schematic of the miR-18a seed region that targets the NEDD9 3’UTR
at four sites, with designed target protector details
(A) Predicted miR-18a binding sites in the NEDD9 3’UTR. Underlined sequences
represent the miRNA seed sequence. (B) Target protectors were designed to inhibit
miR-18a binding to four predicted binding sites.
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Figure 6.9: Schematic of the miR-18a seed region that targets the CDK19 3’UTR
at three sites, with designed target protector details
(A) Predicted miR-18a binding sites in the CDK19 3’UTR. Underlined sequences
represent the miRNA seed sequence. (B) Target protectors were designed to inhibit
miR-18a binding to four predicted binding sites.
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Figure 6.10: NEDD9 and CDK19 expression in butyrate-treated HT29 and
HCT116 cells after co-transfection with miR-18a and specific target protectors.
mRNA levels of miR-18a target genes NEDD9 (A) and CDK19 (B) in cells cotransfected with miR-18a or NC mimics and with NCTP, NEDD9TP or CDK19TP
target protectors, and treated with butyrate (5 mM) or control medium for 48 h (* P <
0.05). The mean ± SEM of three cell culture replicates is shown. CDK19TP: combined
CDK19 target protectors; NC: mimic negative control; NEDD9TP: combined NEDD9
target protectors; NCTP: negative control target protector.
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6.4.5 Confirmation of NEDD9 and CDK19 as genes that influence
proliferation
To confirm that the miR-18a target genes could affect biological function in CRC cells,
the roles of NEDD9 and CDK19 in altering proliferation of HT29 and HCT116 cells
were examined. An RNA interference approach was used to knock-out the activity of
these genes and determine the resultant effect in cell behaviour. Transfection with
siRNAs targeting NEDD9 significantly decreased growth compared with a negative
control siRNA transfection at 48 h post-transfection, in cells treated with 5 mM
butyrate (P = 0.004 in HT29; P < 0.0001 in HCT116) or control medium (P = 0.002 in
HT29; P = 0.02 in HCT116) (Figure 6.11). Similarly, transfection with siRNAs targeting
CDK19 significantly decreased growth compared with a negative control siRNA
transfection, in cells treated with 5 mM butyrate (P = 0.0002 in HT29; P <0.0001 in
HCT116) or control medium (P = 0.006 in HT29; P = 0.02 in HCT116) (Figure 6.11).
As interference with these genes decreased proliferation, this indicates that NEDD9 and
CDK19 contribute to proliferation in these cell lines.
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Figure 6.11: Effect of NEDD9 and CDK19 RNA interference on proliferation of
HT29 and HCT116 cells
Cell index measurements at 48 h using the xCELLigence RTCA DP instrument in
control medium or 5 mM butyrate cells showing decreased growth in cells transfected
with siRNAs for NEDD9 or CDK19, compared with the NC siRNA transfection (* P <
0.05). The mean ± SEM of four cell culture replicates is shown. NC siRNA: siRNA
negative control
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6.5 Discussion
This Chapter provided evidence to support the concept that miRNAs can mediate the
effects of HDIs on gene expression. Decreased miR-17-92 expression may be partly
responsible for the anti-proliferative effects of HDIs, as transfection with miR-17-92
miRNAs reversed this effect. As shown in the previous Chapter, in the context of a
butyrate-induced reduction in miR-17-92 levels, CDKN1A, PTEN, and BCL2L11
mRNA and protein levels were increased. In this Chapter, reversal of this butyrate effect
through transfection with miR-19 (a and b), 17, 20a or 92a mimics decreased transcript
levels of CDKN1A, PTEN, and BCL2L11, with various cluster members targeting
different genes. The down-regulation of miR-17-92 and subsequent target gene derepression is a plausible mechanism to explain some of the anti-proliferative and proapoptotic effects of HDIs, which may be additional to direct chromatin-mediated
regulation of gene expression. This Chapter also identified competing roles of miR-1792 cluster members in CRC cells. miR-19 (a and b) were primarily responsible for
promoting proliferation, while miR-18a acted against the other miR-17-92 cluster
members to decrease proliferation. Two targets for miR-18a were confirmed, NEDD9
and CDK19. NEDD9 and CDK19 were shown in this Chapter to promote cellular
proliferation, with repression of these genes by RNA interference reducing proliferation.
The effects of miR-17-92 have been examined in multiple development and disease
models and various cancer types (Ventura et al 2008, Mu et al 2009, Olive et al 2009). A
close link exists between deregulation of developmental programs and tumourigenesis,
and studies have identified miR-17-92 as both a potential oncogene, and a crucial
component of normal vertebrate development (Ventura et al 2008). While specific
functions of miR-17-92 cluster miRNAs may be dependent on cell type and
developmental context, this miRNA cluster has generally been shown to function during
both normal development and oncogenic transformation to promote proliferation and
angiogenesis, and inhibit differentiation and apoptosis (Olive et al 2010).
Ventura et al (2008) assisted in establishing a link between the oncogenic properties of
miR-17-92 and its functions during normal development, in particular B lymphopoiesis
and lung development. Their study found that deletion of miR-17-92 in mice led to
neonatal lethality, and specific defects in the development of lungs (lung hypoplasia),
heart (ventricular septal defect) and B-cells (inhibited B-cell development at the pro-B to
pre-B transition). Absence of miR-17-92 also led to increased levels of the pro-apoptotic
protein BCL2L11; BCL2L11 was identified as a direct miR-17-92 target, and this
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targeting was suggested to be a potential mechanism through which deletion or overexpression of miR-17-92 affected B-cell development and lymphomagenesis (Ventura et
al 2008). Additional evidence for the role of miR-17-92 in normal development was
provided by a study by de Pontual et al (2011), which identified hemizygous deletions of
the miR-17-92 host gene in a group of human subjects with microcephaly, short stature
and digital abnormalities. These features were replicated in a mouse model with targeted
deletions in the miR-17-92 cluster, with mice hemizygous for miR-17-92 smaller than
their wild-type littermates and harbouring digital abnormalities. Homozygous deletion of
the miR-17-92 cluster host gene led to perinatal lethality, and examination of mouse
embryos with this deletion revealed severe growth and skeletal defects. The study
presented the first example of a miRNA gene, in this case the miR-17-92 host gene
MIR17HG, being responsible for a syndromic developmental disorder in humans (de
Pontual et al 2011). In various tissues, miR-17-92 levels have been found to be higher in
early stages of development, then progressively decreased during later development (Lu
et al 2007, Monzo et al 2008, Carraro et al 2009, Jevnaker et al 2011). These findings are
consistent with the concept that the miR-17-92 cluster is fundamental to normal
embryonic development (Jevnaker et al 2011). They are also consistent with the
observation that dysregulation of miR-17-92 cluster miRNAs promotes abnormal
growth and oncogenic transformation in mature cells. The role of miR-17-92 in normal
lung and B-cell development can be linked with findings by He et al (2005a) in
lymphoma and Hayashita et al (2005) in lung cancer. He et al (2005a) were among the
first to describe oncogenic potential of miR-17-92 cluster, by finding that the mir-17-92
cluster acted with c-myc to accelerate tumour development in a mouse B-cell lymphoma
model. Hayashita et al (2005) found that miR-17-92 over-expression also enhanced lung
cancer cell growth. The pro-proliferative capacity of the cluster has since been shown in
multiple cancers, including CRC. Monzo et al (2008), for example, found that the miR17-92 cluster exhibited a similar pattern of high expression in human colon
development and colonic carcinogenesis, increasing cell proliferation in both cases.
Conversely, when differentiation of the epithelium occurred, expression of miR-17-92
miRNAs decreased. By regulating proliferation, the miR-17-92 cluster plays a particular
role in both embryonic development and neoplastic transformation of the colonic
epithelium (Monzo et al 2008).
The six mature miRNAs that form the miR-17-92 cluster likely act independently yet coordinately once cleaved from primary transcript, and different mRNAs may be targeted
by a combination of miR-17-92 components varying in the degree of binding affinity
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(Olive et al 2010). miR-17-92 cluster members may perform specific yet overlapping
functions, and are unlikely to contribute equally to all the biological functions of the
cluster (Ventura et al 2008). This current study was the first to show that individual
miR-17-92 cluster members have opposing effects on proliferation in CRC cells. The
HDI-mediated decrease in miR-17-92 levels was associated with decreased proliferation,
while transfection with miR-19 (a and b) restored growth to a level closer to that of
untreated cells in control medium. The study by Hu et al (2011) demonstrated that miR106b can also inhibit butyrate’s anti-proliferative effects, and can inhibit butyrateinduced CDKN1A expression. In this present study, the proliferation increase was
similar in the HDI-treated cells transfected with miR-19 (a and b) or with the entire
miR-17-92 cluster (minus miR-18a). miR-17, miR-20a, and miR-92a had little additional
effect. When the entire miR-17-92 cluster (including miR-18a) was transfected, in the
presence of a HDI, growth was still inhibited and similar to the respective NCtransfected cells, or even reduced (in the HCT116 cell experiment). miR-18a appears
responsible for subduing the cluster’s proliferative effect, and transfection with miR-18a
alone reduced proliferation to levels lower than the NC-transfected cells. In the cells in
control medium without HDI treatment, similar trends of increased proliferation with
miR-19 (a and b) and decreased proliferation with miR-18a were apparent; however, this
reached significance in some but not all experiments. If experiments are performed in
cells with high endogenous miRNA levels, the effects of miRNA mimic over-expression
on the target gene may not be detectable (Kuhn et al 2008); thus in these non-HDItreated cells the effect of the mimics may have been masked by the existing high
endogenous levels of miR-17-92 miRNAs. This was overcome with the HDI treatment
which lowered endogenous miR-17-92 levels, and the different effects of the various
miRNA mimics could be more clearly observed. The use of HDI treatment as a
surrogate measure for knockdown of miR-17-92 miRNAs is a limitation of the study.
Cell lines with low endogenous miR-18a levels could have been useful for the mimic
experiments, and complete knockdown of individual miRNAs in the cluster using
miRNA inhibitors may have provided further insight into their roles in proliferation.
Several other studies have dissected the functional roles of individual miR-17-92 cluster
members in various cancer models (Takakura et al 2008, Mu et al 2009, Olive et al 2009,
Mavrakis et al 2010). In lymphoma cells, miR-19 (a and b) have been shown to be
primarily responsible for promoting growth and suppressing apoptosis (Mu et al 2009,
Olive et al 2009). In thyroid cancer cells, inhibition of miR-17-3p, miR-17-5p, miR-19a,
miR-19b, and miR-20a significantly reduced cell growth, whereas suppression of miR161
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18a only moderately reduced cell growth, which the authors suggested may have been
due to the miR-18a inhibitor binding weakly to miR-17-5p or miR-20a (Takakura et al
2008). Tsuchida et al (2011) found that miR-92a inhibition induced apoptosis of colon
cancer-derived cell lines, while Bonauer et al (2009) presented a differing theory that
miR-92a may repress pro-angiogenic genes in endothelial cells and ischaemic tissue.
Despite these somewhat conflicting theories regarding the roles of miR-17-92 cluster
members, miR-19 is consistently described as an oncogenic growth-promoting miRNA,
which is in line with the findings in this Chapter.
Several studies are in agreement that among the six miR-17-92 cluster miRNAs, miR-19
(a and b) are the primary oncogenic determinants, and are required and largely sufficient
for promoting the oncogenic properties of the cluster in lymphoma models (Mu et al
2009, Olive et al 2009). In vivo, miR-19 was required for promoting lymphomagenesis
in an Eµ-myc mouse B-cell lymphoma model (Mu et al 2009, Olive et al 2009). miR-19
over-expression led to highly malignant early-onset B lymphomas, whereas disabling
miR-19 biogenesis resulted in delayed tumour onset, incomplete penetrance, and
extended life span (Olive et al 2009). Following miR-17-92 deletion in lymphoma cells,
reintroduction of miR-19 alone restored growth and suppressed apoptosis (Mu et al
2009). Over-expression of miR-19b (but not miR-17, miR-18a, or miR-20a) in vitro
significantly down-regulated PTEN mRNA and protein levels in mouse fibroblasts and
primary B-cells (Olive et al 2009). Mavrakis et al (2010) presented a similar finding in
acute lymphoblastic leukaemia cells, where miR-19b was sufficient to promote
leukaemogenesis, and was shown to target PTEN, BCL2L11, and other tumour
suppressors. This current study showed that the butyrate-induced decrease in miR-19 (a
and b) corresponded with increased expression of the tumour suppressor genes, PTEN
and BCL2L11, in CRC cells, while miR-19 (a and b) transfection partially reversed this
increase.
While several studies have highlighted a key oncogenic role for miR-19 (a and b), there
has been little research to date on the role of miR-18a in cancer. One study has
identified the alternate product of the same precursor miRNA, miR-18a*, as a potential
tumour suppressor in CRC cells (Tsang & Kwok 2009). Another study has indicated
that miR-18a may potentially target genes associated with angiogenesis, including
connective tissue growth factor (CTGF) which depending on cellular context can either
promote or inhibit angiogenesis (Dews et al 2006). Since the completion of research for
this Chapter, another study in a bladder cancer cell line has also used miRNA mimics to
show that miR-18a suppressed cell proliferation (Tao et al 2012). miR-18a was also
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shown to target Dicer in bladder cancer cells, which could indicate a potential feedback
loop where the regulation of Dicer by miR-18a controls miRNA output and prevents
over-expression. Knockdown of Dicer expression by siRNA mimicked the cell growth
suppression induced by miR-18a over-expression in the bladder cancer cells (Tao et al
2012).
miR-18a may have a homeostatic function in helping to contain the oncogenic effect of
the entire miR-17-92 cluster. While miR-19 subdued tumour suppressor gene
expression, thus promoting proliferation, miR-18a was predicted to target and decrease
expression of pro-proliferative genes, with this study identifying NEDD9 as one such
target. The NEDD9 protein (neural precursor cell expressed, developmentally downregulated 9) (also known as human enhancer of filamentation 1 (HEF1) or CAS-L), is a
member of the CAS family of scaffolding proteins (Law et al 1996, Minegishi et al 1996,
O'Neill et al 2007). NEDD9 is a multi-domain scaffolding protein and an important
integrin signalling adaptor, allowing integrin-dependent cell adhesion, migration, and
invasion, and also modulation of proliferation and apoptosis (van Seventer et al 2001,
Natarajan et al 2006). Genomic amplification and/or transcriptional up-regulation of
NEDD9 have been observed during cancer progression, and NEDD9 is abundant in
epithelial derived tumour cells, lymphoma cells, and glioblastomas (Astier et al 1997,
Natarajan et al 2006). Elevated NEDD9 expression has been reported in CRC cell lines
and primary tumours, with NEDD9 levels in human CRC found to increase with
tumour grade (Li et al 2011b). Li et al (2011b) established NEDD9 as a mediator of the
canonical WNT/β-catenin signalling pathway. Two studies in CRC cell lines have
shown that NEDD9 down-regulation reduced proliferation and in one study also
inhibited xenograft tumour growth, while NEDD9 over-expression increased
proliferation and migration (Xia et al 2010, Li et al 2011b). NEDD9 has previously been
reported to be a putative target of miR-145 and miR-125b, both of which have potential
tumour suppressor functions (Tran et al 2008). This Chapter has identified miR-18a as a
novel regulator of NEDD9, and shown NEDD9 to be pro-proliferative, with siRNA
knockout of its transcript decreasing proliferation in CRC cells. This finding is
consistent with current literature. Cell cycle control has been investigated more
extensively in another CAS protein, BCAR1, with this protein shown to act as a scaffold
for proteins necessary to support transition through G1 phase and cell proliferation
(Hakak & Martin 1999). NEDD9, as another CAS protein, is also likely to mediate
growth factor-induced signals (Izumchenko et al 2009) and, as demonstrated by Li et al
(2011b), Xia et al (2010) and this current Chapter, is able to promote proliferation.
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The other identified miR-18a target, CDK19 (also known as CDC2L6), has been less
characterised, although it is a paralog of CDK8 with sequence homology and functional
similarities (Malumbres et al 2009). CDK8 has been identified as a CRC oncogene that
modulates β-catenin activity and promotes CRC cell proliferation (Firestein et al 2008).
The kinase activity of CDK8 has been found to be necessary to regulate β-catenin
dependent transcription and transformation (Firestein et al 2008). Like NEDD9,
CDK19 was also shown in this Chapter to be pro-proliferative, with siRNA knockout of
its transcript decreasing proliferation in CRC cells.
Knockdown of NEDD9 and CDK19 induced growth arrest, suggesting a proproliferative role for these genes. Interestingly, in the butyrate treated cells which exhibit
decreased growth, NEDD9 and CDK19 levels were actually increased, possibly due to
the reduction in miR-18a levels in these treated cells. This discrepancy requires further
investigation, but is likely to simply reflect the complexity of miRNA/mRNA
interactions, where multiple miRNAs are modulated by butyrate, and in turn regulate
many different target genes. In this situation, while a decrease in miR-18a may allow an
increase in several pro-proliferative genes, this may be outweighed by a decrease in
other miRNAs (such as the other miRNAs in the miR-17-92 cluster) that target antiproliferative and pro-apoptotic genes.
Besides targeting pro-proliferative genes, the mimic transfection experiments revealed
that miR-18a also appears to increase expression of the cell cycle inhibitor CDKN1A. It
is possible that this is an indirect effect, and that miR-18a is targeting proteins which
regulate CDKN1A transcription or expression. It could even be hypothesised that the
miR-18a-induced decrease in NEDD9 could assist in this process; it has been suggested
that NEDD9 possibly plays a role in the transcriptional repression of CDKN1A
(Cabodi et al 2010).
This study confirmed NEDD9 and CDK19 as direct targets of miR-18a, and fulfilled the
four criteria proposed by Kuhn et al (2008) for target validation. The miRNA/mRNA
target pairs miR-18a and NEDD9 and miR-18a and CDK19 were validated by: verifying
miRNA/mRNA target interaction using miRNA mimics and target protectors; ensuring
predicted miRNA and mRNA target gene were co-expressed; determining that the
miRNA decreased target mRNA and protein expression; and showing that the miRNAmediated regulation of target gene expression equated to altered biological function, in
this case proliferation. A limitation of the study was that while validated NEDD9 and
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CDK19 siRNAs were utilised, their knockdown efficiency was not specifically
determined.
An additional limitation of this study was that similar amounts of each mimic were
introduced by transfection, which may not reflect the relative stoichiometry of
endogenous miRNA levels in colorectal cells. Several studies have noted differences in
levels of expression of members of the miR-17-92 cluster (Venturini et al 2007,
Diosdado et al 2009, Chaulk et al 2011, Jevnaker et al 2011). Jevnaker et al (2011) found
that in a variety of cell types, miR-18a levels were lower than levels of some other
members of the miR-17-92 cluster. In previous Chapters, miR-18a levels also appeared
to be lower than levels of the other miR-17-92 cluster miRNAs in CRC cell lines (Figure
5.10); however as relative rather than absolute quantitation of the different amplicons
was used in this real-time RT-PCR analysis, this can only be taken as a rough
comparison of different miRNAs. In CRC cells, Diosdado et al (2009) described that
DNA copy number gain of the miR-17-92 locus was associated with increased
expression of all components of the miR-17-92 cluster except miR-18a. In chronic
myeloid leukaemia cells transfected with a miR-17-19b construct (a variant of the miR17-92 polycistron lacking miR-92a) to induce miRNA over-expression, expression of
miR-17-5p, miR-17-3p, miR-19a, miR-20a, and miR-19b was increased by 2 to 5-fold,
while miR-18a expression was not changed compared with the control cells (Venturini
et al 2007). Monzo et al (2008) listed miR-17, miR-19, miR-20, and miR-92, but not
miR-18a, among the miRNAs differentially expressed in CRC versus normal tissue, and
also characteristic of early embryonic development in the colon. It is possible that
tumour progression is associated with selection against the expression of miR-18a
(Diosdado et al 2009), combined with selection for the other miRNAs in the cluster;
thus in normal cells miR-18a may play a homeostatic role, while in cancer cells the
elevation of other members of the miR-17-92 cluster may lead to increased oncogenic
potential.
Specific processing of individual miRNAs within the polycistronic miR-17-92 cluster
can lead to complex variations in miRNA expression and function in different cell types
and contexts (Guil & Caceres 2007, Suarez et al 2008). Besides regulation of the miR17-92 cluster by a network of transcriptional machineries, it is also further processed
and regulated by post-transcriptional mechanisms (Guil & Caceres 2007). Following
transcription of the pri-miRNA transcript, the first major processing step in miRNA
biogenesis involves Drosha, as part of the microprocessor complex, releasing miRNA
containing hairpins from the pri-miRNA (Gregory et al 2004). These pre-miRNAs are
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then exported from the nucleus to the cytoplasm where the next major processing step
involves Dicer cleavage to form the mature miRNA, which is incorporated into RISC
(Hutvagner & Zamore 2002). Thomson et al (2006) were among the first to show that a
large fraction of miRNA genes are regulated post-transcriptionally, and that expression
levels of a primary transcript do not always correlate with levels of the mature miRNA.
While many transcripts incorporate a single pre-miRNA stem-loop that is processed
into a pre-miRNA and then a mature miRNA, the polycistronic miR-17-92 cluster
represents an additional layer of complexity where miRNAs that are part of the same
primary transcript are differentially processed (Chakraborty et al 2012). Thomson et al
(2006) postulated that the widespread down-regulation of miRNAs observed in cancer
may be due to a failure at the Drosha processing step; however this finding is of less
relevance to the miR-17-92 cluster which, unlike many other miRNAs, is increased in
cancer (Cummins et al 2006, Diosdado et al 2009). It is known that accessory proteins in
addition to the microprocessor complex are sometimes required for processing of a
primary transcript; such accessory proteins may provide a mechanism for the differential
processing of the miR-17-92 cluster miRNAs (Guil & Caceres 2007, Chakraborty et al
2012).
Guil and Caceres (2007) suggested that an additional accessory protein is required
specifically for processing of miR-18a from the primary transcript. A variety of RNAbinding proteins, collectively known as hnRNP proteins, have been shown to associate
with transcribed mRNA and assist in the post-transcriptional control of gene
expression. Among these is hnRNPA1 (heterogeneous nuclear ribonucleoprotein A1),
which is involved in RNA transport and metabolism. When examining direct hnRNPA1
targets using cross-linking and immunoprecipitation, Guil and Caceres (2007) found a
single miRNA, miR-18a, to be among these targets. hnRNPA1 was shown to bind
specifically to human pri-miR-18a, the stem loop of miR-18a on the primary miR-17-92
transcript, and to facilitate its processing by Drosha. When hnRNPA1 was depleted
using RNA interference, the production of pre-miR-18a was nearly totally suppressed,
while processing of the other pre-miRNAs in the miR-17-92 cluster was not dependent
on hnRNPA1 levels and still occurred when hnRNPA1 was depleted. The decrease in
pre-miR-18a was concomitant with an accumulation of pri-miR-18a. As an assay for
miR-18a activity, a luciferase-based reporter with a miR-18a target site was used where
miR-18a expression decreased luciferase activity. This assay showed that depletion of
hnRNPA1 resulted in de-repression of the luciferase mRNA and increased luciferase
activity, indicating that hnRNPA1 was required for miR-18a repression of a functional
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target. The authors hypothesised that binding of hnRNPA1 to the pri-miR-18a stemloop structure could ensure the maintenance of an optimal secondary structure for
DGCR8 (a subunit of the microprocessor complex) and Drosha recognition, or could
also prevent the binding of an unknown inhibitory factor. They identified that
hnRNPA1 was required for miR-18a binding only in a context dependent manner,
where the pri-miRNA sequences on the miR-17-92 transcript surrounding pri-miR-18a
were important in the requirement for hnRNPA1. It was proposed that the sequences
and structure of the entire miR-17-92 primary transcript may create a suboptimal
recognition site for DGCR8 and Drosha, and may make the processing of pri-miR-18a
to pre-miR-18a dependent on hnRNPA1 (Guil & Caceres 2007). This was further
examined by Michlewski et al (2008) who identified two hnRNPA1 binding regions: a
primary site corresponding to the terminal loop of pri-miR-18a, and a secondary site
corresponding to the bottom of the stem. Binding of hnRNPA1 to the stem structure in
pri-miR-18a likely acted to unwind or rearrange the structure, creating a more
favourable Drosha cleavage site. Binding to the terminal loop was also shown to be
important for effective processing (Michlewski et al 2008).
Conflicting evidence exists for the role of hnRNPA1 in cancer. Several studies have
shown hnRNPA1 to be increased in various cancer types, including CRC (Zerbe et al
2004, Ushigome et al 2005, David et al 2010); alternatively a recent study has shown that
progression to breast cancer is associated with decreased hnRNPA1 (Pelisch et al 2012).
Likewise, some studies have indicated a role for hnRNPA1 in increasing cell
proliferation, decreasing apoptosis, and ensuring cell viability in response to stress (Patry
et al 2003, He et al 2005b, Guil et al 2006), while another study has shown hnRNPA1 to
have a suppressive effect on cell growth in prostate cancer (Yang et al 2007). Further
study is required to determine hnRNPA1 activity in CRC, and the extent to which this
protein impacts on miR-18a concentrations relative to other miR-17-92 cluster miRNAs
in cancer.
Examination of the structure of the miR-17-92 primary transcript may offer additional
mechanisms for the differential processing efficiencies of individual miR-17-92 cluster
miRNAs despite their co-transcription (Chakraborty et al 2012). All six miRNAs contain
the canonical secondary structure features for Drosha processing, and hairpins have
similar levels of conservation. Thus tertiary structure could provide an explanation for
the differential processing of individual miRNAs within the cluster (Chaulk et al 2011).
While Guil and Caceres (2007) and Michlewski et al (2008) alluded to a role of the miR17-92 transcript structure in the differential processing of miR-18a, the folding of the
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pri-miR-17-92 transcript into a tertiary structure was further explored by Chakraborty et
al (2012) and Chaulk et al (2011). Chakraborty et al (2012) hypothesised that the primary
miRNA cluster transcript may self-orchestrate the binding of accessory proteins
associated with processing different miRNA domains, allowing their differential
regulation. The study used various biochemical and biophysical methods coupled with
mutational studies, to show that pri-miR-17-92 adopts a defined higher-order tertiary
structure. Folding of the RNA transcript into its tertiary structure may be facilitated by
the conserved terminal loop sequences in miRNA domains (especially miR-19a and
miR-18a), and also by intervening regions between the distinct pri-miRNA domains.
Shuffling of the discrete pri-miRNA domains led to perturbed tertiary structure, and
altered the relative abundance of the processed pre-miRNAs. The tertiary structure of
pri-miR-17-92 poses a kinetic barrier to its own processing, with suboptimal display of
recognition sites for the microprocessor complex. This may provide the opportunity for
different proteins to bind and remodel the structure, and mediate an alternative
processing fate for the primary miRNAs. For example, for the examined pri-miR-18a
region, the authors found that this hairpin loop, including hnRNPA1 binding sites, is
buried in the course of pri-miR-17-92a adopting its tertiary structure; specific protein
binding to the tertiary structure may be required to unmask the hnRNPA1 binding sites
and allow further remodelling (Chakraborty et al 2012).
Chaulk et al (2011) also reported that pri-miR-17-92 adopts a higher order compact
structure, where the 5’ region of the cluster folds on a 3’ core domain. The miR-19b and
miR-92a domains were within the protected 3’ core, and the miR-18a domain was also
protected inside the structure, while the other miRNA domains were more exposed.
Internalised miRNA hairpins were processed less efficiently than those on the surface of
the structure. Chaulk et al (2011) discussed the tertiary structure in relation to miR-1792 cluster roles specifically in angiogenesis, where miR-92a has the opposite biological
function to other miR-17-92 miRNAs, through a miR-92a mediated repression of some
pro-angiogenic mRNAs. It is plausible that the suppressed expression of miR-92a
through its sequestration within the cluster tertiary structure facilitates the overall proangiogenic effects of expression of miR-17-92 (Chaulk et al 2011). These inferences
could similarly apply to miR-18a in the context of proliferation in cancer cells, where
tertiary structure and specific protein binding results in miR-18a being processed less
efficiently, and facilitates the pro-proliferative effects of the other miR-17-92 cluster
members.
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This Chapter identified competing roles of miR-17-92 cluster members in CRC cells,
with miR-18a acting in opposition to other members of the oncogenic miR-17-92
cluster to suppress proliferation. miR-18a may play a potentially homeostatic role in
containing the oncogenic effects of the entire cluster, but may be selectively decreased
in CRC compared with other miR-17-92 cluster members. This imbalance is likely to
promote the increased proliferation that is characteristic of cancer cells, and provides
potential therapeutic opportunities.
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Chapter 7. Butyrate alters miR-1792 cluster transcription via specific
histone modifications
7.1 Introduction
In previous Chapters, miR-17-92 cluster miRNA levels were shown to decrease in
HT29 and HCT116 CRC cells when treated with the HDI butyrate. Also shown in
Chapter 5 was one potential mechanism for this regulation, via HDI-induced decreases
in regulatory proteins such as the transcription factor E2F1. It is also possible that
HDIs like butyrate have a direct regulatory effect on transcription of the miR-17-92
host gene, via the epigenetic mechanism of histone modification.

