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SUMMARY
3011 AOU
Colorectal cance€RQ developmenis associated with epigenetic modifications,
includingDNA methylation changealterechistone modification patterraad
dysregulatechicroRNA (miRNA)expression. Whikomedietarycompounds caalter
colorectatell behaviour through epigenetic mechanisnrsidieen modifying
MiRNA expression in CRC cells and nooolarectatissue has been less studide.
dietderived compouhbutyrate, with itknown role in histone modificatjos a
plausible candidate for altering miRNA expresgisstudyexamired dietary
regulation of MiIRNA expressiorcilorectatells, and explatehe role of butyrate
and othehistone deacetylasdibitors HDIs) in modulatingCRCriskthrough altered
MiRNA expressiamhe downstream consequences of these miRNA changes, and the
roles of miRNASs in the context of the gnbliferative effects of HDlsvere
determinedin addition taexploring theaction ofbutyratea potentidy protective

dietary component, tistudyalso investigatadhetherfactorsthatpossibly increase

CRCrisk such akighred meaintake alter miRNA expression

In vitrpbutyrateand other HDIsalteedlevelsof some miRNAs that are dysregulated in
CRC including thencogenieniR-17-92 miRNA cluster whicls overexpressed in

CRC ButyratadecreaskemiR-17-92 miRNAleves in CRC cells, with a corresponding
increase iexpression ahiR-17-92 targes includimg cellcycle inhibitors and pro
apoptotic geneblechanismfor this decrease included changes in regutaEmiR-
17-92host gendgranscription, and altered histone acetylation and methylation patterns
centred around the transcription start site andqiesraf the miRL7-92 host gene
DecreasemiR-17-92 expression may be partly responsible for tharaliferative

effects of HDIs, with introduction of mMiR~92 cluster miRNA mimics reversing this
effect and decreasitagget gentranscriplevels Of the clustemembersmiR19a and
mMiR-19b were primarily responsible for promoting proliferation, while in a novel
finding, miR18a acted in opposition to otmembers to decrease growio pro
proliferative geneSIEDD9 andCDK19 were identifiedsanovel miRL8a targets. This
studypresergthe first evidence of competing roles for-if2 cluster members, in
the context of HDlinduced changes in CRIR-18a may play a homeostatic role in
containing the oncogenic effects of the entire clugtendy be selectively decreased
in CRC compared with other cluster members.

XiX



SUMMARY

In addition to the capacity of butyrate to reverse the dysregulatior1a¥98iR
miRNAs in CRC cella vitrpthis action was demonstrated with resistant starch
supplementatiom vivoinrectal biopges fromhealthyhuman volunteers exposed to
high red meat leveligh red meat intake raldevels of miRNAs with oncogenic
potential, particularly miR-92 cluster miRN#and miR21.Resistant starch
supplementatioraisel faecébutyrateconcentrationgnddecreasemiR-17-92 cluster
mMiRNAs to baseline levdis.vivenodulation of miRNA® colorectal cellsy dietary
compounds rsnot previously been demonstrated in hunfiegulation of miRNA
expression demonstratgdausible mechanism to explain some of the ehemo
protective effects difutyrate andpotentially carcinogenic properties of other dietary
componentdJnderstanding hodietary compounds alter miRNA expression, and how
mMiRNAs modulate the action of HDisay provide new opportunities for CRC
therapies and prevention strategies.
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Chapter1.) I OOT AOAOET 1

1.1 Epigenetic modulation of gene expression

Colorectal cancer (CR@hich includes cana#rthe colon, the rectosigmoid junction
and the rectunis a major cause of morbidity and mortality worldai¢tV 2012
IARC 2012 Themajority of CRC casescur sporadically, atieeir developmemhay
be influenced by environmerdatl lifestyléactors including diefWCRF 200)/
Multiple epigenetic events are responsible for the onset and progressigrirof CRC
addition to genetic chang@@eyota et al 1998 steller et al 200Zhu et al 2004

Enroth et al 20)1

Epigenetic modulation is the alterabbgene expressiam cellular phenotypeithout
changeo the underlying DNA sequen@@CRF 200)f Oneclassic epigenetic
mechanisns theremodelling of chromatin leading to altered gene expr&s=namic
DNA is wrappe around histone proteins to formcleosomes, which emltively form

a structure known as chromatarioudevels of chromatin remodelling occur, and
include DNAmethylationhistone 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 ocalong lhe tails of core histones thabtpude from

the chromatin unit. These argject to multiple pestanslational modifications

includingmethylationacetylatiorphosphorylatioandother processd€kuger et al

1997 Strahl & Allis 2000These histone modificatiaren open ocompact the

chromatin structure and affect levels of transcription and gene exflragsioat al

1997 Strahl & Allis 20QMHake et al 200€ampos & Reinberg 20@uil & Esteller

2009. Numerous enzymes are involved in histone modific@illinset al 20Q7

Kouzarides 20Q.:Histone mdtyltransferases (HMT) and histone demethylases

(HDM), for example, control levels of histone methylatioire histone

acetyltransferases (HATS) &unstone deacetylases @x)are responsible for

increasing and decreasiigjoneacetylation respectively. Increased histone acetylation

generally promotes a more relaxed chromatin structure, allowing transcriptional

activation, while decreased acetylation can lead to transcriptional répuession

1998 Strahl & Allis 20Q0Additional 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 risedot 6 hi st on e whichd e 0
1
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CHAPTER 1

propoedthat one modification or combination of histone modificatmuid c
determine a particular functional ouf@itahl & Allis 20Q@enuwein & Allis 201