7.1.1 Histone modifications and chromatin remodelling
Histone modifications influence chromatin remodelling, which regulates accessibility of
the genetic sequence (Strahl & Allis 2000). The fundamental unit of chromatin consists
of genomic DNA wrapped around histone proteins to form nucleosomes. Each
nucleosome consists of approximately 147 base pairs of DNA, wrapped around a core
histone octamer composed of two copies of each core histone protein (H2A, H2B, H3,
and H4) (Luger et al 1997, Davey et al 2002). Consecutive nucleosomes are joined by a
linker histone (H1), which protects the inter-nucleosomal linker DNA and contributes
to chromatin structure (Bednar et al 1998). The N-terminal domains, and in some cases
the C-terminal domains, of core histones protrude from the chromatin unit. These tails
are rich in basic residues and are subject to multiple post-translational modifications
(Luger et al 1997, Campos & Reinberg 2009). They can contact adjacent nucleosomes in
higher chromatin order structure, and through various modifications can alter
chromatin structure (Luger et al 1997, Strahl & Allis 2000, Hake et al 2004). There are
two broad forms of chromatin; these are heterochromatin which is tightly compacted
and associated with transcriptionally silent genomic regions, and euchromatin which has
a more open conformation that is accessible to factors that bind DNA, allowing
transcription. While euchromatin is less condensed, it still remains relatively nucleosome
dense, and nucleosome remodelling and displacement is required for full access to the
DNA (Ioshikhes et al 2006, Segal et al 2006, Workman 2006). Multiple levels of
chromatin remodelling occur, and include DNA modification, histone modification,
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exchange of core histones with variant histones, and disruption of basic nucleosome
structure and histone DNA contacts (Hake et al 2004).
7.1.1.1 DNA modification
The predominant form of DNA modification is methylation, which is a covalent
modification involving the addition of a methyl group to cytosine residues at adjacent
cytosine and guanine nucleotides (CpG di-nucleotides). The transfer of a methyl group
is catalysed by DNA methyltransferase enzymes, including DNMT1 which maintains
existing DNA methylation patterns, and DNMT3A and DNMT3B which mainly target
previously unmethylated areas (Bird 2002, Rodriguez-Paredes & Esteller 2011). CpG dinucleotides, which are the usual targets of DNA methylation, are scattered in low
concentration throughout the genome, but occur in high concentration in certain areas.
These areas of approximately 1000 base pairs 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 methyl-binding domain proteins, which are
present in transcription co-repressor complexes (Boyes & Bird 1991, Cross et al 1997,
Nan et al 1997, Nan et al 1998). These complexes can cause chromatin reconfiguration
and gene silencing (Nan et al 1998). DNA methylation patterns are relatively stable in
adult cells, with methylation used in normal cells for gene silencing, in such cases as
silencing of large repetitive sequences (endogenous repeats, centromeres, and
retrotransposon elements), inactivation of an X chromosome in women, or tissuespecific repression of germ cell-specific genes (Bird 2002, Rodriguez-Paredes & Esteller
2011). In cancer, DNA methylation is an alternative mechanism to genetic mutations for
the silencing of tumour suppressor genes, and is likely an early event in tumourigenesis
(Toyota et al 1999, Esteller et al 2001). In CRC, promoter-specific hypermethylation can
be more frequent than genetic changes (Schuebel et al 2007). Examples of aberrant
methylation in CRC and other cancers have been observed for genes with tumour
suppressor function, such as cyclin-dependent kinase inhibitor 2A (CDKN2A), the
DNA mismatch repair protein MutL homolog 1 (MLH1), and the DNA repair protein
O-6-methylguanine-DNA methyltransferase (MGMT) (Toyota et al 1999, Shen et al
2005). A subset of CRCs display a CpG island methylator phenotype (CIMP), and
includes the majority of sporadic CRCs with MSI related to MLH1 methylation and
silencing (Toyota et al 1999, Hawkins et al 2002, Weisenberger et al 2006). In contrast to
the high levels of gene promoter methylation present in many tumours, global DNA
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hypomethylation has also been observed in various cancers, including CRC, which may
predispose to genomic instability and disruption of normal gene expression patterns
(Matsuzaki et al 2005, Rodriguez et al 2006), and has also been linked to poorer
prognosis in CRC (Ogino et al 2008). Regional DNA hypermethylation and global
hypomethylation are associated with altered chromatin conformation and also with
altered histone acetylation in CRC (Deng et al 2006).
7.1.1.2 Histone modifications and variants
Histone modification occurs largely at the tail domains that protrude from the
chromatin unit. Covalent modification of tail domains of histones can include
acetylation of lysine residues, methylation of lysine and arginine residues (mono-, di-, or
tri-methylation of lysine and mono- or di-methylation of arginine), phosphorylation of
serine and threonine residues, ADP-ribosylation, ubiquitination, sumolation, and others
(Figure 7.1) (Hake et al 2004). Numerous enzymes are involved in histone modifications
(Allis et al 2007, Kouzarides 2007). Levels of histone methylation, for example, are
controlled by HMTs and HDMs. Levels of histone acetylation are controlled by
opposing activities of HATs and HDACs (Chapter 5 presents a more detailed HDAC
description). Acetylation of lysine residues directly relieves positive charges on histone
N-terminal domains (Campos & Reinberg 2009). Generally, decreased acetylation
(hypoacetylation) of histone N-terminals is a characteristic of more condensed
heterochromatin, while increased acetylation (hyperacetylation) is found in more relaxed
euchromatin (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 was initially proposed
by Strahl and Allis (2000). The basis of this epigenetic marking system is that one
modification or combination of histone modifications can determine a particular
functional output (Strahl & Allis 2000, Jenuwein & Allis 2001). The pattern of histone
modifications in a given cellular and developmental context is regulated by histonemodifying enzymes that can carry out ‘writing’ or ‘erasing’ events (Chi et al 2010). An
enzyme that catalyses a chemical modification of histones in a residue-specific manner,
such as a HMT or HAT, can be referred to as a writer, while an enzyme that removes a
chemical modification from histones, such as a HDM or HDAC can be referred to as
an eraser (Strahl & Allis 2000, Jenuwein & Allis 2001, Chi et al 2010).
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The subsequent effects of histone modifications can then be categorised as effectormediated, intrinsic or extrinsic (Campos & Reinberg 2009). In the histone code
hypothesis, histone modifications can be ‘read’, which is an effector-mediated event
where effector proteins specifically bind to one or a combination of histone
modifications (Chi et al 2010). This binding can lead to altered intra- and internucleosomal dynamics and chromatin structure. There are numerous examples of
effector proteins that recognise specific histone modifications, for example, effectors
with chromodomains and PHD domains recognise methylated residues, and effectors
with bromodomains recognise acetylated residues (Campos & Reinberg 2009). The
Polycomb group (PcG) protein complex is an example of a well-studied effector, with a
chromodomain that can ‘read’ methyl marks; this protein complex also contains
domains that can modify histone marks (Fischle et al 2003, Cao & Zhang 2004,
Flanagan et al 2005). PcG protein complexes and their marks are classically associated
with repressed transcriptional states, while Trithorax Group (TrxG) proteins counteract
the function of PcG proteins and thereby activate genes (Schuettengruber et al 2007,
Hublitz et al 2009). In addition to effector-mediated events, histone modification can
also directly modulate chromatin structure or alter intra-nucleosomal and internucleosomal contacts through steric or charge interaction (Chi et al 2010).
Modifications, or other intra-nucleosomal component variations, that directly alter
physical nucleosome properties such as DNA contacts and motility, size and
confirmation, or stability are intrinsic effects, while modifications that directly alter
inter-nucleosomal contacts and chromatin structures are extrinsic effects (Campos &
Reinberg 2009). A simple example of direct modulation is the aforementioned
neutralization of the positive charges of histone N-terminal domains by lysine
acetylation, leading to perturbation of histone-DNA contacts (Strahl & Allis 2000,
Jenuwein & Allis 2001).
The outcomes of histone modifications can be to initiate transcriptional activation,
silencing or other cellular responses (Strahl & Allis 2000, Jenuwein & Allis 2001).
Initiation of transcription is clearly affected by chromatin remodelling that promotes
accessibility to underlying DNA, and nucleosome placement can be predictive of
transcription (Ioshikhes et al 2006, Segal et al 2006, Ozsolak et al 2007, Schones et al
2008). The open reading frames of genes are nucleosome dense, but in actively
transcribed genes a short area flanking the transcription start site (TSS) may be partly
histone-depleted compared to non-expressed genes (Koch et al 2007, Ozsolak et al
2007, Schones et al 2008). The same may apply to miRNA genes (Ozsolak et al 2008).
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TSSs of active genes have been shown to have a characteristic signature of histone
modification that is highly distinct from inactive genes, for example H3K4me3 and
H3ac near the TSS (Koch et al 2007). It is generally agreed that correlations exist
between several histone post-translational modifications and the transcriptional state of
chromatin (Strahl & Allis 2000). Studies have observed that gene activation is correlated
with tri-methylation of lysines 4, 36 or 79 on H3 (H3K4me3, H3K36me3 and
H3K79me3), mono-methylation of lysines 20 on H4 and 5 on H2B (H4K20me and
H2BK5me), and acetylation of lysines 9, 14, and 27 on H3 (H3K9ac, H3K14ac and
H9K27ac), as well as other modifications; these may be referred to as activating histone
marks. Conversely, gene repression is associated with di- or tri-methylation of lysine 9
on H3 (H3K9me2 and H3K9me3) and tri-methylation of lysine 27 on H3 and 20 on H4
(H3K27me3 and H4K20me3), as well as other modifications; these may be referred to
as silencing histone marks (Strahl & Allis 2000, Jenuwein & Allis 2001, Barski et al 2007,
Bhaumik et al 2007, Mikkelsen et al 2007, Rodriguez-Paredes & Esteller 2011).
In recent years there has been acknowledgement that the histone code hypothesis
requires refinement (Berger 2007, Campos & Reinberg 2009). The outcome of a certain
histone mark may to some extent be dependent on the biological context. The
numerous combinations of histone modifications and complexity of the chromatin
structure will also impact on the outcome. An example of this complexity is the
existence of histone variants, which can contribute to the intrinsic and extrinsic
properties of chromatin structure. While histones H4 and H2B are largely invariant, H3
and H2A variants have been shown to affect nucleosome stability and chromatin
folding (Suto et al 2000, Hake et al 2004). Variants of linker histones can also be
present. Another example of the complexity surrounding the outcome of histone
modifications is the presence of cross-talk mechanisms between histone acetylation and
histone methylation networks (Huang et al 2011), and links between DNA methylation
and histone modification mechanisms (Nan et al 1998).
Controlled regulation of histone modifications determines cell fate during
embryogenesis and development, and in adult cells allows fine-tuning of gene
transcriptional output at gene loci during DNA damage repair or other cellular functions
(Mikkelsen et al 2007, Chi et al 2010). In tumourigenesis, alteration in the homeostasis
between activating versus silencing chromatin states leads to inappropriate expression or
silencing of genes and altered cellular outcomes, for example, proliferation rather than
senescence or differentiation (Chi et al 2010). In addition to DNA methylation changes,
certain disruptions to normal patterns of histone modifications are also characteristic of
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cancer development. An example observed in many primary tumours is global reduction
of H4K20me3 and H4K16ac (Fraga et al 2005b). In CRC, changes in expression of
active genes positive for H3K4me4, and repressed genes positive for H3K27me3 have
been observed (Enroth et al 2011). There are also many instances of alterations in
‘writer’ and ‘eraser’ enzymes, and dysregulation of effector proteins. In CRC, for
example, HAT and HDAC mutations and expression changes have been observed, with
HDAC changes in CRC explored in Chapter 5. Changes in expression or activity of
HMTs and HDMs may also occur. A HMT subunit of the PcG protein complex, for
example, has been found to be over-expressed in a variety of different tumours,
including CRC (Mimori et al 2005, Richly et al 2011). The 3D organisation of chromatin
has also been shown to be important in the formation of chromosomal alterations and
in cancer development. Distant genomic loci that are brought spatially close by 3D
chromatin architecture during interphase are more likely to undergo structural
alterations and become end points for amplifications or deletions observed in cancer
(Fudenberg et al 2011).
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Figure 7.1: Possible post-translational histone modifications on N-terminal and
C-terminal regions of the four core histones.
Possible acetylation, methylation, phosphorylation and ubiquitination of residues on
core histones H2A, H2B, H3, and H4. K: lysine; R: arginine; S: serine; T: threonine.
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7.1.2 Detection of histone modifications at the MIR17HG gene locus
Several studies have shown a role for epigenetics and chromatin modifications in
miRNA expression in cancer cells (Saito et al 2006, Lujambio et al 2008, Toyota et al
2008, Bandres et al 2009, Choudhry & Catto 2011, Suzuki et al 2011). These studies
have largely focused on DNA methylation patterns. Histone modifications may also
play a role in the dysregulated expression of the miR-17-92 cluster in cancer cells. HDIs
such as butyrate may have a direct effect on the transcription of the miR-17-92 host
gene in cancer cells, via alteration of histone modification patterns. As a HDI, butyrate
is known to alter acetylation, but also has other effects including acetylation of nonhistone proteins, selective regulation of histone methylation and phosphorylation, and
alteration of DNA methylation (Boffa et al 1981, Boffa et al 1994, Daly & ShiraziBeechey 2006, Mathew et al 2010, Huang et al 2011, Marinova et al 2011).
The host gene of miR-17-92, MIR17HG, contains the miR-17-92 cluster in the third
intron of the ~ 7 kb primary transcript (Ota et al 2004). A CpG island (CG content
~80%) exists less than 2 kb from the miR-17-92 pre-miRNA coding region, specifically
within the region spanning 1.2 to 3.3 kb upstream of the first nucleotide of the pre-miR17 sequence (O'Donnell et al 2005, Pospisil et al 2011, Suzuki et al 2011). This CpG
island is located at the putative promoter region of MIR17HG, near the TSS (Suzuki et
al 2011). Histone modifications at the promoter region and TSS may influence
MIR17HG transcription.
Chromatin immunoprecipitation (ChIP) was used to investigate the possibility of a
direct effect of butyrate on MIR17HG transcription through specific histone
modifications. First developed in the 1980s (Gilmour & Lis 1984, Gilmour & Lis 1985,
Gilmour & Lis 1986, Solomon et al 1988), ChIP is commonly used to study interactions
between specific proteins or modified proteins and a genomic DNA region. This could
include determining whether a transcription factor interacts with a candidate target gene,
or whether histones with a specific post-translational modification are present at specific
genomic locations (Carey et al 2009). Several variations on ChIP have been used in the
literature, and specific ChIP kits are also supplied by several manufacturers. In addition
to the examination of a specific genome region, variations of ChIP can also be used to
study protein-DNA interactions at a genome-wide scale, via ChIP-chip and, more
recently, ChIP-sequencing (ChIP-Seq) assays (Carey et al 2009). The experimental flow
for a ChIP protocol to identify the presence of specific histone modifications at a DNA
region of interest is shown in Figure 7.2. Briefly, this ChIP protocol consisted of cross177
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linking of DNA and protein and subsequent digestion, detection of specific histone
modifications using antibodies, precipitation using agarose beads, isolation of DNA, and
quantitation using real-time qPCR. In this Chapter, a validated ChIP assay (Cell
Signaling) was used to investigate the effect of butyrate treatment on the levels of
histone acetylation and methylation. This used Micrococcal Nuclease for optimal
chromatin digestion. ChIP relies on appropriate antibodies for detection (Haring et al
2007), and in this Chapter, antibodies that had been validated for ChIP were used. Realtime qPCR rather than standard PCR is recognised as best practice to analyse
precipitated material (Haring et al 2007), and was used here. There is no consensus in
the literature on how best to normalise and analyse ChIP-qPCR data; however a method
referred to as the percent input method has been proposed as best practice (Haring et al
2007).

7.2 Aims
The aims of this Chapter were 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 MIR17HG,
the miR-17-92 host gene.

7.3 Methods overview
Experiments were conducted according to the general methods outlined in Chapter 3.

7.3.1 Cycloheximide treatment
HT29 and HCT116 cell lines were used to determine the effects of butyrate treatment
on miRNA expression, in the presence and absence of cycloheximide treatment to block
de novo protein synthesis. All experimental groups were conducted in triplicate. For the
cycloheximide treatment, cells were cultured with 5 µg/mL cycloheximide, which was
added 3 h prior to other treatments, and again when cells were treated with butyrate or
maintained in control medium. Both cycloheximide-treated and untreated cells were
cultured with 5 mM butyrate or control medium for 48 h, total RNA was extracted from
treated cells using the TRIzol method, and relative quantitation real-time qPCR analysis
was performed on miR-17-92 cluster miRNAs.
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7.3.2 ChIP analysis of activating histone methylation and acetylation
marks
HT29 cells were also used for ChIP, to observe the effect of butyrate treatment on
activating histone methylation and acetylation marks around the miR-17-92 cluster host
gene, MIR17HG. The experimental flow for the ChIP experiment is shown in Figure
7.2. Cells were treated with 5 mM butyrate or control medium for 48 h, followed by
cross-linking of proteins and associated chromatin using formaldehyde. Nuclei were
isolated, and Micrococcal Nuclease was used to digest chromatin. An optimisation
experiment was performed to determine the appropriate amount of Micrococcal
Nuclease stock. The digested chromatin was clarified and viewed using agarose gel
electrophoresis to determine optimal digestion. The digested chromatin was then
diluted, and a 2% input sample removed for later real-time qPCR analysis. Subsequently,
the diluted chromatin was incubated overnight with 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 antiacetyl-histone H3 (Lys 9/ Lys 14), rabbit polyclonal anti-acetyl-histone H3 (Lys 27), and
rabbit polyclonal anti-tri-methyl histone H3 (Lys 4). The antibody-bound chromatin
fragments were then captured with agarose beads, and this immunoprecipitated
chromatin washed and eluted, and cross-links reversed. DNA was purified using a
column method, and real-time qPCR carried out to quantify the purified DNA for each
immunoprecipitation sample. For the real-time qPCR, twelve primer pairs were
designed to target intron and exon regions of the MIR17HG gene, as well as to target up
to 4 kB upstream of the TSS. A control primer provided by the manufacturer for
human ribosomal protein L30 (RPL30) Exon 3 was also used. PCR reactions were
performed for each primer pair, for the histone samples of interest, 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).
Real-time qPCR data were normalised and analysed using the percent input method.
With this method, signals obtained from each immunoprecipitation were expressed as a
percent of the total input chromatin. In addition, an alternative method of analysis was
used to compare outcomes, 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.
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Figure 7.2: Experimental outline of the chromatin immunoprecipitation (ChIP)
procedure used to analyse histone acetylation and methylation patterns at the
MIR17HG locus.