The outcomesf histone modifications can be to initiate transcriptional activation,
silencing or other cellular responses, and are reviewed in more detail in Shiagbter 7
& Allis 200Q0Jenuwein & Allis 201

DNA methylation, which isatalysetly DNA methyltransferase enzymes atsm

result inchromatin reconfiguration and transcriptional repre®&onet al 1998

DNA methylation involves the addition of a methyl group to cytosine residues at
adjacent cytosinecgguanine nucleotides (Cp@&dcleotidesCpG dinucleotides
occur in high concentration in certain areas of the gesodnare referred to as CpG

i slands. CpG islands are often found at
60% of genes have a@&ysland at their promot@ird 2002 DNA methylatiorof a
CpG island at a gene promoter lead to silencing of this gene, by directly inhibiting
binding of transcription factors and by recruiting transcriptitepoessor complexes
that can cause chromatin reconfigurgBoyes & Bird 199Cross et al 199Xan et
al1997 Nan et al 1998

In addition tochromatin remodellingndher @mmon epigeneticachneryisthe

regulation of gene expressiombgcoding RNAsuch asnicroRNAs(miRNAS)

mMiRNAs are smation-codingRNA sequences that pasinscriptionally regulate the
expression of target genes by binding to complementary target mMRNAs. They can cleave
complementary mRNAs, or where there is imperfect complatyeosa act through
translational inhibition and transcript dessalitin(Hutvagner & Zamore 2002

Filipowicz et al 200&uoet al 2010 miRNAs have a unique place in the field of
epigenets they can be classified as epigenetic regulators of gene expression, but can
themselves experience altered transcripia@pigenetic mechanisssoutlined in

the setions below, epigenetic machegeplay a vital role in the development and
progression of CRC, and may be influenceibyry components.

1.2 Development and progression of ¢ olorectal cancer

Worldwde,CRCis the third most common cancer, waitbundl.2 million newcags
recorded in 2008ARC 2012 There is large geographical variation in the global
distribution of CRC, witthe highesincidencen theUSA, Australia, New Zealand,
andparts of Eirope thelowestincidence ii\frica andAsig andintermeliate levels in
2
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South AmericdARC 2007Jemal et al 20QI/ARC 2012 Incidence can vary upt6

fold between countries with the highest and lowestwattegmost 60% of ces

occuring in developed regio@8RC 2007IARC 2012 While ncidence may be

stabiling inlong-standing developeduntriesit isincreasing rapidly @conontally
developingountriegCenter et al 2009emal et al 200 CRCis a major contributor to

both morbidity and mortality, particularly in countries which have the highest incidence
of the diseasARC 2012 Mortalityis approxmatelyhalf that of incidencwith
around60Q000 deaths recorded in 20@rldwide making CRC thi®urth most

common cause of death from carfl&RC 2012 Mortality rates are decreasing in

some developed countries, due to improved treatment and early detection, but are

increasing in many developing count@iester et al 2009emal et al 20111

In AustraliaCRCis the second mosequently occurring cancer in the population,
with 14,255people diagnosed with the disease i @A of all cancer casé8)HW
201). Theagestandardised incidenege in 2008as61.8 per 100,000, with risk of
diagnosis before age 85 at 1 i(A1ldW 2011. While @ncer incidence projections to
220 indicate that the numberrfwCRCcases per yeamay be stabilisinGRC will
remainamongthe most common cancers diagnosed in Australia i(A2820 20139.
CRCis the second most common cause of cancer death in Austrafi@dvaeaths
in 20, accounting fa2.9% of all person deaths and 10.1% of all cancer deaths
(AIHW 201). The agestandardised mortaliigte in 200Wwasl17.8 per 100,000, with
risk of dying from CRC before age 85 at 1 {AHW 201). In 2010CRC was
estimated to bine secondeading cause of the burden of disease due to (3hH860
disabilityadjusted life yes{DALYS) in maleg13%o0f cancer burdgrand30,300
DALYs infemales12%of cancer burden)). It watso the second highest cancer
contributing toyearsof life lost (YLL)dueto premature dea(b5,800vLL) (AIHW
2010. The totl health expenditure in 2@01for CRCwas $235 millioAIHW
20085.