180

CHAPTER 7

7.4 Results
7.4.1 Real-time RT-PCR of miR-17-92 changes in colorectal cancer
cells treated with butyrate, in the presence or absence of
cycloheximide
Experiments in which HT29 and HCT116 CRC cell lines were treated for 48 h with
butyrate, or maintained in control medium, were conducted simultaneously in cells that
had been treated with 5 µg/mL cycloheximide 3 h prior to other treatments.
Cycloheximide interferes with the translocation step in protein synthesis and blocks
translational elongation (Schneider-Poetsch et al 2010). This concentration of
cycloheximide has been shown in previous experiments in HT29 CRC cells to block de
novo protein synthesis (Della Ragione et al 2001, Andoh et al 2002). It can be used to
distinguish between primary responses to butyrate and downstream events, as the
inhibition of de novo protein synthesis allows the observation of transcriptional effects
only (Della Ragione et al 2001, Williams et al 2003). It could be hypothesised that if the
decrease in miR-17-92 levels in response to butyrate is mediated by other regulator
proteins and is reliant on new factors, then treatment with 5 mM butyrate would have
less effect on miRNA expression in the cycloheximide treated cells where de novo protein
synthesis is inhibited. The alternative hypothesis is that if the decrease in miR-17-92
levels is a primary transcriptional response to butyrate, this response will be similar in
the cell lines with and without cycloheximide treatment.
Cells treated with cycloheximide had different morphology to the standard cells after 48
h, with fewer visible membrane protrusions (filopodia). Real-time RT-PCR analysis
showed all of the miR-17-92 cluster miRNAs to be significantly down-regulated by 5
mM butyrate treatment for 48 h, in both standard HT29 and cycloheximide-treated
HT29 cells (standard HT29: miR-17: P = 0.0005; miR-18a: P = 0.0001; miR-19a: P =
0.0002; miR-20a: P = 0.0002; miR-19b: P = 0.0002; miR-92a: P = 0.0003; cycloheximide
treated HT29: miR-17: P = 0.47; miR-18a: P = 0.002; miR-19a: P = 0.006; miR-20a: P =
0.0009; miR-19b: P = 0.002; miR-92a; P = 0.0009) (Figure 7.3). The exception to this
was miR-17, which was not significantly decreased in the cells treated with butyrate in
the presence of cycloheximide. Real-time RT-PCR analysis also showed all of the
selected miR-17-92 cluster miRNAs to be significantly down-regulated by 5 mM
butyrate in both standard HCT116 and cycloheximide-treated HCT116 cells (standard
HCT116: miR-17: P = 0.0002; miR-18a: P < 0.0001; miR-19a: P = 0.0002; miR-20a: P <
0.0001; miR-19b: P < 0.0001; miR-92a: P = 0.0003; cycloheximide treated HCT116:
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miR-17: P = 0.008; miR-18a: P = 0.002; miR-19a: P = 0.005; miR-20a: P < 0.0001; miR19b: P = 0.001; miR-92a: P = 0.0007) (Figure 7.4). Differences could be observed,
however, between the butyrate-induced miRNA expression changes in the standard and
cycloheximide-treated cells, with the decrease in miR-17-92 expression greater in the
cells that were not treated with cycloheximide, for both cell lines (Figures 7.3 and 7.4).
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Figure 7.3: Real-time RT-PCR validation of miR-17-92 cluster changes in HT29
cells after 48 h of butyrate treatment, in the absence or presence of
cycloheximide
miR-17-92 cluster miRNA levels in cells treated with butyrate (5 mM) compared with
cells in control medium (0), in the absence or presence of 5 µg/mL cycloheximide
(CHX) (* P < 0.05). The mean ± SEM of three cell culture replicates is shown, and
expression is normalised to RNU6B levels.
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Figure 7.4: Real-time RT-PCR validation of miR-17-92 cluster changes in
HCT116 cells after 48 h of butyrate treatment, in the absence or presence of
cycloheximide
miR-17-92 cluster miRNA levels in cells treated with butyrate (5 mM) compared with
cells in control medium (0), in the absence or presence of 5 µg/mL cycloheximide
(CHX) (* P < 0.05). The mean ± SEM of three cell culture replicates is shown, and
expression is normalised to RNU6B levels.
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7.4.2 ChIP analysis of butyrate-induced H3 histone modifications –
preparatory experiment (MIR17HG primer design)
Following the cycloheximide experiments, which indicated that the butyrate-induced
decrease in miR-17-92 miRNAs in CRC cell lines may, in part, be due to direct
transcriptional regulation, the epigenetic effect of butyrate on miR-17-92 host gene
transcription was examined further using ChIP. Specifically, histone acetylation and
methylation patterns were examined at the miR-17-92 host gene, MIR17HG, including
the activating histone acetylation marks H3K9ac, H3K14ac, and H3K27ac, and the
activating histone methylation mark H3K4me3. The final analysis of a ChIP experiment
can be performed using real-time qPCR, which is the preferred method over
conventional PCR to analyse the precipitated material (Haring et al 2007). Before
performing the ChIP experiment, primers for real-time qPCR were designed to span the
regions of interest. The forward and reverse primers were designed to amplify a
representation of each intron and exon region of the MIR17HG gene, and also up to 4
kb upstream of the gene, to cover the potential promoter region and TSS (Suzuki et al
2011). Where possible, MIR17HG gene primer pairs that had been designed and
validated in previous studies were used (Table 3.6) (O'Donnell et al 2005, Pospisil et al
2011); in addition, to cover all regions of the gene and the upstream region, several new
primer pairs were designed using Primer Express Software, with adherence to the
criteria outlined in Section 3.1.11.8. Dissociation curve analysis for each primer pair
confirmed that each reaction produced a single specific product as indicated by a single
dissociation curve peak. The PCR amplification efficiency of each primer pair was
determined from a standard curve, using serial dilutions of the 2% input sample from
the subsequent ChIP experiment. Efficiency should be as close to 2 (100%) as possible.
Eight primer pairs had an ideal efficiency of 1.9 – 2.0, two primer pairs had efficiency of
1.8 (3 and 5), and two primer pairs (7 and 9) had efficiency of 2.1 – 2.2. The location of
the primer pairs can be seen in Figure 7.5, with the primers spanning the upstream
regions, potential promoter region and TSS, and introns and exons of MIR17HG.
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Figure 7.5: Location of primer pairs for amplification of the MIR17HG gene and
upstream region, including the proximal promoter region and TSS.
Black bands indicate the positions of primers utilised for amplification of DNA
fragments spanning the region 4 kb upstream of the MIR17HG TSS, and the region
within MIR17HG, including introns and exons. The miR-17-92 cluster sequence is
located in the third intron of MIR17HG (purple box). A CpG island is located at the
putative promoter region of MIR17HG, near the TSS (1.2 to 3.3 kb upstream of the first
nucleotide of the pre-miR-17 sequence) (Pospisil et al 2011, Suzuki et al 2011). TSS:
transcription start site.
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7.4.3 ChIP analysis of butyrate-induced H3 histone modifications –
preparatory experiment (micrococcal nuclease optimisation)
In ChIP experiments, the cross-linked chromatin can be sheared by sonication or
digested by nucleases (Haring et al 2007). For this ChIP protocol, the SimpleChIP
Enzymatic Chromatin IP kit (Cell Signaling) used Micrococcal Nuclease stock (2000 gel
units/µL) to digest the chromatin. Before performing ChIP on the butyrate-treated and
control HT29 cells, optimal conditions for digestion of cross-linked DNA to 150 – 900
base pairs in length were determined according to the manufacturer’s instructions. For
the optimisation, cross-linked nuclei from 4 × 107 HT29 cells was obtained, and
digested using 0 µL, 2.5 µL, 5 µL, 7.5 µL or 10 µL of diluted Micrococcal Nuclease (1:5
dilution from stock of 2000 gel units/µL). Following subsequent sonication to break
nuclear membranes, DNA fragment size was determined by agarose gel electrophoresis.
The manufacturer advised that chromatin DNA should be sheared into mono-, di-, tri-,
tetra- and penta-nucleosome units of 150 – 900 base pairs in length (Cell Signaling).
From the agarose gel shown in Figure 7.6, the enzyme volume which produced DNA in
the desired range of 150 – 900 base pairs was determined to be the 2.5 µL volume of
diluted Micrococcal Nuclease. This is equivalent to the volume of Micrococcal Nuclease
stock required to be added to the to 4 × 107 cells in the subsequent experimental
chromatin digestion; thus 2.5 µL Micrococcal Nuclease stock (2000 gel units/µL) was
used for the subsequent ChIP experiment.
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Figure 7.6: Agarose gel electrophoresis analysis of HT29 chromatin digestion
optimisation using increasing concentrations of Micrococcal Nuclease
Chromatin was digested using 0 µL, 2.5 µL, 5 µL, 7.5 µL or 10 µL of diluted
Micrococcal Nuclease (1:5 dilution from stock of 2000 gel units/µL). DNA was purified
and separated by electrophoresis on a 1% agarose gel and stained with ethidium
bromide. Lane 1 has the undigested chromatin (0 µL), lane 2 – 5 has increasingly
digested chromatin (2.5 µL, 5 µL, 7.5 µL, 10 µL Micrococcal Nuclease), and lane 6 has
the 1 kb DNA marker. Lane 2 shows that the majority of chromatin was ideally digested
to 1 to 5 nucleosomes in length (150 – 900 bp) using 2.5 µL Micrococcal Nuclease. bp:
base pairs; kb: kilobases.
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7.4.4 ChIP analysis of butyrate-induced H3 histone modifications at
the MIR17HG locus
ChIP was used to determine the effect of 5 mM butyrate treatment for 48 h on the
levels of acetylation and methylation at DNA-bound histone H3 at the locus of
MIR17HG, the miR-17-92 host gene, in the HT29 CRC cell line. Specifically, the
activating histone marks H3K9ac, H3K14ac, H3K27ac, and H3K4me3 were examined.
Cross-linking, nuclei preparation and nuclease digestion of chromatin were performed
for 4 × 107 cells grown in control medium or 5 mM butyrate for 48 h. Agarose gel
electrophoresis was used to assess the chromatin digestion, prior to performing
immunoprecipitations. The manufacturer provided an example agarose gel showing
ideal chromatin appearance on a 1% agarose gel stained with ethidium bromide (Figure
7.7A), with chromatin DNA sheared into mono-, di-, tri-, tetra- and penta-nucleosome
units of 150 – 900 base pairs in length (Cell Signaling). For this nuclease digestion of
chromatin from control and butyrate-treated cells, the agarose gel also shows that
optimal DNA digestion was achieved using 2.5 µL Micrococcal Nuclease (2000 gel
units/µL), with fragment lengths of 150 – 900 base pairs in length (Figure 7.7B).
According to the manufacturer, the digested chromatin DNA concentration is typically
at 125 – 250 µg/mL with various cell types, and for this experiment was in this
concentration range.
ChIP was performed on the digested chromatin samples, and immunoprecipitation
samples were further processed and purified for real-time qPCR. The manufacturer
advised that PCR results will vary based on PCR primer sets and antibodies used.
Experiments were designed with appropriate positive and negative control antibodies
and also primers, to ensure that the PCR reaction is properly amplifying and the signal
obtained is real, as per the Cell Signaling protocol. In addition to 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), the positive control rabbit monoclonal Histone H3 (D2B12) XP (ChIP
Formulated) and the negative control Normal Rabbit IgG was also used. For the realtime qPCR, in addition to primers for MIR17HG, a control primer provided by the
manufacturer for human ribosomal protein L30 (RPL30) Exon 3 was also used. Results
were analysed using the percent input method which is the most accepted method
(Haring et al 2007), and are presented in this Chapter. An alternative analysis method
using Q gene, which takes into account amplification, showed nearly identical findings.
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Positive ChIP enrichments can range from as little as 0.5% total input chromatin to as
high as 40 – 50% total input chromatin, depending on the protein examined. When the
Human RPL30 Exon 3 control primer is used, the manufacturer advised that for the
positive control rabbit monoclonal Histone H3 (D2B12) XP (ChIP Formulated)
enrichment of the RPL30 promoter should be between 2 to 4% of the total input
chromatin. In this experiment, for the positive control Histone H3, enrichment of the
RPL30 promoter was 2.2% and 2.4% for the control medium and butyrate treatments
respectively, which is in the appropriate range (Figure 7.8). When the Human RPL30
Exon 3 control primer is used, background enrichment with the negative control
Normal Rabbit IgG should be less than 0.1% of the total input chromatin. In this
experiment, for the negative control Normal Rabbit IgG, enrichment of the RPL30
promoter was 0.1% and 0.1% for the control medium and butyrate treatments
respectively, which is in the appropriate range (Figure 7.8).
ChIP detected histone acetylation and methylation patterns at the MIR17HG locus for
control and butyrate-treated HT29 cells, using 12 MIR17HG primer pairs (Figure 7.9).
In the butyrate-treated cells, there was decreased acetylation of H3K9/H3K14 and
H3K27, specifically centred around the proximal promoter and TSS of MIR17HG,
compared with the cells in control medium (Figure 7.9A and B). Regions for primers 4
to 6 showed decreased H3K9/14ac, corresponding to the region -0.5 to +1.5 kb from
the TSS; regions for primers 4 to 7 showed decreased H3K27ac, corresponding to the
region -0.5 to +1.8 kb from the TSS. Further upstream and downstream of this
promoter and TSS region, in butyrate-treated cells there was increased
H3K9ac/H3K14ac and H3K27ac, compared with the cells in control medium. Also in
the butyrate-treated cells, there was decreased tri-methylation of H3K4, again centred
around the proximal promoter and TSS of MIR17HG, compared with the cells in
control medium (Figure 7.9 C). Regions for primers 2 and 4 to 7 showed decreased
H3K4me3, corresponding to the region -2.2 to +1.8 kb from the TSS. Further upstream
and downstream of this promoter and TSS region, H3K4me3 was similar in the
butyrate-treated cells and cells in control medium. These results are summarised in
Figure 7.10, as percent change in histone acetylation and methylation patterns with
butyrate treatment relative to control. This clearly demonstrates that compared to
control, butyrate treatment led to a specific decrease in H3K9ac/H3K14ac, H3K27ac
and H3K4me3 purely around the promoter and TSS region of MIR17HG, but tended to
increase these histone modification marks at other regions. These modifications are
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activating histone marks, and their decrease can correspond to direct transcriptional
repression.
The ChIP results obtained with the positive control Histone H3 antibody were also
used to examine whether butyrate treatment affected distribution of total histone H3.
There was little change in the total histone H3 levels in the butyrate-treated HT29 cells
compared with the cells in control medium, at any region of the MIR17HG locus
examined (Figure 7.11).
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Figure 7.7: Agarose gel electrophoresis analysis of chromatin digestion of control
and butyrate-treated HT29 cells, using optimised concentration of Micrococcal
Nuclease
(A) Manufacturer example of a gel analysis illustrating optimal chromatin digestion in
Lane 2 (Cell Signaling). (B) Chromatin was digested using 2.5 µL of Micrococcal
Nuclease stock (2000 gel units/µL), purified, separated by electrophoresis on a 1%
agarose gel and stained with ethidium bromide. Lane 1 has the digested chromatin from
cells in control medium, lane 2 has the digested chromatin from 5 mM butyrate-treated
cells, and lane 3 has the 100 bp DNA marker. For both samples, the majority of
chromatin was ideally digested to 1 to 5 nucleosomes in length (150 – 900 bp). bp: base
pairs.
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Figure 7.8: Real-time qPCR analysis of chromatin immunoprecipitation using
Human RPL30 Exon 3 control primer set, for control and butyrate-treated HT29
cells
Chromatin immunoprecipitations were performed using digested chromatin from
control and butyrate-treated cells and rabbit polyclonal antibodies for histone
modification of interest (H3K9ac/H3K14ac, H3K27ac, H4K4me3), positive control
rabbit monoclonal Histone H3 (D2B12) XP (ChIP Formulated) and negative control
Normal Rabbit IgG. Results analysed using the percent input method, where the
amount of immunoprecipitated DNA in each sample is represented as signal relative to
the total amount of input chromatin. Analysis from pooled cell culture replicates (4 ×
107 cells from n = 8 plates) for control and butyrate-treated cells.
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Figure 7.9: Real-time qPCR analysis of chromatin immunoprecipitation to detect
histone acetylation and methylation levels at MIR17HG locus for control and
butyrate-treated HT29 cells
Chromatin immunoprecipitations were performed using digested chromatin from
control and 5 mM butyrate-treated cells and rabbit polyclonal antibodies for
H3K9ac/H3K14ac (A), H3K27ac (B), and H4K4me3 (C). Results analysed using the
percent input method, where the amount of immunoprecipitated DNA in each sample
is represented as signal relative to the total amount of input chromatin. Analysis of
pooled cell culture replicates (4 × 107 cells from n = 8 plates) for control and butyratetreated cells. Kb: kilobases.
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Figure 7.10: Summary of changes in histone acetylation and methylation
distribution surrounding MIR17HG in butyrate-treated HT29 cells compared
with control cells
Chromatin immunoprecipitations were performed using digested chromatin from
control and 5 mM butyrate-treated cells and rabbit polyclonal antibodies for histone
modifications of interest (H3K9ac/H3K14ac, H3K27ac, and H4K4me3). Results
analysed using the percent input method, and levels in butyrate cells presented as
percent change from control cells. Analysis from pooled cell culture replicates (4 × 107
cells) for control and butyrate-treated cells. Kb: kilobases, TSS: transcription start site.
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Figure 7.11: Summary of changes in total histone H3 distribution surrounding
MIR17HG in butyrate-treated HT29 cells compared with control cells
Chromatin immunoprecipitations were performed using digested chromatin from
control and 5 mM butyrate-treated cells and rabbit monoclonal antibody for histone H3.
Results analysed using the percent input method, and levels in butyrate cells presented
as percent change from control cells. Analysis from pooled cell culture replicates (4 ×
107 cells) for control and butyrate-treated cells. Kb = kilobases, TSS = transcription
start site. Figure to same y-axis scale as Figure 7.10.
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7.5 Discussion
This Chapter further explored the mechanisms by which a HDI such as butyrate can
alter levels of miR-17-92 cluster miRNAs. An initial experiment used cycloheximide to
investigate the effect of butyrate on miR-17-92 cluster miRNA levels, when de novo
protein synthesis was blocked. The cycloheximide experiment indicated that the
butyrate-induced decrease in miR-17-92 miRNAs may be a combination of a primary
transcriptional response, and an indirect response mediated by changes in regulatory
proteins. The levels of all of the miR-17-92 cluster miRNAs were significantly downregulated by 5 mM butyrate, in both the standard and cycloheximide-treated HT29 and
HCT116 cells; however, the decrease in miR-17-92 expression was greater in the cell
lines that were not treated with cycloheximide. The smaller butyrate-induced decrease in
miR-17-92 levels in cycloheximide-treated cells compared with standard cells indicated
that while the inhibition of de novo protein synthesis impacted on miR-17-92 regulation,
alternative regulation of miR-17-92 host gene transcription was also possible. One
possible mechanism for the butyrate response was discussed in Chapter 5, where the
butyrate-induced decrease in miR-17-92 regulators like E2F1 could lead to decreased
MIR17HG transcription. Another possible mechanism for a direct butyrate response
brought about by histone modification was examined in this Chapter with ChIP
analysis.
ChIP was used to determine how butyrate-induced histone modifications at the miR-1792 cluster host gene, MIR17HG, may lead to altered transcription. While the MIR17HG
promoter region needs to be defined further, several studies provide evidence to
support the putative MIR17HG promoter as the regulatory region for the miR-17-92
cluster. Harada et al (2012), for example, investigated the action of dexamethasone, a
glucocorticoid found to decrease miR-17-92 levels in leukemic cells. To determine
whether this was a direct response, ChIP was used to analyse glucocorticoid receptor
binding to the MIR17HG promoter region (defined as 800 bases upstream from the
TSS), the locus surrounding exon 1, and the locus within exon 1. Dexamethasone
treatment resulted in increased glucocorticoid receptor binding specifically at the
upstream promoter region of MIR17HG, with this increase comparable to or greater
than binding to a known glucocorticoid receptor target positive control region (the
MYC promoter) (Harada et al 2012). In another study, Pospisil et al (2011) examined
miR-17-92 cluster repression by an EGR2/JARID1B-mediated H3K4 demethylation
mechanism. ChIP was used to identify that EGR2 specifically bound to the CpG island
upstream of the miR-17-92 gene and mediated H3K4 demethylation of this region. The
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promoter region identified by Harada et al (2012) (defined as the region 800 bases
upstream from the TSS) and also by Pospisil et al (2011) (defined as the CpG island
region) is the same region spanned by primers 4 and 5 in this current ChIP experiment,
and is the area which showed specific changes in histone acetylation and methylation in
response to butyrate treatment.
The ChIP results presented in this Chapter represent preliminary findings; while
multiple biological replicates were used during cell culture, for the ChIP analysis these
replicates were pooled, and technical replicates were used for the real-time qPCR.
Despite this limitation, the preliminary ChIP results appeared to show that the butyratetreated cells had decreased acetylation of H3K9/H3K14 and H3K27, centred around
the proximal promoter and TSS of MIR17HG. This was in contrast to increased
acetylation of these lysine residues further upstream and downstream of the TSS, in the
butyrate-treated cells. Also in the butyrate-treated cells, there appeared to be decreased
tri-methylation at H3K4, again centred around the proximal promoter and TSS of
MIR17HG. This observed pattern of histone acetylation and methylation changes does
not appear to simply be the result of redistribution of total histone H3 with butyrate
treatment, as the ChIP results showed that total histone H3 levels remained similar in
butyrate-treated cells relative to control cells, across all examined regions of the
MIR17HG locus. The ChIP findings thus imply specific histone modification rather
than general redistribution. As H3K9ac, H3K14ac, H3K27ac, and H3K4me3 are
generally accepted as activating histone marks (Strahl & Allis 2000, Jenuwein & Allis
2001, Barski et al 2007, Mikkelsen et al 2007, Rodriguez-Paredes & Esteller 2011), their
decrease suggests a direct epigenetic mechanism for decreased MIR17HG transcription
in response to butyrate. Use of appropriate antibody and primer controls for the ChIP
experiment confirmed that these ChIP findings are valid. These findings indicate that
both indirect and direct epigenetic mechanisms play a role in miRNA regulation by
butyrate in CRC cells.
In cancer progression, multiple epigenetic effects can alter expression of genes, and also
alter transcription of miRNAs. Human miRNA genes are frequently located at fragile
sites and genomic regions involved in cancers (Calin et al 2004b), and miRNAs are often
decreased in tumour tissues compared with corresponding normal tissues (Michael et al
2003, Thomson et al 2006, Suzuki et al 2011). Multiple mechanisms involved in
regulating miRNA levels are affected in cancer, many of which are not yet fully
understood. Regulatory mechanisms include specific transcriptional regulation,
epigenetic mechanisms including DNA methylation and histone modifications, and
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genetic mutations in miRNA regions, or in regions encoding proteins involved in the
processing, maturation and stability of miRNAs (as discussed in Chapter 6) (Thomson
et al 2006, Melo et al 2009, Melo et al 2010, Melo et al 2011). Epigenetic silencing due to
promoter CpG island hypermethylation is one of the more common mechanisms by
which tumour suppressor genes are inactivated during tumourigenesis (Toyota et al
1999, Schuebel et al 2007). Likewise, miRNA genes are also targets of epigenetic
silencing. Current research on epigenetic regulation of miRNA genes in cancer has
largely focused on DNA methylation, especially at CpG islands, with only preliminary
evidence for epigenetic regulation via histone modifications. In addition, the focus has
mainly been on miRNAs that are silenced in cancer, rather than those that are increased
in cancer such as the miR-17-92 cluster of miRNAs.
Saito et al (2006) provided some of the first evidence for the involvement of DNA
methylation in the regulation of miRNA expression in cancer cells. Pharmacologic or
genetic disruption of DNA methylation in cancer cell lines induces up-regulation of
substantial numbers of miRNAs, and Saito et al (2006) showed that treatment with an
inhibitor of DNA methyltransferase, 5-aza-2’deoxycytidine, led to up-regulation of 17
miRNAs in bladder cancer cells. There is also evidence in CRC cells for epigenetic
silencing of miRNAs through CpG island methylation, particularly in miRNAs that play
tumour suppressor roles such as miR-34b and miR-34c, two components of the p53
network (Toyota et al 2008). A miRNA hypermethylation profile may also contribute to
human cancer metastasis, with cancer-specific CpG island hypermethylation leading to
silencing of miR-148a, miR-34b/c, and miR-9, which are miRNAs shown to inhibit
metastasis (Lujambio et al 2008). Bandres et al (2009) also explored DNA methylationinduced silencing of miRNAs in CRC cells, and in addition superficially examined
histone modification-associated miRNA silencing. Bandres et al (2009) examined five
miRNAs that were within 1000 base pairs of a CpG island, and had previously been
identified as being down-regulated in primary CRC: miR-9, miR-124, miR-129, miR-137,
and miR-149. Expression of miR-9 and miR-137 were increased after treatment with the
demethylating agent 5-aza-2’deoxycytidine or with the HDI 4-phenylbutyric acid, but
was more pronounced with combined treatment. miR-129 expression was also upregulated with combined treatment with the demethylating agent and the HDI. Bandres
et al (2009) observed hypermethylation of miR-9, miR-129 and miR-137 CpG island
promoter regions in some CRC cell lines, which was partially reversed with 5-aza2’deoxycytidine treatment, and also in primary CRC tissues compared with normal
tissues. Levels of H3 acetylation were also investigated as a broad mark of
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transcriptionally active chromatin, with 4-phenylbutyric acid found to induce an increase
in H3ac in miR-9 and miR-127. Thus, some miRNAs could be regulated by aberrant
DNA methylation and also histone modification in CRC.
Examining promoter CpG island hypermethylation led to identification of candidate
tumour-suppressive miRNAs whose silencing was associated with CpG methylation.
Kunej et al (2011) integrated data from 45 publications that reported identification of
epigenetically regulated miRNAs in cancer, through aberrant hypermethylation of CpG
islands or by histone modifications. From these existing studies, it was found that
approximately 20% of epigenetically regulated miRNAs had a CpG island within the
range of 5 kb upstream, and among them 14% of miRNAs resided within the CpG
island (Kunej et al 2011). Similarly, Choudhry and Catto (2011) analysed the latest draft
of the human genome and miRBase and found that 13% and 28% of human miRNA
genes were located within 3 and 10 kb of CpG islands, respectively. These miRNAs are
susceptible to silencing by adherent DNA hypermethylation (Choudhry & Catto 2011).
In addition to the role of DNA methylation, epigenetic regulation of miRNA genes is
also tightly linked to chromatin signatures, with transcriptionally active miRNA genes
characterised by activating histone marks, such as H3K4me3 (Suzuki et al 2011). Suzuki
et al (2011) screened for epigenetically silenced miRNAs in CRC cell lines, and found
that the demethylating agent 5-aza-2′deoxycytidine up-regulated expression of a large
number of miRNAs, while combination treatment with 5-aza-2′deoxycytidine and the
HDI 4-phenylbutyric acid induced even greater numbers of miRNAs in CRC cells.
Many of these miRNAs had growth suppressive effects. ChIP analysis was then
performed to examine chromatin signatures of active and silenced miRNA genes, using
H3K4me3 as an active mark, H3K79me2 which is associated with transcriptional
elongation, and H3K27me3 as a repressive mark. Enrichment of H3K4me3 was
identified around the proximal upstream CpG island regions of two abundantly
expressed miRNA clusters, miR-17-92 and miR-200b. Gene bodies were marked with
H3K79me2, indicating active transcriptional elongation, and almost completely lacked
the repressive H3K27me3 mark. In contrast, miRNAs whose silencing was associated
with promoter CpG island hypermethylation, such as miR-34b/c, miR-124, and miR-9,
lacked both the active histone marks. Suzuki et al (2011) also attempted to identify
putative miRNA promoter regions in CRC cells, using H3K4me3 as a marker for
identifying active miRNA gene promoters. By this method, putative promoters of 166
intragenic miRNAs were identified, with the majority of H3K4me3 marks observed at
the TSS of the host gene, some more than 20 kb upstream of the pre-miRNA coding
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region. Twenty-two miRNAs were also identified that had their own promoters and
were transcribed independently of the host gene, with intragenic H3K4me3 marks.
Putative promoters of 66 intergenic miRNAs were also identified, the majority of which
were less than 2 kb upstream of the pre-miRNA coding region. For the miR-17-92
cluster, H3K4me3 marks were found to overlap with the known TSS (Suzuki et al
2011). In this Chapter, butyrate was shown to decrease H3K4me3 marks around the
MIR17HG TSS.
The previous studies that have looked at epigenetic regulation of miRNA genes in
cancer have particularly focused on silenced miRNAs. Some used 4-phenylbutyric acid,
which is the same class of HDI as butyrate, but usually only to observe its combined
action with the demethylating agent 5-aza-2′deoxycytidine, and to examine DNA
methylation or histone methylation changes (Bandres et al 2009, Suzuki et al 2011). This
Chapter examined further how HDIs like butyrate alter the dysregulated expression of
miRNA genes observed in cancer, and examined both the histone acetylation and
methylation patterns resulting from butyrate treatment, for MIR17HG. While HDIs
such as butyrate can increase global histone acetylation in cancer cells by blocking
HDAC activity, which should theoretically reactivate epigenetically silenced genes,
numerous studies have shown that a similar number or even more genes are downregulated than up-regulated with butyrate treatment (as reported in Chapter 4 and 5)
(Daly & Shirazi-Beechey 2006). A number of studies have explored how butyrateinduced histone modifications can activate gene expression in various cell types; Shin et
al (2012), for example, demonstrated that butyrate induced acetylation of H3K9 and
H3K27 in bovine cells, while Huang et al (2011) showed that butyrate induced H3K4me
in prostate cancer cells. In contrast, research by Rada-Iglesias et al (2007) and Daroqui
and Augenlicht (2010) provided a mechanism for how butyrate-induced histone
modifications can silence gene expression.
Rada-Iglesias et al (2007) characterised the acetylation status of DNA-bound histones
H3 and H4 after treating hepatocarcinoma HepG2 cells with butyrate. After first
observing increases in global histone H3 and H4 acetylation after 12 h of butyrate
treatment, ChIP-chip was used to further characterise acetylation levels at DNA-bound
histones H3 and H4 for regions in the ENCODE array (around 400 genes, or
approximately 1% of the human genome). In the untreated cells, enrichment of H3ac
and H4ac at TSSs was observed; conversely, after a 12 h incubation with butyrate, signal
at 116 regions for H3ac and 124 regions for H4ac was significantly decreased or lost,
while 181 regions for H3ac and 119 regions for H4ac remained unchanged. In
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particular, many genomic regions close to TSSs were deacetylated after the butyrate
exposure. For the regions with decreased acetylation, a total of 102/116 regions for
H3ac and 47/124 regions for H4ac were within 5 kb of the TSS of known genes, while
80/181 and 42/119 of the unchanged regions for H3ac and H4ac, respectively, were in
such locations. Thus, after butyrate treatment, deacetylation at H3 and H4 occurred in
around 25% and 12% of genes in the ENCODE regions, respectively. Among these
genes, significantly over-represented categories included cell cycle and proliferation
related genes, and genes involved in protein biosynthesis, including translation
elongation factors and ribosomal proteins. Rada-Iglesias et al (2007) also showed that
the global increase in acetylated histones was mainly localised at the nuclear periphery,
possibly affecting heterochromatin or free histones, and indicating that it might not be
associated with euchromatin. Rada-Iglesias et al (2007) further examined ten selected
regions with butyrate-mediated deacetylation, and found that the butyrate response was
time dependent, with a slight initial increase after 15 min at some of the targets, before
deacetylation was detected after 2 h and reaching maximum levels by 6 h. The butyrateinduced deacetylation of promoters was accompanied by decreased gene expression;
however, deacetylation was shown to be reversible upon withdrawal of butyrate
treatment. Deacetylation of promoters was also seen after treatment with TSA and thus
may be a general effect of HDIs. In addition, similar histone deacetylation events were
specifically observed in the HT29 CRC cell line; when these cells were treated with
butyrate, there was clear deacetylation of H3 and H4 at investigated regions (RadaIglesias et al 2007).
Daroqui and Augenlicht (2010) also observed butyrate-induced changes in acetylation
and methylation in CRC cells, at specific promoter sites for certain genes associated with
tumourigenesis. Butyrate induced transcriptional attenuation at the cyclin D1 (CCND1)
and C-MYC genes in two human CRC cell lines, at approximately 100 nucleotides
downstream of the TSS, with concomitant decrease of RNA polymerase II occupancy at
the 5’ end of each gene. In addition, ChIP analysis showed butyrate to induce modest
decreases in H3K4me3 and H3K36me3 along the CCND1 and C-MYC genes, with a
similar effect on acetylated H3, and a moderate increase in H3me3K27. Transcriptome
analysis using novel microarrays demonstrated that butyrate-induced attenuation is
widespread throughout the genome, with 42 loci identified as being potentially paused
by butyrate (Daroqui & Augenlicht 2010).
Such studies by Rada-Iglesias et al (2007) and Daroqui and Augenlicht (2010) provide
some explanations for the observation that while some genes have increased expression
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with butyrate treatment, there is also frequent repression of many genes during HDI
treatment. In Chapter 4, a similar phenomenon was observed for miRNAs, with similar
numbers of miRNAs increased and decreased in CRC cells with butyrate treatment.
Rada-Iglesias et al (2007) found that regions close to TSSs were deacetylated after
butyrate treatment. In this Chapter, butyrate treatment selectively decreased acetylation
of H3K9/H3K14 and H3K27, particularly around the promoter and TSS for
MIR17HG. Rada-Iglesias et al (2007) found that CpG islands were significantly more
common in regions that were deacetylated with butyrate, especially regarding H3ac; this
is in keeping with the current finding of deacetylation around the MIR17HG TSS, which
also has a nearby CpG island (Suzuki et al 2011). In the Rada-Iglesias et al (2007) study,
H3K4me3 levels did not change upon butyrate treatment for the particular regions
investigated, while Daroqui and Augenlicht (2010) reported a modest decrease in
H3K4me3 for the genes investigated. In this Chapter, butyrate decreased H3K4me3
around the promoter and TSS of MIR17HG. These differences between the studies for
H3K4me3 may be simply due to the different regions examined, or may be due to the
longer butyrate treatment time used in this Chapter.
Whilst most miRNA studies focus on DNA methylation around miRNA promoter
regions, this Chapter highlights the significance of histone modifications in miRNA
regulation, with use of ChIP to identify changes in activating histone marks. While ChIP
can provide valuable data on histone modifications, it also has limitations. Known
difficulties with a ChIP assay can include low signals and low signal-to background
ratios, and problems with antibodies cross-reacting with other nuclear proteins. More
relevant to this experiment is the limitation that while ChIP can show that certain
histone modifications exist at specific genome locations, it cannot demonstrate the
precise functional significance of this association (Carey et al 2009). While the
preliminary ChIP data showed that the reduction in miR-17-92 cluster miRNAs
observed with butyrate treatment correlated with a reduction in H3K9ac/H3K14ac,
H3K27ac and H3K4me3 around the MIR17HG promoter and TSS, this does not
explicitly imply causation. As these are known activating marks, however, it is very
possible their decrease could be playing a role in reduced MIR17HG transcription, and
subsequent reduced levels of miR-17-92 miRNAs. It should be noted that while these
findings provide a mechanism for miR-17-92 reduction by butyrate through histone
modifications, further ChIP experiments are required to confirm and expand these
results. It may be useful to investigate whether the butyrate treatment results can be
replicated with a different HDI such as SAHA.
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Chapter 8. Red meat and resistant
starch alter microRNA expression in
rectal tissue of healthy human
volunteers
8.1 Introduction
The majority of cancers involve accumulated genetic and epigenetic changes, which may
be influenced by internal and environmental factors. Food and nutrition are important
environmental factors in cancer development, and epithelial cells of the colon and
rectum in particular are directly exposed to dietary compounds (WCRF 2007). A single
dietary component can modify numerous processes in normal cells and cancer cells
(Milner 2004), and may directly affect the genome (nutrigenomics) or epigenetically alter
gene expression without altering the DNA sequence (nutritional epigenomics) (WCRF
2007). As highlighted in previous Chapters, the diet-derived compound butyrate can
alter both gene expression and miRNA levels in CRC cells in vitro, through epigenetic
mechanisms such as histone modification. Butyrate may have a similar effect on miRNA
expression in colorectal cells in vivo, but this has not previously been investigated. Other
dietary components such as red meat (RM) have been shown to impact on CRC
development at high intake levels, and may also modify miRNA expression in colorectal
cells in vivo.

8.1.1 Dietary fibre and resistant starch
Butyrate has already been shown to alter gene expression, decrease proliferation, and
increase apoptosis in CRC cells in vitro, as discussed in Chapter 4. The influence of
butyrate on CRC development has also been indirectly investigated in vivo, via
epidemiological studies looking at effects of dietary fibre intake, and interventional
studies supplementing diets with substances designed to raise colonic luminal butyrate
levels. A link between dietary fibre and CRC was proposed several decades ago, with
Burkitt (1971) noting that a main difference between the diet of the Western world
where CRC is most prevalent, and that of less-developed communities where it has its
lowest incidence, is the proportion of unabsorbable fibre and refined carbohydrate in
the ingested food. Western diets are characteristically lower in fibre and higher in
refined carbohydrates, with this change altering colonic activity, intestinal transit time,
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stool bulk and consistency, and bacterial flora, and potentially accounting for the higher
incidence of CRC in economically developed countries (Burkitt 1971). 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, in particular the SCFA butyrate (Young et al 2005, WCRF 2007).
Several comprehensive systematic reviews have been performed on the role of fibre in
CRC risk (Asano & McLeod 2002, WCRF 2007). The World Cancer Research Fund
(2007) determined that foods containing dietary fibre probably protect against CRC. A
clear dose-response relationship was apparent from generally consistent cohort studies,
supported by evidence for plausible mechanisms, but residual confounding could not be
excluded (WCRF 2007). Sixteen cohort studies and 91 case-control studies investigated
dietary fibre and CRC; most showed decreased risk with increased intake. Meta-analysis
was possible on eight studies (Heilbrun et al 1989, Bostick et al 1993, Fuchs et al 1999,
Colbert et al 2001, Terry et al 2001, Konings et al 2002, Higginbotham et al 2004, Norat
et al 2005), giving a summary effect estimate (relative risk) of 0.90 (95% confidence
interval (CI) 0.84 – 0.97) per 10 g/day increment with moderate heterogeneity (10%
decreased risk of CRC per 10 g fibre/day intake) (WCRF 2007).
This association between fibre and CRC is present in many, but not all, human cohort
studies. One of the largest cohort studies, in 519,978 individuals taking part in the
European Prospective Investigation into Cancer and Nutrition (EPIC) study, found that
dietary fibre in foods 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). In contrast, another prospective study in two large
cohorts, the Nurses’ Health Study (76,947 women) and the Health Professionals
Follow-up Study (47,279 men), found less association between fibre intake and
incidence of CRC, with a hazard ratio for a 5 g/day increase in fibre intake of 0.91 (95%
CI 0.87 – 0.95) after adjusting for covariates used in the EPIC study (Michels et al
2005). Differences in fibre sources may account for some of the variability in the cohort
studies. One study found that in a cohort of 291,988 men and 197,623 women, fibre
from grains was associated with a lower risk of CRC (multivariate relative risk for the
highest compared with the lowest intake quintile: 0.86; 95% CI: 0.76, 0.98; P for trend =
0.01) (Schatzkin et al 2007).
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While meta-analyses of cohort studies show fibre to have an overall protective effect
(WCRF 2007), several interventional studies have failed to reproduce this effect. A
Cochrane review of five randomised studies (McKeown-Eyssen et al 1994, MacLennan
et al 1995, Alberts et al 2000, Bonithon-Kopp et al 2000, Schatzkin et al 2000)
concluded that increasing fibre in a Western diet for two to four years did not lower the
risk of CRC (Asano & McLeod 2002). Combined study data revealed no difference
between intervention and control groups for the number of subjects with at least one
adenoma (relative risk 1.04 (95% CI 0.95 – 1.13). 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).
The definition of fibre traditionally encompassed soluble and insoluble non-starch
polysaccharides (NSP) that resist digestion. Some starch and starch degradation
products have also been observed to resist small intestinal digestion and enter the large
bowel in normal humans (Anderson et al 1981, Stephen et al 1983, Englyst et al 1992,
Topping & Clifton 2001). Starch may resist digestion due to physical inaccessibility and
entrapment within a food, the structure of the starch granules, or retrogradation or
chemical modification during food processing (Cummings et al 1996, Topping &
Clifton 2001). The definition of dietary fibre has now been expanded to encompass
these resistant starches and other food materials that are resistant to digestion. 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
includes polysaccharides, oligosaccharides (degree of polymerisation >2) and lignins,
that promote one or more of the following beneficial physiological effects: laxation,
reduction in blood cholesterol, or modulation of blood glucose (FSANZ 2012).
Resistant starch (RS) has received recent attention as a component of total dietary fibre
that, in addition to non-starch polysaccharides, alters colonic microbiota and stimulates
SCFA production in the colon, promotes colonic function and potentially reduces CRC
risk (Cummings et al 1996, Topping & Clifton 2001). In an early study in humans,
addition of various RS instead of NSP to the diet led to a significant increase in stool
weight and increase in mean total faecal SCFA concentrations (Cummings et al 1996).
While the faecal bulking action of RS has since been shown to be variable (Topping &
Clifton 2001), RS has more consistently been shown to increase SCFA levels through
bacterial fermentation, in animal and human studies (Ferguson et al 2000, Le Leu et al
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2003, McOrist et al 2011). In humans, faecal butyrate levels vary widely, but are
generally increased by a diet high in RS. A randomised cross-over trial showed that
butyrate, acetate and total SCFA concentrations were higher with RS supplemented in
addition to NSP, compared with a habitual (entry) diet (P < 0.01) and NSP diet without
RS (P < 0.01) (McOrist et al 2011).
RS can be modified to increase its health benefits. High amylose maize starch, a type of
RS, has been used as a base to manufacture starches acetylated with various SCFAs. The
RS acts as a vehicle for the sustained delivery of the specific SCFA to the colon with the
undigested starch (Annison et al 2003, Bajka et al 2006). The SCFA is then released by
bacterial enzymes and is available for absorption and utilisation by the colonocytes or
gut microbiota (Clarke et al 2007). Acetylating starches allows the delivery of a specific
SCFA, in addition to the SCFAs obtained through the fermentation of the RS
component, leading to a greater elevation of the SCFA of interest (Clarke et al 2007). In
rats, feeding butyrylated high amylose maize starch led to higher caecal butyrate levels
than the unmodified high amylose maize (P < 0.001) (Bajka et al 2006). Butyrylated high
amylose maize starch has been shown to effectively deliver esterified butyrate to the
human colon, leading to increased faecal butyrate levels compared with the standard
high amylose maize starch (P < 0.0001) (Clarke et al 2011b). One human trial showed
that significant fractions (over 70%) of esterified butyrate survived digestion in the small
intestine (Clarke et al 2007). Another found that approximately 60% of the ingested
esterified butyrate was released in the colon (Clarke et al 2011b).
A number of in vivo intervention studies have used dietary RS to modify CRC risk.
Several studies in rats have tested the hypothesis that feeding RS as high amylose maize
starch would protect against azoxymethane-induced colon carcinogenesis and
favourably influence the colonic luminal environment (Le Leu et al 2007a, Le Leu et al
2007b, Le Leu et al 2009). The RS diets significantly increased butyrate and total SCFA
and reduced pH in the caecal content and faeces (Le Leu et al 2007a, Le Leu et al 2007b,
Le Leu et al 2009), with certain forms of RS producing higher butyrate levels along the
length of the colon (Le Leu et al 2009). In rats with short-term azoxymethane treatment
(four weeks), RS prevented the colonic atrophy which was observed with the control
diet, and reduced epithelial cell proliferation (Le Leu et al 2009). In rats treated with
long-term azoxymethane (25 weeks), feeding RS significantly reduced the incidence (P <
0.01) and multiplicity (P < 0.05) of adenocarcinomas in the colon compared to the
control diet, and also reduced cell proliferation in the distal colon, and increased
apoptosis. The latter could be a regulatory mechanism to remove damaged cells,
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maintain colonic homeostasis and protect against cancer development (Le Leu et al
2007a). Another study examined the effect of a butyrylated form of high amylose maize
starch in rats treated with azoxymethane for 6 h. The butyrylated high amylose maize
starch produced higher butyrate concentrations in large bowel digesta and hepatic portal
venous plasma than the standard high amylose maize starch, and was associated with
increased rates of apoptotic deletion of DNA-damaged colonocytes in the distal colonic
epithelium, compared with standard high amylose maize starch (P < 0.05) or a low RS
diet (P < 0.01) (Clarke et al 2012).
While rodent studies with carcinogen administration show a clear protective effect of RS
supplementation, several human studies which supplemented diets with RS have been
less conclusive to date. One trial in healthy human volunteers showed no differences in
epithelial kinetics with RS supplementation (Worthley et al 2009), while another trial in
CRC patients presented some evidence that RS supplementation may reduce cell
proliferation in the upper part of colonic crypts and alter expression of several cell cycle
regulatory genes (Dronamraju et al 2009). In patients with the hereditary conditions of
FAP or HNPCC (Lynch syndrome), long-term RS supplementation did not alter the
incidence of colorectal adenoma or carcinoma (Burn et al 2008, Burn et al 2011).

8.1.2 Red meat and processed meat
As opposed to dietary fibre and RS, high intake of red or processed meats may increase
CRC risk. It has even been suggested that the lower incidence of CRC in developing
countries may be more associated with low animal product consumption, rather than
high fibre intake (O'Keefe et al 1999). Based on systematic review evidence, the World
Cancer Research Fund (2007) found RM to be a convincing cause of CRC, and that
intake of more than approximately 500 g of cooked meat per week is associated with
significantly increased risk of CRC. A substantial amount of data from cohort and casecontrol studies showed a dose-response relationship, supported by evidence for
plausible mechanisms operating in humans (WCRF 2007). Sixteen cohort studies and 71
case-control studies investigated RM (beef, pork, lamb, and goat) and CRC; nearly all
showed increased risk with higher intake. Meta-analysis was possible on seven studies
that measured intake in times per week (Willett et al 1990, Bostick et al 1994,
Giovannucci et al 1994, Chen et al 1998, Singh & Fraser 1998, Tiemersma et al 2002,
English et al 2004), giving a summary effect estimate (relative risk) of 1.43 (95% CI 1.05
– 1.94) per times/week with moderate heterogeneity , and three studies that measured
grams per day (Pietinen et al 1999, Larsson et al 2005, Norat et al 2005), giving a
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summary estimate (relative risk) of 1.29 (95% CI 1.04 – 1.60) per 100 g/day with low
heterogeneity (43% increased risk per time consumed/week, or a 15% increased risk per
50 g/day).
Processed meat in particular has been independently investigated as a convincing cause
of CRC. Another systematic review by the World Cancer Research Fund (2007)
indicated there is a substantial amount of evidence, with a dose-response relationship
apparent from cohort studies, and strong evidence for plausible mechanisms operating
in humans (WCRF 2007). Fourteen cohort studies and 44 case-control studies
investigated processed meat (meats (usually RMs) preserved by smoking, curing, or
salting, or by the addition of preservatives) and CRC; nearly all showed increased risk
with higher intake. Meta-analysis was possible on five studies (Goldbohm et al 1994,
Pietinen et al 1999, Chao et al 2005, Larsson et al 2005, Norat et al 2005), giving a
summary effect estimate (relative risk) of 1.21 (95% CI 1.04 – 1.42) per 50 g/day
increment with low heterogeneity (21% increased risk per 50 g/day).
Other systematic reviews investigating the effect of RM or processed meats on CRC risk
are in agreement with the WCRF (2007) reviews, with meta-analysis of prospective
studies supporting the hypothesis that high consumption of RM or processed meat is
associated with increased CRC risk (Larsson & Wolk 2006, Chan et al 2011). Another
systematic review showed weaker associations between RM consumption and CRC risk,
and noted difficulty in isolating the independent effects of RM due to potential
confounding from other dietary and lifestyle factors (Alexander & Cushing 2011). The
authors also identified problems in combining studies with different definitions of RM
(Alexander & Cushing 2011). The individual larger human cohort studies also provide
examples of the potential association between high red or processed meat intake and
increased risk of CRC. The EPIC study, for example, 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 for the highest (>160 g/day) versus lowest (<20
g/day) intake level of 1.35 (95% CI 0.96 – 1.88; P trend = 0 .03), and a hazard ratio per
100 g increase in intake of red and processed meat of 1.55 (95% CI 1.19 – 2.02, P trend
= 0 .001) after calibration (Norat et al 2005). Other large observational studies presented
similar findings (Chao et al 2005, Larsson et al 2005).
There are several possible mechanisms for increased CRC risk with RM or processed
meat consumption, and its associated degradation and fermentation in the colon. RM
has been shown to increase DNA damage and induce DNA strand breaks (Toden et al
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2006, Toden et al 2007). The generation of potentially carcinogenic N-nitroso
compounds through RM consumption can increase DNA alkylation in the colon and
enhance formation of DNA adducts such as O6-methyl-2-deoxyguanosine (O6MeG), a
known mutagenic lesion (Lewin et al 2006). The production of heterocyclic amines and
polycyclic aromatic hydrocarbons when RM is cooked at high temperature can also
induce DNA damage (Rohrmann et al 2009), and in addition, RM also contains haem
iron and free iron that can lead to the production of free radicals and reactive oxygen
species (Glei et al 2006). High RM intake also increases bacterial fermentation of the
protein in the colon, which can alter biomarkers associated with CRC formation
(Hughes et al 2000). Processed meat contains high levels of salt and nitrate which may
also be detrimental to bowel health (WCRF 2007).

8.1.3 Resistant starch may attenuate red-meat induced damage
Resistant starch may protect against damage to the colon caused by high consumption
of RM. An early study suggested that RS can reduce the accumulation of toxic byproducts of microbial protein fermentation in the human colon (Birkett et al 1996).
Interventional evidence in rodent models has shown that RS supplementation to a high
RM diet can increase colonic butyrate levels, and can attenuate RM-induced DNA
damage, including the reduction of strand breaks and adduct formation (Toden et al
2006, Toden et al 2007, Winter et al 2011). In a recent mouse study by Winter et al
(2011), for example, where pro-mutagenic DNA adducts (O6MeG) in the colon and pcresol concentrations in the faeces were significantly higher with RM than with another
protein source (casein) (P < 0.018), RS supplementation opposed the mutagenic effects
of dietary RM. RS supplementation to the diet lowered faecal pH, ammonia, and phenol
concentrations (P < 0.05) and increased all faecal SCFAs, including butyrate (P <
0.0001). DNA adducts (P < 0.01) were lower in the mice fed resistant starch, as was
apoptosis (P < 0.001). RS may potentially have other benefits such as attenuating the
colonocyte telomere shortening which may occur with high dietary RM intake
(O'Callaghan et al 2012). Supplementation with RS may also be beneficial in dietary
situations other than very high RM intake; for example, it has also been shown to
protect against colonic DNA damage and alter microbiota and gene expression in rats
fed a Western diet moderate in fat (19%) and protein (20%) (Conlon & Bird 2009). In
the context of a high-protein diet in rats, butyrylated high amylose maize starch has
been shown to be twice as effective as standard amylose maize starch in lowering
genetic damage as measured by the comet assay (Bajka et al 2008).
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One human trial has suggested inconclusively that fibre may play a role in modifying
DNA adduct formation in the context of high RM consumption (Lewin et al 2006). In
13 volunteers who were fed a high fibre and RM diet, a high RM diet, and a vegetarian
diet in a cross-over design, O6-carboxymethylguanine (O6CMG) adducts in exfoliated
colon cells were lower in the vegetarian diet compared with the high RM diet (P <
0.0001), and levels were intermediate on the high-fibre RM diet (P = 0.054 compared
with the RM diet). Despite promising evidence from rodent models, to date no other
trials have attempted to examine the effect of RM and RS in humans. This led to the
overall aim of the trial described in this Chapter, which was to determine if
consumption of a high RM diet by humans increases toxic fermentation products that
could damage DNA, and if supplementation of the diet with RS (in the form of
butyrylated high amylose maize starch) can ameliorate these effects. In addition, no in
vivo trials have investigated the effect of RM and RS on miRNA expression in colorectal
cells. It was hypothesised that regulation of miRNA expression may explain some of the
chemoprotective effects of RS and possibly carcinogenic potential of high RM intake,
with this mechanism explored in this Chapter.

8.2 Aim
The aim of this Chapter was 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.

8.3 Methods overview
A randomised cross-over trial was conducted according to the methods outlined in
Chapter 3, comparing the effects of a control diet, high red meat (RM) diet, and high
red meat diet supplemented with resistant starch (RM + RS) on markers of CRC risk in
healthy volunteers aged 50 – 75 years. Specifically, the effect of the dietary interventions
on miRNA expression patterns in rectal biopsy tissue was examined in this Chapter.
Recruitment details and participant inclusion and exclusion criteria are detailed in
Chapter 3. Participants were monitored throughout the study by a dietitian (Karen
Humphreys). The study consisted of two intervention periods of four weeks each,
proceeded by a four-week run-in (control diet) period and separated by a four-week
washout period (Figure 8.1). Participants were randomised to a RM diet or RM + RS
diet for the first intervention, and for the second intervention received the alternative
diet. For the RM diet, participants were required to consume 300 g (raw weight) of lean
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RM per day for four weeks. For the RM + RS diet, participants were required to
consume 300 g (raw weight) of lean RM per day for four weeks, with the addition of 40
g of RS per day in the form of StarPlus™, a butyrylated high amylose maize starch. A
recent study has shown that ingestion of 40 g of this butyrylated high amylose maize
starch released 50.2 ± 2.4 mmol esterified butyrate per day in the gastrointestinal tract
(79.0 ± 3.1% of total ingested esterified butyrate). Accounting for absorption in the
small intestine and losses in faeces, around 33.1 mmol of this butyrate was released in
the large bowel (Clarke et al 2011b). Blood samples, rectal pinch biopsy, mucosal swabs,
faecal & urine specimens, and three-day weighed records of food intake 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. While various outcomes were examined by other trial researchers (as
specified in Chapter 3), this Chapter focused specifically on outcomes relevant to the
aim of determining how the dietary interventions influence miRNA expression in rectal
tissue. Outcomes measured were the effect of high RM and RS on dietary nutrient
intake, faecal SFCA levels (specifically butyrate) and rectal mucosa responses
(specifically miRNA expression profiles and target gene mRNA levels). Analysis of
dietary intake was performed by a dietitian (KH), and quantitation of miRNA
expression profiles in the rectal biopsy samples was also performed by KH, using
relative quantitation real-time RT-PCR as detailed in Chapter 3. Real-time RT-PCR was
performed for the miR-17-92 cluster miRNAs, miR-21 (another miRNA with known
oncogenic properties) (Meng et al 2007, Zhu et al 2007, Asangani et al 2008, Schetter et
al 2008), and miR-16 (a miRNA generally abundantly and ubiquitously expressed in
normal tissue) (Chang et al 2010). Real-time RT-PCR was also performed by KH to
examine changes in specific miRNA target genes, at the mRNA level, as detailed in
Chapter 3. Faecal samples were analysed for SCFA levels by trial researchers at CSIRO.
As detailed in Chapter 3, the cross-over study design with two intervention periods
provided two statistical analysis options; pooling of participant outcome measures by
treatment regardless of intervention period, or separate analysis of participant measures
based on intervention period. If no significant carry-over effect could be detected, the
pooling of participants was deemed valid.
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Figure 8.1: High red meat and resistant starch cross-over trial intervention and
data collection flow diagram
RM: red meat; RM + RS: red meat + resistant starch.

8.4 Results
8.4.1 Trial description and participant demographics
Recruitment of participants for the randomised cross-over trial commenced in July
2009, with each participant followed-up for the four month duration of the dietary
intervention periods. Data collection was completed by September 2010. As shown in
the CONSORT diagram (Schulz et al 2010) (Figure 8.2), 25 participants were randomly
assigned, with 12 allocated to the RM dietary intervention first, and 13 allocated to the
RM + RS dietary intervention first. Two participants who were allocated to the RM
dietary intervention first withdrew following randomisation but prior to commencement
of intervention diets. One of these withdrawals was due to other unrelated medical
problems, while the other participant was unable to tolerate the first rectal biopsy
procedure. At study completion, 23 participants had received both the intended
intervention diets, and data from these 23 participants were analysed.
Recruited participants were aged 50 – 75 years of age, with no active bowel disease or
previous bowel surgery (excluding polypectomy). At study commencement (after four
weeks on control diet), mean body weight was 80.4 ± SD 15.3 kg, with this to be
maintained throughout the study. A food frequency questionnaire was completed as
each participant commenced the study, to initially determine normal dietary intake
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patterns (Table 8.1); more precise intake data was obtained throughout the study using
weighed food diaries.
There were no major complications during the study. All volunteers tolerated sample
collection, with the exception of the one volunteer who had to withdraw due to
heightened sensitivity to the rectal biopsy procedure. All volunteers tolerated the dietary
interventions, with the exception of one volunteer who usually had a predominantly
vegetarian diet and was unable to tolerate 300 g RM per day. For this volunteer, the
intervention was modified to 200 g RM per day. Approximately one third of volunteers
reported increase in flatulence on trial diets; it was unclear whether this could be linked
to increased RM intake, or intake of RS.

Table 8.1: Usual dietary intake of study participants in the high red meat and
resistant starch trial, based on food frequency questionnaire data (Cancer
Council Victoria 2005)
Nutrient

Mean intake/ day

Energy (kJ)

9060.0 ± 3244.2

Protein (g)

114.2 ± 54.3

Fat (g)

95.6 ± 42.6

Saturated fat (g)

36.9 ± 17.8

Carbohydrate (g)

214.0 ± 81.2

Sugar (g)

94.4 ± 39.7

Starch (g)

118.5 ± 45.0

Fibre (g)

24.5 ± 8.7

Alcohol (g)

20.9 ± 26.8

Note: energy, protein, and carbohydrate analysis only from food, not alcohol.
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Figure 8.2: CONSORT diagram of participant flow for the high red meat and
resistant starch trial
RM: red meat; RM + RS: red meat + resistant starch.
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8.4.2 Body weight and dietary intake assessed using three-day
weighed food records
Participants maintained consistent body weight over the course of the study, with mean
body weight at 80.4 ± 15.3 kg after the run-in control diet, at 80.5 ± 15.2 kg after the
RM diet, at 80.3 ± 15.4 kg after the washout phase, and at 80.5 ± 15.1 kg after the RM
+ RS diet (P > 0.05).
The dietary intake of participants during each dietary period was assessed using a threeday weighed food diary, completed for the last three days of each dietary period (Table
8.2). When energy and macronutrient intakes were analysed, there was no statistically
significant difference between the diet periods for intake of energy, fat, sugar, or alcohol
(P > 0.05). Compared with the control diet, protein intake was significantly increased in
the high RM diet period (P < 0.0001) and also in the high RM + RS diet period (P =
0.0004), and was similar in the high RM and high RM + RS dietary periods (P = 0.18).
This increased protein intake during the two intervention periods serves as an indirect
measure of compliance. Fibre intake was decreased in the high RM diet compared with
the control diet (P < 0.001) and high RM + RS diet (P < 0.001). Starch intake also
appeared to be slightly decreased in the high RM diet compared with the control diet (P
= 0.005) and high RM + RS diet (P = 0.008). Saturated fat intake was slightly higher in
the high RM diet compared with the control diet (P = 0.02).
Table 8.2: Dietary intake of study participants in the high red meat and resistant
starch trial during each diet period, based on three-day weighed food records
Control

RM

Washout

RM + RS

Energy (kJ)

8835.0 ± 1858.4

9167.0 ± 1864.6

8780.6 ± 1842.3

9116.1 ± 1877.8

Protein (g)

93.3 ± 25.2

124.3 ± 20.0

90.7 ± 23.8

119.4 ± 23.7

Fat (g)

72.5 ± 24.0

76.7 ± 25.2

77.4 ± 23.9

68.4 ± 25.9

Saturated fat (g)

27.1 ± 12.5

31.9 ± 12.3

28.3 ± 8.8

30.4 ± 12.3

Carbohydrate (g)

233.9 ± 72.4

217.7 ± 58.9

222.2 ± 67.9

241.3 ± 58.3

Sugar (g)

116.6 ± 45.2

121.8 ± 35.8

106.4 ± 42.5

122.8 ± 35.9

Starch (g)

116.1 ± 40.1

93.3 ± 45.8

114.4 ± 46.1

115.8 ± 32.5

Fibre (g)

26.3 ± 8.6

20.0 ± 8.9

25.2 ± 10.3

26.3 ± 10.1

Alcohol (g)

15.4 ± 14.8

14.3 ± 19.1

15.9 ± 22.9

13.9 ± 16.5

RM: red meat, RM + RS: red meat + resistant starch.
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8.4.3 SCFA levels in faecal samples
The faecal samples provided by participants during the last 24 h of each dietary period
were analysed by study investigators at CSIRO for acetate, propionate, butyrate, and
total SCFA levels. Acetate, propionate, butyrate, and total SCFA faecal levels all
increased in the RM + RS dietary period, compared with the other dietary periods
(Figure 8.3), which could serve as an indirect measure of compliance with the RS
supplementation.
Participant measures for RM and RM + RS intervention diets were analysed based on
intervention period for treatment effect, period effect and carry-over effect. Butyrate,
the SCFA of most relevance to the study aims, was analysed by this method, which
showed that faecal butyrate levels were significantly increased in the RM + RS diet
compared with the RM diet (Table 8.3). There was no significant carry-over effect for
butyrate levels (Table 8.3). There was also no significant period effect for butyrate levels
(Table 8.3); however, the groups-by-periods plot shows that the mean faecal butyrate
levels for RM + RS group appeared increased in the 2nd period (Appendix 3, Figure
A3.1). No such period changes were found in the RM group.
As the carry-over effect was not significant, the data from the two periods could be
combined and analysed; thus, findings from a pooled analysis are also valid for this
outcome variable (Figure 8.3). When participant measures were pooled by treatment
regardless of intervention period, there was a statistically significant increase in acetate
(P = 0.0007), propionate (P = 0.0002), butyrate (P = 0.001), and total SCFA (P =
0.0002) for the RM + RS diet period, compared with the control diet period. Similarly,
there was a statistically significant increase in propionate (P = 0.005), butyrate (P =
0.013), and total SCFA (P = 0.047) for the RM + RS diet period, compared with the RM
diet period; this increase was not significant for acetate (P = 0.23). There was no
significant difference between the control and RM diet periods for any of the SCFAs
measured (P = 0.09 for acetate; P = 0.16 for propionate; P = 0.46 for butyrate; P = 0.17
for total SCFAs). There was also no significant difference between the control and
washout diet periods for any of the SCFAs measured (P = 0.18 for acetate; P = 0.10 for
propionate; P = 0.56 for butyrate; P = 0.19 for total SCFAs), which is another indication
that there is likely to be no carry-over effect.
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Table 8.3: Faecal butyrate levels for high red meat and high red meat + resistant
starch intervention diets, with analysis of variance for treatment effect, period
effect and carry-over effect
Outcome

RM

RM + RS

Treatment

Carry-over effect

Period effect

(Mean ± SD)

(Mean ± SD)

effect

(P value)

(P value)

P = 0.09

P = 0.09

(P value)
Faecal butyrate

14.2 ± 8.0

21.2 ± 12.8

P < 0.01

levels (µmol/g)
RM: red meat, RM + RS: red meat + resistant starch.
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Figure 8.3: Faecal butyrate, acetate, propionate, and total SCFA levels of
participants in the high red meat and resistant starch trial
Faecal samples collected at the end of each four-week diet (* P < 0.05). The mean ±
SEM of the 23 participants is shown for each diet. Control: control diet; RM: red meat
diet; RM + RS: red meat + resistant starch diet.
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8.4.4 Real-time RT-PCR analysis of microRNA levels in rectal biopsy
samples
The rectal biopsy samples collected from participants at the end of each dietary period
were processed to obtain total RNA, and analysed using relative quantitative real-time
RT-PCR for changes in miRNA levels. The miR-17-92 cluster miRNAs were examined,
as these were shown in previous Chapters to be altered with butyrate treatment, in CRC
cell lines. Another miRNA with known oncogenic properties that was not altered by
butyrate treatment in vitro, miR-21, was examined for comparison. An additional miRNA
that was not altered by butyrate treatment in vitro, and that is generally abundantly and
ubiquitously expressed in normal tissue, miR-16, was also examined for comparison
(Chang et al 2010).
Upon real-time RT-PCR analysis, levels of miR-17-92 cluster miRNAs in the rectal
biopsy samples appeared to increase with the high RM diet compared with the control
diet, but not with the high RM + RS diet (Figure 8.4A). The rise in miR-17-92 miRNA
levels with the high RM diet alone was approximately 30% (Figure 8.4B). Rectal biopsy
miRNA levels for the high RM and RM + RS intervention diets were analysed based on
intervention period, for treatment effect, period effect and carry-over effect. miR-17,
miR-19a, miR-20a, miR-19b, and miR-92a were significantly increased in the RM diet
compared with the RM + RS diet, and there was also a trend towards increased miR-18a
in the RM diet compared with the RM + RS diet (Table 8.4). There was no significant
carry-over effect for any of the miR-17-92 cluster miRNAs (Table 8.4). The groups-byperiods plots show that for some miRNAs there was no difference between periods for
the dietary intervention effects, while for others there were slight differences between
intervention period 1 and period 2 (Appendix 3, Figure A3.2); however, statistical
analysis showed that the period effect was not significant for any of the miR-17-92
cluster miRNAs (Table 8.4).
As the carry-over effect was not significant, the data from the two periods could be
combined and analysed; thus, findings from a pooled analysis are also valid for this
outcome variable (Figure 8.4). There was a trend towards increased expression of miR17-92 cluster miRNAs in the rectal biopsy samples with the high RM diet versus control
diet, which was significant for miR-17 (P = 0.046), miR-19a (P = 0.021), miR-20a (P =
0.026), and miR-19b (P = 0.021), but not for miR-18a (P = 0.51) or miR-92a (P = 0.09).
Conversely, when the high RM diet was supplemented with RS, the miR-17-92 cluster
miRNA levels were lower than with the RM diet alone, which was significant for most
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of the miRNAs (P = 0.001 for miR-17; P = 0.16 for miR-18a; P = 0.009 for miR-19a, P
= 0.0008 for miR-20a; P = 0.006 for miR-19b; P = 0.006 for miR-92a). There was no
significant difference between the control and RM + RS diet for any of the miR-17-92
cluster miRNAs (P = 0.44 for miR-17; P = 0.48 for miR-18a; P = 0.31 for miR-19a, P =
0.14 for miR-20a; P = 0.99 for miR-19b; P = 0.38 for miR-92a). The pooled analysis
provided slightly differing estimates of significance than the analysis based on
intervention period. Regardless, both showed the majority of miRNAs from the miR17-92 cluster to be significantly increased with the high RM diet compared with the high
RM + RS diet in the rectal biopsy samples, with the exception of miR-18a.
A pooled analysis was also performed for miR-21 and miR-16 levels in the rectal biopsy
samples. miR-21 and miR-16 are examples of miRNAs that were not affected by
butyrate in the in vitro work (Figure 8.5). For miR-16, there was no significant change
with the high RM diet compared with the control diet (P = 0.94), the high RM + RS diet
compared with the control diet (P = 0.74), or the high RM diet compared with the high
RM + RS diet (P = 0.64); thus miR-16 appeared stably expressed regardless of the
intervention diet. For miR-21 there was a significant increase with the high RM diet
compared with the control diet (P = 0.007), and also a trend towards an increase with
the high RM + RS diet compared with the control diet (P = 0.12). There was no
significant difference between the high RM and high RM + RS diet for miR-21 (P =
0.76); thus high RM appeared to alter miR-21, but RS supplementation had little
protective effect.
Table 8.4: miR-17-92 cluster miRNA levels in rectal biopsies assessed using realtime RT-PCR for high red meat and high red meat + resistant starch
intervention diets, with analysis of variance for treatment effect, period effect and
carry-over effect
Outcome

RM

RM + RS

Treatment

Carry-over effect

Period effect

(Mean ± SD)

(Mean ± SD)

effect

(P value)

(P value)

(P value)
miR-17

20.2 ± 6.8

15.8 ± 6.8

P < 0.01

P = 0.12

P = 0.32

miR-18a

0.66 ± 0.24

0.57 ± 0.28

P = 0.20

P = 0.42

P = 0.37

miR-19a

9.8 ± 2.9

7.7 ± 3.2

P = 0.01

P = 0.88

P = 0.46

miR-20a

20.0 ± 5.3

16.2 ± 5.9

P < 0.01

P = 0.66

P = 0.18

miR-19b

7.0 ± 2.4

5.0 ± 2.4

P < 0.01

P = 0.64

P = 0.06

miR-92a

25.3 ± 10.1

20.1 ± 9.2

P < 0.01

P = 0.17

P = 0.37

RM: red meat, RM + RS: red meat + resistant starch.
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Figure 8.4: Real-time RT-PCR of miR-17-92 cluster levels in rectal biopsies from
participants in the high red meat and resistant starch trial
Rectal biopsies collected at the end of each four-week diet (control diet, RM diet, RM +
RS diet) (* P < 0.05). Expression is normalised to RNU6B levels. (A) Real-time RTPCR results (mean ± SEM) for the 23 participants shown for each diet. (B) Summary of
real-time RT-PCR results for the intervention diets, presented as percent change (mean
± SEM) from control diet. Control: control diet; RM: red meat diet; RM + RS: red meat
+ resistant starch diet.
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Figure 8.5: Real-time RT-PCR of miR-16 and miR-21 in rectal biopsies from
participants in the high red meat and resistant starch trial
Rectal biopsies collected at the end of each four-week diet (control diet, RM diet, RM +
RS diet) (* P < 0.05). The mean ± SEM of the 23 participants is shown for each diet.
Expression is normalised to RNU6B levels. Control: control diet; RM: red meat diet;
RM + RS: red meat + resistant starch diet.
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8.4.5 Real-time RT-PCR analysis of miR-17-92 target gene mRNA
levels in rectal biopsy samples
As discussed in previous Chapters, miRNAs in the miR-17-92 cluster target genes that
are important in cell cycle control, including the cell cycle inhibitor CDKN1A and the
pro-apoptotic genes PTEN and BCL2L11. To investigate how the diet-induced changes
in miR-17-92 cluster miRNA levels influenced these target genes, the total RNA from
the rectal biopsy samples was analysed using relative quantitation real-time RT-PCR to
detect changes in CDKN1A, PTEN and BCL2L11 mRNA levels. There was a trend
towards decreased CDKN1A, PTEN and BCL2L11 mRNA levels with the high RM
diet compared with the control diet, which was statistically significant for CDKN1A (P
= 0.02) (Figure 8.6). There was no significant difference between the control and high
RM + RS diet for PTEN and BCL2L11 (P > 0.05), although for CDKN1A there
appeared to be a trend towards decreased mRNA levels with the high RM + RS diet
compared with the control diet (P = 0.008). CDKN1A and BCL2L11 mRNA levels
appeared lower with the washout diet than with the control diet; this was statistically
significant for BCL2L11 (P = 0.03)
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Figure 8.6: Real-time RT-PCR of miR-17-92 target gene expression in rectal
biopsies from participants in the high red meat and resistant starch trial
CDKN1A, PTEN and BCL2L11 mRNA levels in rectal biopsies collected at the end of
each four-week diet (control diet, RM diet, RM + RS diet) (* P < 0.05). The mean ±
SEM of the 23 participants is shown for each diet. Expression is normalised to RNU6B
levels. Control: control diet; RM: red meat diet; RM + RS: red meat + resistant starch
diet.
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8.5 Discussion
This Chapter presented miRNA-specific findings from a human randomised cross-over
trial designed to examine the effects of a high RM diet, or high RM diet supplemented
with butyrylated resistant starch on markers of CRC risk in healthy volunteers aged 50 –
75 years. Epidemiological studies have provided the first evidence for increased CRC
risk with high RM intake (WCRF 2007). There are plausible mechanisms for this,
including the finding that high RM can increase DNA damage, including an increase in
DNA strand breaks and formation of pro-mutagenic DNA adducts (Lewin et al 2006,
Toden et al 2006, Toden et al 2007). Now, this Chapter is the first to show that high
RM alters miRNA levels in humans, and can significantly increase levels of some
miRNAs in rectal biopsy samples, in particular the miR-17-92 cluster of miRNAs, and
miR-21, which have known oncogenic properties. This finding was despite the fact that
the study was powered to detect changes in primary outcomes not relevant to this
Chapter, rather than the secondary outcome of miRNA changes.
While high RM intake potentially increases CRC risk, RS can potentially ameliorate
some of these effects. Besides the epidemiological evidence that fibre can decrease CRC
risk (WCRF 2007), studies in rodent models has shown that RS supplementation can
raise colonic butyrate levels, reduce adenocarcinoma formation in response to a
carcinogen, and attenuate RM -induced DNA damage (Le Leu et al 2007a, Le Leu et al
2007b, Toden et al 2007, Le Leu et al 2009, Winter et al 2011). Lewin et al (2006) have
also inconclusively suggested that fibre may play a role in modifying DNA adduct
formation in humans, in the context of high RM consumption. This study was the first
to directly examine the outcomes of supplementing a high RM diet with RS in humans,
and the first to examine the influence of these diets on miRNAs in rectal biopsy
samples. When the high RM diet was supplemented with RS, this significantly raised
faecal butyrate levels. The study identified a novel mechanism by which RS can be
beneficial for bowel health, with some of the miRNAs that were elevated in the rectal
biopsy samples with RM alone reduced and restored to baseline levels with RS
supplementation. In particular, levels of miR-17-92 miRNAs were significantly lower in
RM with RS supplementation than with RM alone, while levels of miR-21 were similar
in RM with RS supplementation and with RM alone. RS supplementation also did not
influence miR-16 levels. This supports the hypothesis that the miR-17-92 cluster
miRNA changes with RS supplementation may be due to increased butyrate production;
in previous Chapters the miR-17-92 cluster miRNAs, but not miR-21 of miR-16, were
influenced by butyrate treatment in vitro. As a butyrylated form of RS was used in the
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trial, this is likely to have directly administered further butyrate to the colon; and has
been previously shown to be more effective in reducing carcinogen damage than
standard forms of RS (Bajka et al 2008, Clarke et al 2012).
An important difference between this Chapter and previous Chapters was that the in
vitro work was performed in CRC cells, while the in vivo work in this Chapter was
performed in healthy volunteers with normal rectal mucosa tissue. Historically, the
response to butyrate in normal cells versus cancer cells has been shown to be different.
Referred to as the butyrate paradox, butyrate is a preferred energy source for normal
colonic epithelium and assists in maintaining normal proliferation (Roediger 1982);
while alternative fuel sources are preferred in CRC cells, and butyrate instead can inhibit
proliferation and induce differentiation or apoptosis (Warburg 1956, Mariadason et al
2000). Observations in rat models treated with the carcinogen azoxymethane showed
the colon cells to respond to high butyrate levels in a manner more similar to cancer
cells; decreased proliferation and enhanced apoptosis were observed in the distal colon
with RS feeding and increased butyrate (Le Leu et al 2007a, Le Leu et al 2009). In this
Chapter, there was a similar regulation of the miR-17-92 cluster by butyrylated RS in
healthy rectal cells in vivo, as previously shown with butyrate in CRC cells in vitro. This
was observed particularly in the context of high RM, with RS only restoring miRNA
levels to those of the control, rather than reducing levels lower than baseline.
Interestingly, compared to other miR-17-92 miRNAs, there was no significant change
between the control, RM and RM + RS diets for one particular miRNA in the cluster,
miR-18a. miR-18a may be regulated differently to the other cluster members (Guil &
Caceres 2007), and as hypothesised in Chapter 6, may play a homeostatic role in helping
to contain oncogenic effects of other miR-17-92 cluster miRNAs. It would be beneficial
to also examine the effect of RS (and butyrate) on miR-17-92 cluster miRNA levels in
healthy rectal tissue, without the confounding effect of high RM intake.
RS has a potentially protective role in modulating miR-17-92 levels in response to the
dysregulation observed with high RM intake. RS was not able to lower miR-21,
however, which was also significantly increased with high RM intake. As for the miR17-92 cluster, miR-21 has similarly been classed as an oncogenic miRNA, and has been
shown to regulate tumour suppressor genes such as PTEN, TPM1 and PDCD4, and to
induce tumourigenesis, invasion and metastasis (Meng et al 2007, Zhu et al 2007,
Asangani et al 2008, Medina et al 2010). miR-21 is elevated in CRC, with higher miR-21
expression found in more advanced tumours (Bandres et al 2006, Cummins et al 2006,
Volinia et al 2006, Slaby et al 2007, Monzo et al 2008, Chen et al 2009). High miR-21
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has been linked to poorer survival and therapeutic outcomes, and can be used as a
biomarker for the presence and stage of CRC (Slaby et al 2007, Schetter et al 2008). The
finding that this miRNA is elevated with RM intake warrants further investigation to
determine any impact on CRC risk.
While this study showed subtle changes in miRNA levels in response to dietary
components, as miRNAs can simultaneously target hundreds of mRNAs, even small
changes in their expression can have important cellular effects (Hendrickson et al 2009).
miR-17-92 and miR-21 are known to promote proliferation (Meng et al 2007, Zhu et al
2007, Asangani et al 2008, Mu et al 2009, Olive et al 2009), and the examination of
target gene expression provided preliminary evidence regarding the impact of the
detected miRNA changes on cellular function. The increase in levels of miR-17-92
miRNAs with the high RM diet may be one mechanism for the observed decrease in
mRNA levels of target genes CDKN1A, PTEN, and BCL2L11, which was statistically
significant for the cell cycle inhibitor CDKN1A. When the high RM diet was
supplemented with resistant starch, there was no significant difference in PTEN and
BCL2L11 mRNA levels compared with the control diet, while CDKN1A mRNA levels
still appeared lower than the control diet. Through target gene regulation, the increase in
miR-17-92 miRNAs and miR-21 with the high RM diet may be partly responsible for a
corresponding increase in cell proliferation. Another researcher in the trial (Jean Winter)
used a proliferating cell nuclear antigen (PCNA) assay as a proliferation marker in the
rectal biopsy samples fixed in formalin. There was increased proliferation with the high
RM diet compared with the control diet (P = 0.02). Proliferation with the high RM +
RS diet appeared intermediate between the high RM diet and the control diet, with the
high RM + RS diet not significantly different from either the control diet (P > 0.05) or
high RM diet (P > 0.05). Proliferation with the washout diet was significantly higher
than with the control diet (P = 0.02). The failure of resistant starch supplementation to
restore proliferation to baseline could be associated with the observed miR-21 levels,
which remained elevated compared with the control diet. Other regulatory factors,
including other miRNAs, may also be involved. It should be noted that the length of the
washout period may have been insufficient for the examination of target gene
expression and cell proliferation; for example, BCL2L11 mRNA levels and cell
proliferation were significantly different in the washout compared with the control diet,
indicating a potential carry-over effect. The high variability in mRNA levels in the rectal
biopsy samples also limits the ability to draw firm conclusions from these data.
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The first evidence to show that high RM and RS have opposing effects on miRNA
levels in rectal tissue in humans is presented in this Chapter. Several studies have looked
at the effect of dietary components on CRC in other in vivo models, particularly rats. As
shown in Chapter 1, several studies have examined the miRNA response in rats fed
diets containing corn oil or fish oil with pectin or cellulose and injected with
azoxymethane or a saline control (Davidson et al 2009, Shah et al 2011). These studies
particularly demonstrated the novel role of fish oil in protecting the colon from
carcinogen-induced miRNA dysregulation, rather than a role for fibre. Shah et al (2011)
did however demonstrate that various dietary combinations and carcinogen exposure
modulated a number of key miRNAs, including miR-17-92 cluster miRNAs and miR21, which were similarly modified by dietary components in this Chapter.
Regulation of miRNA expression by other dietary components has been investigated in
cancer types other than CRC, using in vivo rat models and cancer cell lines. Some of the
food components were shown to have a protective effect on cancer risk. When a rat diet
was deficient in folate, hepatocellular carcinomas developed, tumour suppressor
miRNAs were decreased, and miRNAs with oncogenic functions were increased (Kutay
et al 2006, Pogribny et al 2008, Tryndyak et al 2009, Wang et al 2009a, StarlardDavenport et al 2010). Curcumin, vitamin E, and retinoic acid were also shown to have
protective effects, by increasing levels of miRNAs with tumour suppressive roles
(Chapter 1).
There have been no previous human trials that have observed the effect of RM and RS
on miRNA expression in colorectal cells. This Chapter presents novel findings, but the
trial is not without its limitations. One such limitation is the identification of
correlations but not exact causations. It is unclear, for example, what component of the
RM is increasing miR-17-92 cluster miRNA levels. High fat or high cholesterol diets, for
example, have also been shown to alter miRNA expression in liver cells (Cirera et al
2010, Park et al 2011). It is also not conclusively determined what aspect of the RS is
protective, although the use of butyrylated RS to further increase colonic butyrate levels
has previously been shown to offer additional protection (Bajka et al 2008, Clarke et al
2012). Offering support for the hypothesis that the miRNA changes with RS
supplementation may be due to increased butyrate production, is the in vivo replication
of in vitro findings from previous Chapters where the miR-17-92 cluster of miRNAs but
not miR-21 or miR-16 responded to butyrate treatment. The impact of the detected
miRNA changes on cellular functions known to be regulated by miR-17-92 and miR-21
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miRNAs requires further investigation. How miRNA changes may mediate some of the
other observed cellular responses to high RM intake is yet to be determined.
The very high RM intake during the intervention period may limit the applicability of
the trial findings to the general population with possibly lower everyday intake of RM.
The average intake of RM in the general Australian population remains substantial
however, with RM consumption estimates from the National Nutrition Survey in 1995
at 73 g/day for men and 37 g/day for women, and less reliable estimates from
production, import, and export data at 136 g/day in 2007/08 (McLennan & Podger
1999, Williams & Droulez 2010). There is also a current trend towards consumption of
higher protein diets for weight loss (Noakes & Clifton 2005). The level of RS
supplementation used in the dietary intervention could be realistically applied to the
general population. Several studies have shown long term supplementation in select
populations to be feasible (Burn et al 2008, Burn et al 2011). There has also been a
recent expansion in the number of commercially available foods with modifications or
supplementation to increase RS content (Landon 2007, Bird et al 2008). The first
commercially available RS food ingredient, Hi-maize, was developed in Australia and
was introduced into the food supply in 1994 in the form of fibre enriched white bread
(Landon 2007). Hi-maize is now added to a range of foods, as are other rich sources of
RS, such as BARLEYmax in cereal (Landon 2007, Bird et al 2008). In a global first for a
government health authority, Australia’s National Health and Medical Research Council
now also specify a RS component in their fibre intake recommendations, due to its
positive impact on digestive health (NHMRC 2006, Landon 2007).
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Chapter 9. General conclusions
9.1 Thesis summary
Epigenetic modifications are important contributors to CRC development and
progression. DNA methylation changes including promoter hypermethylation and
global hypomethylation are characteristic of CRC development (Toyota et al 1999,
Matsuzaki et al 2005, Rodriguez et al 2006, Schuebel et al 2007). Likewise, 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 (Michael et al 2003, Cummins et al 2006,
Slaby et al 2007). In addition to genetic mutations, the dysregulation of miRNAs in CRC
can occur by epigenetic mechanisms such as altered DNA methylation (Toyota et al
2008, Bandres et al 2009), with more limited evidence to date for histone modification
also playing a role (Suzuki et al 2011). While diet and diet-derived compounds such as
butyrate can modify CRC cell behaviour through epigenetic mechanisms (Mariadason et
al 2000, Della Ragione et al 2001, Daly & Shirazi-Beechey 2006), the role of dietary
compounds in modifying miRNA expression in CRC cells and normal colorectal tissue
has been less studied. Diet-derived butyrate, with its established mechanism of histone
modification, was a plausible candidate for altering miRNA expression through
epigenetic changes. It was hypothesised that modification of miRNA expression may
contribute to the chemo-protective effect of butyrate and other HDIs.
In this study, the role of butyrate and other HDIs in modulating CRC risk was
investigated, by examining the effect of these compounds on miRNA expression in
CRC in vitro, and in rectal mucosa tissue in vivo. The down-stream consequences of these
miRNA changes were observed, and the roles of these miRNAs in the context of the
anti-proliferative effects of HDIs were determined. In addition to exploring the action
of a potentially protective dietary component, the study aimed to determine whether
miRNA expression in colorectal cells was also altered by dietary components thought to
possibly increase risk of CRC, such as red meat. The major findings of the study,
including the dietary regulation of miRNA expression in colorectal cells in vitro and in
vivo, are summarised below.
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9.1.1 Butyrate alters microRNA expression in colorectal cancer cell
lines.
Chapter 4 demonstrated that treatment with the HDI butyrate decreased proliferation
of HT29 and HCT116 CRC cell lines, with the HCT116 cell line showing greater
susceptibility to butyrate’s anti-proliferative effect. The effect of butyrate treatment on
miRNA expression in these CRC cell lines was then examined, through microarray
analysis and real-time RT-PCR validation. Expression profiles of miRNAs differ along
the gastrointestinal tract (Slattery et al 2011) and are altered in CRC, with this
dysregulation often contributing to tumour progression (Michael et al 2003, Lu et al
2005, Cummins et al 2006, Slaby et al 2007, Chen et al 2009). Butyrate was shown to
alter the expression of some of the miRNAs that are dysregulated in CRC. Treatment
with 5 mM butyrate for 48 h led to a decrease in all miRNAs in the miR-17-92 cluster,
including miR-17, miR-18a, miR-19a, miR-20a, miR-19b, and miR-92a, in both the
HT29 and HCT116 cells. Other miRNAs that decreased with 5 mM butyrate treatment
included miRNAs in the miR-106a-363 cluster, including miR-18b, miR-20b, and miR106a, and also miR-29b, miR-196a and miR-196b, and miR-301a and miR-301b. These
miRNAs have all been shown to be increased in CRC tumour samples (Cummins et al
2006, Volinia et al 2006, Monzo et al 2008, Chen et al 2009, Diosdado et al 2009,
Motoyama et al 2009, Luo et al 2012). Some, such as the miR-17-92 cluster and miR196a, have been shown to promote tumour development, with the miR-17-92 cluster in
particular designated oncomir -1 due to its oncogenic potential (He et al 2005a,
Schimanski et al 2009). The miR-17-92 cluster of miRNAs promotes proliferation and
angiogenesis, inhibit differentiation, and sustain cell survival (Mu et al 2009, Olive et al
2009). Other miRNAs were shown to be increased with butyrate treatment, including
miR-23a, miR-23b and miR-1290, which have all been shown to be decreased in CRC
(Cummins et al 2006, Chen et al 2009, Luo et al 2012). miR-23b in particular has been
identified as having a tumour suppressor role (Zhang et al 2011). miR-210 was also
increased with butyrate treatment in both cell lines. The regulation of several miRNAs,
including miR-215 and miR-192, was cell-line specific, indicating that genetic variations
between cell types influence the butyrate response.

9.1.2 HDI treatment reduces miR-17-92 cluster expression and
increases expression of target genes in colorectal cancer cells
In Chapter 5, the effects of the diet-derived HDI butyrate were compared with those of
other types of HDIs, in particular the hydroxamic acids TSA and SAHA, to confirm
that the dysregulated miRNA expression observed in CRC cells can be altered by
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epigenetic mechanisms. Butyrate and these other HDIs were shown to have similar
effects on miR-17-92 expression, with all three shown to decrease levels of miRNAs in
the miR-17-92 cluster in CRC cell lines, at mM concentrations for butyrate and µM
concentrations for TSA and SAHA. No other studies have previously compared the
effects of multiple HDIs on miRNA expression in CRC; however, one other study
conducted at the same time also found miRNAs from the miR-17-92 cluster and the
paralogous cluster miR-106a-363 to be significantly decreased with butyrate treatment in
CRC cells (Hu et al 2011). As in Chapter 4, this Chapter showed that the HCT116 cell
line had greater susceptibility than the HT29 cell line to the anti-proliferative effects of
HDIs, and the decrease in miR-17-92 cluster expression in response to HDI treatment
was also greater in the HCT116 cell line. Particularly in the HCT116 cell line, 5 mM
butyrate treatment allowed miR-17-92 levels to fall to a level similar to that in normal
human rectal mucosa. The difference in response between the two CRC cell lines may
be due to various genetic differences; for example, HT29 cells have mutated p53 while
HCT116 cells have wild-type p53 (LaBonte et al 2009). Mutations in p53 have
previously been shown to reduce response to HDIs such as butyrate (Williams et al
1993, Palmer et al 1997, Emenaker et al 2001, Bandyopadhyay et al 2004).
The butyrate-induced decrease in miR-17-92 cluster miRNA levels may mediate the
anti-proliferative and pro-apoptotic effects of butyrate treatment. The miR-17-92 cluster
has been shown in mainly lymphoma models to target genes that are important in cell
cycle control, including the cell cycle inhibitor CDKN1A (p21) and the pro-apoptotic
genes PTEN and BCL2L11 (Bim) (Ventura et al 2008, Inomata et al 2009, Mu et al
2009, Olive et al 2009, Wong et al 2010). In Chapter 5, the butyrate-induced decrease in
miR-17-92 cluster miRNAs in the CRC cell lines corresponded with an increase in the
expression of genes targeted by the cluster, including CDKN1A, PTEN and BCL2L11.
Particularly in the HCT116 cells, CDKN1A, PTEN and BCL2L11 were restored to
levels similar or greater than those detected in normal human rectal mucosa. This
regulation could be a result of butyrate-induced chromatin changes, but may be
additionally mediated by alteration in miR-17-92 miRNA levels, as investigated in
Chapter 6. miR-17-92 is directly activated by C-MYC and by E2F1 and E2F3
(O'Donnell et al 2005, Woods et al 2007). Also in Chapter 5, E2F1 was shown to be
significantly reduced by butyrate in both cell lines, which could play a role in the
observed decrease in miR-17-92 levels. Other studies have also shown down-regulation
of E2F1 in response to HDIs (Boutillier et al 2003, Abramova et al 2006, Abramova et
al 2010, Noro et al 2010).
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9.1.3 Treatment with HDIs reveals competing roles for miR-17-92
cluster members
In Chapter 6, the first evidence was presented for individual miR-17-92 cluster members
having opposing effects on proliferation in CRC cells, and support was provided for the
concept that miRNAs can mediate the effects of HDIs on gene expression. Decreased
miR-17-92 miRNA levels may be partly responsible for the anti-proliferative effects of
HDIs, as transfection with miR-17-92 miRNAs reversed this effect. As shown in
Chapter 5, in the context of a butyrate-induced reduction in miR-17-92 levels,
CDKN1A, PTEN, and BCL2L11 mRNA and protein levels were increased. In Chapter
6, transfection with miR-19 (a and b), 17, 20a or 92a mimics reversed this effect and
decreased transcript levels of CDKN1A, PTEN, and BCL2L11, with various cluster
members targeting different genes. The decrease in miR-17-92 miRNAs and subsequent
target gene de-repression is a plausible mechanism to explain some of the antiproliferative and pro-apoptotic effects of HDIs, which may be additional to direct
chromatin-mediated regulation of gene expression.
Chapter 6 identified competing roles of miR-17-92 cluster members in CRC cells, and a
potential homeostatic function for miR-18a. miR-19 (a and b) were primarily
responsible for promoting proliferation. The HDI-mediated decrease in miR-17-92
levels was associated with decreased proliferation, while transfection with miR-19 (a and
b) restored growth to a level closer to that of untreated cells in control medium.
Conversely, miR-18a acted against the other miR-17-92 cluster members to decrease
proliferation. Several studies are in agreement that among the six miR-17-92 cluster
miRNAs, miR-19 (a and b) are the primary oncogenic determinants; these miRNAs
were required and largely sufficient for promoting the oncogenic properties of the
cluster in lymphoma models (Mu et al 2009, Olive et al 2009). Conversely, there has
been little research to date on the role of miR-18a in cancer. Since the completion of
research for this Chapter, one study has shown that miR-18a suppressed cell
proliferation and targeted Dicer in bladder cancer cells (Tao et al 2012). This could
indicate a potential feedback loop where the regulation of Dicer by miR-18a controls
miRNA output (Tao et al 2012). In Chapter 6, two novel targets for miR-18a were
confirmed, NEDD9 and CDK19. Two previous studies in CRC cell lines have shown
that NEDD9 down-regulation reduced proliferation and in one study also inhibited
xenograft tumour growth, while NEDD9 over-expression increased proliferation and
migration (Xia et al 2010, Li et al 2011b). NEDD9 and CDK19 were shown in this
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Chapter to promote cellular proliferation, with repression of these genes by RNA
interference reducing proliferation.

9.1.4 Butyrate alters miR-17-92 cluster transcription via specific
histone modifications at the locus of MIR17HG, the miR-17-92
host gene.
The mechanisms by which a HDI such as butyrate can alter levels of miR-17-92 cluster
miRNAs were further explored in Chapter 7. An initial cycloheximide experiment
indicated that the butyrate-induced decrease in miR-17-92 miRNAs in CRC cells may be
a combination of a primary transcriptional response, and an indirect response mediated
by regulatory proteins. Cycloheximide can be used to block de novo protein synthesis in
CRC cells (Della Ragione et al 2001, Andoh et al 2002), with this Chapter showing that
all of the miR-17-92 cluster miRNAs were significantly down-regulated by 5 mM
butyrate, in both standard and cycloheximide-treated HT29 and HCT116 cells, with the
exception of miR-17 in the cycloheximide-treated HT29 cells. The decrease in miR-1792 miRNA levels was greater in the cell lines that were not treated with cycloheximide,
with the smaller butyrate-induced decrease in miR-17-92 levels in cycloheximide-treated
cells providing an indication that while the inhibition of de novo protein synthesis
impacted on miR-17-92 regulation, direct regulation of miR-17-92 host gene
transcription was also possible.
Possible regulatory mechanisms were explored in Chapter 5, with the butyrate-induced
decrease in miR-17-92 regulators like the transcription factor E2F1 one explanation for
decreased MIR17HG transcription. Further regulatory mechanisms were examined in
Chapter 7, with ChIP analysis used to determine how butyrate-induced histone
modifications at the miR-17-92 cluster host gene, MIR17HG, may lead to altered
transcription. The ChIP analysis examined H3K9ac, H3K14ac, H3K27ac, and
H3K4me3, which are all generally accepted as activating histone marks (Strahl & Allis
2000, Jenuwein & Allis 2001, Barski et al 2007, Mikkelsen et al 2007, Rodriguez-Paredes
& Esteller 2011). Butyrate-treated cells had decreased acetylation of H3K9/H3K14 and
H3K27, centred around the proximal promoter and TSS of MIR17HG. This was in
contrast to the butyrate-treated cells displaying increased acetylation of these lysine
residues further upstream and downstream of the TSS. There was also decreased trimethylation at H3K4 in the butyrate-treated cells, again centred specifically around the
proximal promoter and TSS of MIR17HG. The decrease in activating histone marks
suggests a direct epigenetic mechanism for decreased MIR17HG transcription in
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response to butyrate. This is in keeping with a study by Rada-Iglesias et al (2007) which
showed that butyrate may actually reduce histone H3 and H4 acetylation close to TSSs,
and by this mechanism may decrease transcription of some genes. The findings from
Chapter 5 and 7 indicate that various mechanisms play a role in miRNA regulation by
butyrate in CRC cells, including alterations in transcription factor levels, and
modifications in activating histone marks. It is possible that these mechanisms may
function cooperatively. HDACs are known to interact with a variety of non-histone
proteins, including transcription factors and co-regulators, and their recruitment to
specific loci is also assisted by a range of regulatory factors (Ferreira et al 2001).

9.1.5 Red meat and resistant starch alter miR-17-92 cluster
expression in rectal mucosa cells of healthy human volunteers
In contrast to the previous Chapters which examined the effect of HDIs such as
butyrate on miRNA expression in CRC cells in vitro, Chapter 8 explored these effects on
rectal mucosa cells in vivo. The Chapter presented the first evidence for an effect of
dietary compounds on miRNA expression in rectal mucosa cells in humans; miRNAspecific findings were presented from a randomised cross-over trial examining the
effects of a high red meat diet, or high red meat diet supplemented with butyrylated
resistant starch on markers of CRC risk in healthy volunteers aged 50 – 75 years.
Epidemiological studies have provided the first evidence for increased CRC risk with
high red meat intake (WCRF 2007). Investigations into the mechanisms surrounding
this have shown that red meat can 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 DNA
adducts (Lewin et al 2006). Also, the production of heterocyclic amines and polycyclic
aromatic hydrocarbons through cooking at high temperature can 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 2006). In this
Chapter, high red meat intake was also shown for the first time to alter miRNA levels in
human rectal biopsy samples, and to significantly increase levels of some miRNAs, in
particular miR-21 and the miR-17-92 cluster members miR-17, miR-19a, miR-20a and
miR-19b, which have known oncogenic properties (Schetter et al 2008, Mu et al 2009,
Olive et al 2009).
While high red meat intake may increase CRC risk, resistant starch can potentially
ameliorate some of these effects. Besides the epidemiological evidence that fibre can
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decrease CRC risk (WCRF 2007), interventional evidence in rodent models has shown
that resistant starch supplementation can raise colonic butyrate levels, reduce
adenocarcinoma formation in response to carcinogen administration, and attenuate red
meat-induced DNA damage (Le Leu et al 2007a, Le Leu et al 2007b, Toden et al 2007,
Le Leu et al 2009, Winter et al 2011). One human trial has also suggested inconclusively
that fibre may play a role in modifying DNA adduct formation in the context of high
red meat consumption (Lewin et al 2006). The study described in Chapter 8 was the first
to directly examine the effects of a combined high red meat diet with resistant starch
supplementation in humans, and the first to examine the influence of these diets on
miRNAs in rectal biopsy samples. When the high red meat diet was supplemented with
butyrylated resistant starch, this significantly raised faecal butyrate levels. In Chapter 8, a
novel mechanism by which resistant starch may be beneficial for bowel health was
displayed, with some of the miRNAs that were elevated with high red meat intake alone
reduced and restored to baseline levels with butyrylated resistant starch
supplementation. Levels of miR-17-92 miRNAs in particular were significantly lower in
red meat with resistant starch supplementation than with red meat alone in the rectal
biopsy samples. The elevated miR-17-92 miRNA levels in the high red meat diet
corresponded with decreased transcript levels of miR-17-92 target genes such as
CDKN1A, providing preliminary evidence regarding the impact of the detected miRNA
changes on cellular function. Unlike miR-17-92 miRNAs, levels of miR-21 remained
similar in red meat with resistant starch supplementation compared with red meat alone,
and levels of miR-16 remained stably expressed regardless of diet. This provides support
for the hypothesis that the miRNA changes with resistant starch supplementation may
be due to increased butyrate production, as in previous Chapters miR-17-92 cluster
miRNAs but not miR-21or miR-16 responded to butyrate treatment in vitro. Resistant
starch, and indirectly butyrate, thus appears to reverse the dysregulation of miR-17-92
miRNAs in human rectal mucosa cells with high red meat exposure in vivo.

9.2 Future directions and applications
The decrease in the oncogenic miR-17-92 cluster miRNA levels and increase in target
gene expression is a plausible mechanism to explain some of the chemo-protective
effects of HDIs like butyrate. Butyrate was shown in this study to reverse the
dysregulation of miR-17-92 miRNAs in CRC cells in vitro, and potentially also in healthy
rectal cells exposed to high levels of red meat in vivo. Other butyrate-regulated miRNAs
may also play a functional role in contributing to the decreased proliferation and
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increased apoptosis in butyrate-treated CRC cells. Characterising the roles of these
additional miRNAs represents one area for further study, through functional screens.
Importantly, the in vitro findings of a butyrate-induced decrease in miR-17-92 miRNAs
were reflected in the in vivo human trial with resistant starch supplementation. Global
miRNA and associated mRNA expression profiles could also be investigated in an
extension of the current trial, to identify important pathways regulated by resistant
starch supplementation. Several limitations of this trial are apparent, including a small
patient population, and the fact that the study design prevented the determination of the
resistant starch effect on colorectal cells without a background of high red meat intake.
Further investigation in humans into how high red meat and high resistant starch
individually and concomitantly impact on miRNA expression, target gene expression,
and CRC development is warranted. While not confirmed, a mechanism for the effect
of resistant starch on miRNA expression may be through the displayed increase in
butyrate production. Butyrate acts as an energy source for normal colonocytes (Roediger
1982), but reduces proliferation and induces apoptosis in cancer (Mariadason et al 2000).
It appears that in the presence of a carcinogen or stress diet, increased butyrate through
resistant starch supplementation may have a similar effect on normal colorectal cells as
in cancer, by reducing proliferation and increasing apoptosis (Le Leu et al 2007a, Le Leu
et al 2009). In this study, resistant starch supplementation leading to increased butyrate
levels was also shown to reduce levels of oncogenic miR-17-92 miRNAs in rectal
mucosa cells, in the context of high red meat intake. Further exploration of this novel
protective mechanism is important in the current environment of high red meat
consumption in developed countries, and the concurrent high levels of CRC.
In this study, potential direct and indirect mechanisms were displayed for the regulation
of miR-17-92 host gene transcription by butyrate. The altered histone acetylation and
methylation observed around the MIR17HG TSS suggest a direct epigenetic mechanism
for this decrease in response to butyrate, while changes in regulatory proteins such as
the transcription factor E2F1 are also likely to play a role. The ChIP analysis presented
in Chapter 7 was a preliminary experiment, and was limited to examining several
activating histone marks, at one locus. Confirmation of the current finding of butyrateinduced histone modifications around the miR-17-92 cluster using multiple biological
replicates is required, and extension to all defined miRNA genes would be beneficial.
ChIP-Seq methodology could further assist in identifying the miRNAs that change
during the butyrate response and to ascertain which chromatin modifications are
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involved in their regulation. Interactions between regulatory proteins, HDACs, and
histone modifications could also be explored.
Competing roles of miR-17-92 cluster miRNAs were identified in this study. Most
cluster miRNAs inhibited the anti-proliferative effect of HDIs whereas miR-18a
enhanced the effect and targeted pro-proliferative genes, NEDD9 and CDK19. While
this study focused on the specific effects of these miRNAs on proliferation, future work
to assess their specific roles in apoptosis may strengthen the finding that miR-18a has a
unique opposing role. The expression of miR-17-92 cluster miRNAs in normal and
cancer colorectal cells, their identified target genes, competing roles, and regulation by
HDIs are summarised in Figure 9.1. It can be hypothesised that miR-18a may have a
homeostatic function in helping to contain the oncogenic effect of the entire miR-17-92
cluster. There is some evidence to suggest that tumour progression may be associated
with selection against miR-18a expression (Diosdado et al 2009), creating an imbalance
that may favour increased proliferation. It is known that various post-transcriptional
regulatory mechanisms can lead to different levels of individual cluster members, with
miR-18a specifically processed by hnRNPA1 (Guil & Caceres 2007); this processing
may be altered in cancer. Further investigation of the homeostatic role of miR-18a, may
be useful, and could include in vivo mouse models with manipulated miR-18a levels.
Currently the observation that miR-18a acts in opposition to other cluster members is
limited to several cancer cell lines, and this hypothesis requires validation in other cell
types and contexts. miRNAs can have specific action in various contexts, with positive
and negative effects on tumourigenesis (Mendell & Olson 2012).
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Figure 9.1: Proposed mechanism by which differing levels of miR-17-92 cluster
miRNAs in normal cells, CRC cells, and CRC cells with HDI treatment alter
identified target genes and cell outcomes.
miR-18a may have a homeostatic function in helping to contain the oncogenic effect of
the entire miR-17-92 cluster. Selection against miR-18a expression may occur during
tumour progression. This could create an imbalance that favours increased proliferation,
through a relative increase in miR-19 (a and b) and other oncogenic miR-17-92 cluster
members in CRC. The decrease in these miRNAs with HDI treatment may play a role
in decreasing proliferation. HDI: Histone deacetylase inhibitor. While not to scale, the
sizes of the boxes in the Figure indicate relative changes in miRNA levels.
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There are several potential avenues for therapeutic applications associated with the
findings of this project regarding HDI regulation of the miR-17-92 cluster, and
competing roles for miR-17-92 cluster members.
HDIs are already under clinical evaluation for their potential as chemotherapeutic
agents. Butyrate is rapidly metabolised and has a short half-life in vivo, which is not ideal
for a systemic chemotherapeutic agent (Miller et al 1987). The HDI SAHA, however,
has undergone phase II clinical trials, and was the first of two HDIs to be approved by
the FDA for the treatment of cutaneous T-cell lymphoma (Duvic et al 2007, Olsen et al
2007). SAHA is also being investigated for treatment of solid tumours such as CRC.
Several small early phase II trials of SAHA in tumours including CRC were mainly
concerned with safety and establishing appropriate dosage, and were unable to establish
the efficacy of the treatment (Vansteenkiste et al 2008, Wilson et al 2010b). The current
evaluations of the clinical effect of HDIs have been performed without a complete
understanding of their molecular mechanisms of action (Rada-Iglesias et al 2007). The
findings of this study and several other recent studies (Shin et al 2009b, Hu et al 2011)
that HDIs modify miRNA expression in CRC cells add to the body of knowledge
surrounding their action, and may assist in the refining of treatment strategies and the
monitoring of their effect.
Inhibition or delivery of miRNAs may also have therapeutic potential, and may be used
to modulate a disease process (Mendell & Olson 2012). A range of miRNA inhibitors
has been developed to inhibit specific miRNAs that have pathologic properties,
including chemically modified antisense oligonucleotides and miRNA sponges
(Krutzfeldt et al 2005, Ebert et al 2007). Preliminary animal studies have highlighted the
potential of these miRNA-targeted therapeutics. Krutzfeldt et al (2005), for example,
showed that chemically engineered oligonucleotides, termed antagomirs, could silence
specific endogenous miRNAs in mice, including miR-122, an abundant liver-specific
miRNA. To date, the most advanced miRNA therapeutic remains a miR-122 targeted
therapy, specifically a locked nucleic acid antimiR oligonucleotide against miR-122 for
treatment of hepatitis C virus infection. Inhibition of miR-122 was shown to suppress
viral replication in vitro and in vivo (Jopling et al 2005, Elmen et al 2008, Lanford et al
2010), and was the first miRNA therapeutic to be tested in humans, with Phase II trials
showing viral reduction after treatment without evidence of toxicity (Reesink et al 2012).
AntimiRs for members of the miR-17-92 cluster have been used experimentally in vitro
in several cancer types, including CRC (Matsubara et al 2007, Fontana et al 2008,
Tsuchida et al 2011), and have also been used in vivo in rodents for other diseases
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(Pullamsetti et al 2012). The use of mimics of miRNAs that play beneficial roles in
disease has also been explored for its therapeutic potential (Mendell & Olson 2012). The
cellular uptake of administered miRNAs is problematic and has been addressed with
various strategies, including viral-based delivery or by packaging the miRNAs into lipid
nanoparticles for systemic delivery (Kota et al 2009, Pramanik et al 2011). miRNA
replacement therapy using miRNAs with tumour suppressor properties has been
performed in cancer in rodent models in vivo, resulting in tumour suppression without
toxicity in normal tissues (Kota et al 2009, Pramanik et al 2011, Trang et al 2011). In the
context of the findings of this study, miRNA-based therapy could be used to inhibit
miR-19 (a and b) and other oncogenic members of the miR-17-92 cluster using
antisense oligonucleotides, or to restore levels of miR-18a using miRNA replacement
therapy. For such therapy to be successful, challenges surrounding the tissue-specific
effects of miRNAs would require addressing, as miRNAs that promote disease in some
tissues may play protective roles in others (Mendell & Olson 2012). One example is
miR-26a, which can suppress hepatocellular cancer but may promote glioma formation
(Huse et al 2009, Kota et al 2009). miR-17-92 cluster members may also have tissue
specific effects. Like other cluster members, miR-92a has an oncogenic role in CRC
(Tsuchida et al 2011), while in a non-cancer context miR-92a can decrease angiogenesis
(Bonauer et al 2009). Conversely, while miR-18a has been shown in this study to
decrease proliferation in CRC, and also to suppress proliferation in bladder cancer (Tao
et al 2012), it may also play a role in blood vessel growth (Dews et al 2006). Methods for
controlled, tissue-specific delivery are being explored (Mendell & Olson 2012).
Besides HDI treatments or miRNA-based therapeutics which both currently have
substantial challenges, the findings of this study confirm the benefits of several
proposed CRC prevention strategies. In the human red meat and resistant starch trial,
increases in expression of some oncogenic miRNAs were discovered in response to a
high red meat diet, with resistant starch, and indirectly high butyrate, to some degree
reversing this effect. This provides further evidence to suggest that limiting red meat
intake, or ensuring it is consumed in the context of a diet high in fibre and resistant
starch, may be beneficial for CRC prevention. Resistant starch supplementation is also a
potentially viable strategy for modifying CRC risk, with butyrylated resistant starch
offering additional benefits (Bajka et al 2008, Clarke et al 2012). Several studies have
shown long term resistant starch supplementation to be feasible (Burn et al 2008, Burn
et al 2011). There has also been a recent expansion in the number of commercially
available foods with modifications or supplementation to increase resistant starch
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content (Landon 2007, Bird et al 2008). In a global first for a government health
authority, Australia’s National Health and Medical Research Council now also specify a
resistant starch component in their fibre intake recommendations, due to its positive
impact on digestive health (NHMRC 2006, Landon 2007). Improved understanding at a
molecular level of the chemoprotective effects of this dietary component may assist in
its dispersion and uptake in the food system.

9.3 Conclusions
This study examined dietary regulation of miRNA expression in colorectal cells, and
explored the role of miRNAs in mediating the chemo-protective effects of diet-derived
butyrate and other HDIs. Butyrate and other HDIs decrease proliferation and increase
apoptosis in CRC cells via epigenetic changes in gene expression, and the dysregulated
miRNA expression observed in CRC cells could also be epigenetically altered by HDIs.
In vitro, a decrease in miR-17-92 cluster miRNA levels was observed in CRC cells with
HDI treatment, with a corresponding increase in expression of miR-17-92 target genes,
including cell cycle inhibitors and pro-apoptotic genes. The decrease in 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
levels of target gene transcripts. Of the miR-17-92 cluster miRNAs, miR-19a and miR19b were primarily responsible for promoting proliferation, while in a novel finding,
miR-18a acted in opposition to other cluster members to decrease growth. NEDD9 and
CDK19 were identified as novel miR-18a targets and were shown to be pro-proliferative
genes. This study presents the first evidence of competing roles for miR-17-92 cluster
members, in the context of HDI-induced changes in CRC.
In addition to the capacity of butyrate to reverse the dysregulation of miR-17-92
miRNAs in CRC cells in vitro, this action was also demonstrated with resistant starch
supplementation in vivo, in the rectal mucosa cells of human volunteers exposed to high
levels of red meat. High red meat intake was shown to raise levels of several miRNAs
with oncogenic potential, particularly miR-17-92 cluster miRNAs, and also miR-21. In
the context of a high red meat diet, resistant starch supplementation to raise butyrate
levels was shown to decrease miR-17-92 cluster miRNA levels, restoring them to
normal baseline levels. The findings in this study of in vivo modulation of rectal cell
miRNAs by various dietary compounds have not previously been demonstrated in
humans. The regulation of miRNA expression demonstrates a plausible mechanism to
explain some of the chemo-protective effects of HDIs, and some of the potentially
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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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Appendix 1 – Preliminary
experiments showing butyrateinduced microRNA expression
changes

Figure A1.1: Real-time RT-PCR analysis of miR-17-92 levels in HT29 and
HCT116 cells with 48 h butyrate treatment.
HT29 (A) and HCT116 (B) cells treated with 5 mM butyrate, compared with cells in
control medium (0) (* P < 0.05). The mean ± SEM of three cell culture replicates is
shown, and expression is normalised to RNU6B levels.
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Appendix 2 – Ingenuity Pathway
Analysis of miR-18a predicted
target genes
Tables A2.1 – A2.3 show the results of the IPA analysis of 91 potential miR-18a target
genes (Table A2.4), identified using the intersection of prediction programs in miRGen
(Megraw et al 2007). The top IPA networks associated with miR-18a potential targets
are listed in Table A2.1. Among the top IPA diseases and disorders associated with the
miR-18a potential targets (Table A2.2) is the relevant disorder of ‘Cancer’. The top IPA
molecular and cellular functions associated with miR-18a potential targets (Table A2.3)
included functions which are relevant in cancer development and progression, such as
cell cycle and cell death.
Table A2.1: Top IPA networks associated with potential miR-18a target genes
Network

Associated Network Functions

IPA Score

Cardiovascular System Development and Function, Organ Morphology, Skeletal and

44

number
1

Muscular System Development and Function
2

Cell Signaling, Nucleic Acid Metabolism, Small Molecule Biochemistry

29

3

Connective Tissue Development and Function, Skeletal and Muscular System

19

Development and Function, Tissue Development
4

Gene Expression, Embryonic Development, Tissue Development

19

5

Nervous System Development and Function, Cellular Development, Connective

18

Tissue Development and Function

Table A2.2: Top IPA diseases and disorders associated with potential miR-18a
target genes
Name

P value

Number of molecules

Genetic Disorder

5.84E-07 – 1.59E-02

55

Neurological Disease

5.84E-07 – 1.93E-02

38

Psychological Disorders

5.84E-07 – 1.89E-02

25

Respiratory Disease

1.60E-04 – 1.56E-02

3

Cancer

3.18E-04 – 2.03E-02

34
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Table A2.3: Top IPA molecular and cellular functions associated with potential
miR-18a target genes
Name

P value

Number of molecules

Gene Expression

5.64E-10 – 2.07E-02

35

Cellular Development

8.98E-06 – 1.99E-02

30

Cell Death

2.30E-04 – 1.72E-02

30

Cell Cycle

6.15E-04 – 1.98E-02

17

Cellular Movement

6.75E-04 – 2.06E-02

17

Table A2.4: List of potential miR-18a target genes, identified using the
intersection of prediction programs in miRGen
Symbol

Gene Name

ACTB
ADD3
AEBP2
ASXL2
ATXN1
BHLHE22
BRWD3
BTG3
C1orf9
C5orf13
CAMSAP1L1
CCDC88A
CDC42
CDK19
CREBL2
CRIM1
CTDSPL
CTGF
DDX42
DPP10
DUSP16
EHMT1
EPB41L1
ESR1
ETV6
FCHSD2
FNBP1
FOXN1
GAB1
GAB2
GCLC
GIGYF1
GLRB
GRHL2
HCN4
HDHD2
HIF1A
HMGCS1
HSF2

actin, beta
adducin 3 (gamma)
AE binding protein 2
additional sex combs like 2 (Drosophila)
ataxin 1
basic helix-loop-helix family, member e22
bromodomain and WD repeat domain containing 3
BTG family, member 3
chromosome 1 open reading frame 9
chromosome 5 open reading frame 13
calmodulin regulated spectrin-associated protein 1-like 1
coiled-coil domain containing 88A
cell division cycle 42 (GTP binding protein, 25kDa)
cyclin-dependent kinase 19
cAMP responsive element binding protein-like 2
cysteine rich transmembrane BMP regulator 1 (chordin-like)
CTD (carboxy-terminal domain, RNA polymerase II, polypeptide A) small phosphatase-like
connective tissue growth factor
DEAD (Asp-Glu-Ala-Asp) box polypeptide 42
dipeptidyl-peptidase 10 (non-functional)
dual specificity phosphatase 16
euchromatic histone-lysine N-methyltransferase 1
erythrocyte membrane protein band 4.1-like 1
estrogen receptor 1
ets variant 6
FCH and double SH3 domains 2
formin binding protein 1
forkhead box N1
GRB2-associated binding protein 1
GRB2-associated binding protein 2
glutamate-cysteine ligase, catalytic subunit
GRB10 interacting GYF protein 1
glycine receptor, beta
grainyhead-like 2 (Drosophila)
hyperpolarization activated cyclic nucleotide-gated potassium channel 4
haloacid dehalogenase-like hydrolase domain containing 2
hypoxia inducible factor 1, alpha subunit (basic helix-loop-helix transcription factor)
3-hydroxy-3-methylglutaryl-CoA synthase 1 (soluble)
heat shock transcription factor 2
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IRF2
KDM2A
KLHL20
LIN28A
MAN1A2
MAP7D1
MBNL2
MDGA1
MEF2D
MEIS1
MESP1
NEDD9
NEUROD1
NFAT5
NR3C1
PACSIN1
PAPPA
PDE4D
PHF2
PIAS3
PLAG1
PRICKLE2
PRKACB
PSD3
PTGFRN
PURB
QKI
RAB11FIP2
RAB5C
RABGAP1
REXO2
RUNX1
SATB1
SH3BP4
SIM2
SLC17A9
SMAD2
SOCS5
SON
SOX21
STK4
TAOK3
TRIB2
TRIM2
UBE2G1
USP6
VPS54
XYLT2
YPEL5
ZBTB4
ZBTB47
ZNF367

interferon regulatory factor 2
lysine (K)-specific demethylase 2A
kelch-like 20 (Drosophila)
lin-28 homolog A (C. elegans)
mannosidase, alpha, class 1A, member 2
MAP7 domain containing 1
muscleblind-like 2 (Drosophila)
MAM domain containing glycosylphosphatidylinositol anchor 1
myocyte enhancer factor 2D
Meis homeobox 1
mesoderm posterior 1 homolog (mouse)
neural precursor cell expressed, developmentally down-regulated 9
neurogenic differentiation 1
nuclear factor of activated T-cells 5, tonicity-responsive
nuclear receptor subfamily 3, group C, member 1 (glucocorticoid receptor)
protein kinase C and casein kinase substrate in neurons 1
pregnancy-associated plasma protein A, pappalysin 1
phosphodiesterase 4D, cAMP-specific
PHD finger protein 2
protein inhibitor of activated STAT, 3
pleiomorphic adenoma gene 1
prickle homolog 2 (Drosophila)
protein kinase, cAMP-dependent, catalytic, beta
pleckstrin and Sec7 domain containing 3
prostaglandin F2 receptor negative regulator
purine-rich element binding protein B
quaking homolog, KH domain RNA binding (mouse)
RAB11 family interacting protein 2 (class I)
RAB5C, member RAS oncogene family
RAB GTPase activating protein 1
REX2, RNA exonuclease 2 homolog (S. cerevisiae)
runt-related transcription factor 1
SATB homeobox 1
SH3-domain binding protein 4
single-minded homolog 2 (Drosophila)
solute carrier family 17, member 9
SMAD family member 2
suppressor of cytokine signaling 5
SON DNA binding protein
SRY (sex determining region Y)-box 21
serine/threonine kinase 4
TAO kinase 3
tribbles homolog 2 (Drosophila)
tripartite motif containing 2
ubiquitin-conjugating enzyme E2G 1 (UBC7 homolog, yeast)
ubiquitin specific peptidase 6 (Tre-2 oncogene)
vacuolar protein sorting 54 homolog (S. cerevisiae)
xylosyltransferase II
yippee-like 5 (Drosophila)
zinc finger and BTB domain containing 4
zinc finger and BTB domain containing 47
zinc finger protein 367
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Appendix 3 – Period effect analysis
for high red meat and resistant
starch trial

Figure A3.1: Groups-by-periods plot for faecal butyrate levels of participants in
the high red meat and resistant starch trial
The mean ± SEM is shown for each diet, in each period. n = 10 in the RM dietary
intervention and n = 13 in the RM + RS dietary intervention in the first period. RM: red
meat diet; RM + RS: red meat + resistant starch diet.
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Figure A3.2: Groups-by-periods plot for miR-17-92 cluster miRNA levels in rectal
biopsies of participants in the high red meat and resistant starch trial
The mean ± SEM is shown for each diet, in each period. n = 10 in the RM dietary
intervention and n = 13 in the RM + RS dietary intervention in the first period. RM =
red meat diet; RM + RS = red meat + resistant starch diet.
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