The colornand rectum are the final sections of the digestive systemans and most
vertebrates. Functions of the colon include storage of waste, absovmien, bt
and some nutrients, and bactexidéd fermentatioof undigested materibgfore
eliminaion from the bodyCummings 197Ruppin et al 1980rhe transformation of
normal colonic mucosaarnvasive cancer can often tg&argo decade@il-Sohaily

et al 201R This developmengenerallynvolves multiple steps, from aberrant crypt cells
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and epithelial hyperplasia, to adenomatous polyps, careimdmetastadisiuto et al
1975 Fearon & Vogstein 1990

In a healthy colorectum there exists a balance between proliferation, differentiation
migration and apoptosiie adult colorectal epithelium undergoes constant
regeneratioas differentiated cells at the epithelial surface arenshexplaced by new
cells(Booth & Potten 20Q0ariadason et al 2Q®sinski et al 200.7The lining of

the colonconsists omillions ofcrypts, which each contain thousands of cells, including
multiple stm cells that maintain the crypts throzayitinuadivision and
differentiation(Booth & Potten 20Q(¥atabe et al 200dim & Shibata 20QXosinski

et al 200,/Powell et al 20).2T'he stages of cell division include a resting phgse (G
growth and preparation of chromosomes for replicgBQnNDNA replication (S),
preparation of cells for division,JGand mitosis (M), with several checkpoints to check
for DNA damager errorsan replicatiofWCRF 200y Stem cell division can yield

more stem cellandalsocelkthat migrate upward through the crypt, proliferate and
differentiatg€Snippert et al 20LMifferentiated epithelial cefiave a rapiturnover,

while stem celthatare maintaineat the base of the crygan accumulate alterations

in the copied DNAover timeif not recognised by DNA repair mechani@dagbe et

al 2001Kim & Shibata 2002Most alterations will be lost, but sometimeslonal
selectiomprocess single crypt may sequentially collect multiple altethtibpsovide
agrowthadvantagécrypt niche successiprayelythiscombination of alterations
collectively confera tumar phenotypdKim & Shibata 20QBarker et al 2009
Alterationgnmaylead to novel or increased function of oncogenes, or loss of function of
tumour suppressgenesleading to the visible startaofrowth advantage and
phenotypic progressi@iiearon 2011

Aberrantcrypts can progress &sions that project above the surrounding muenoda
aretermed polypsSmall hyperplastic polyps will only rarelgrpss to CRC, while
adenomatous polypadenomasjyvhich are characterised by dysplastic morphology and
altered differentiation, are more likelgagrecursors t6RC(Winawer et al 20D6

Some polyps, identifiedsesrategholyps have aistinct developmepathwaynot

seen in traditional adenomas, and progress to cancer via a different pathway, the
serrated neoplasia path\{igrlakovic et al 200Bonishi et al 20Q4&pring et al 2006

Only a fraction of adenomas will ever progress to(@R@wer et al 20DE€RC

tumoursare characterised by uncontrolled growth and evasion of apoptosis, sustained
angiogenesiand eventuaissue invasion and metastt®i€RF 200) The process of

invasion and metastasis involves detachment of tumour cells from the primary site,

4
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migration, invasion of blood or lymphatic vessels, dissemination, and finally settlement
in the distant sit@\l-Sohaily et al 20112

CRCmaybe detectethrough routinescreening, such as a faecal occult idstd
sigmoidoscopy or colonoscopy, or may first presenheittevelopment of

sympgoms. Symptoms are commonddvanced CR®hen prognosis is poor but are
less common and obvious early in the digéappell 2008A two-step process is
commonly employed detect early stage CR{ith a colonoscopy performed when an
initial faecal occult blood test is positiwsin et al 2008 Besides serving as a
detection methqd colonoscopyllows biopsies to be performed, givé-cancerous
polyps to be removetherebypreventing CRC developmé@htinawer et al 1993
Cappell & Friedel 20DZRCdiagnosis andagjingcan incorporate clinical and
pathologic examinatiohhe TNM staging system, developed byAitmerican Joint
Committee on Cancer (AJCC) and the International Union Against CancgrgUICC
commonly usedand is based ahe extent of the tunuo (T), the extent of spread to
the lymph nodes (N), and the presence of metastasts/@vgll cancer gag can
classify cancers as Stage 0 (camaiimositu), Stage | (locatisancey, Stage Il oHl
(locally advancexhncerwith degrees of lymph node involvement$tage IV (cancer
ismetastasesl, or spread to other orgp@#sICC 2010

Treatment strategies for CRC are dependent onrtstagdCrea et al 201 1Early
stageCRCthatis confined to thesubmucosacan be treatdoly surgical resgon with

curative intenturgical gcision ighe preferred option for locadtumairs, while

adjuvant chemotherapyay beemployed after surgical regattparticularly ipatients

with lymph node invasig@unningham et al 201Metastatic CRC patients may be

treated with chemotherapeutic agents and best supportive carefivilyéan

survival rate of approximately 90% is possible when CRC is detected and treated early,
when metastatic disease is detected the median siappabximatelsixmonths

(Kohne & Lenz 2009

Normal colorectal regeneration ieggbalanced molecular contseith multiple gene
expression pathways involved in creating and mainthislejanceExamples of
pathways that maintain a normal colorectigtiipe include the N -A-catenin
signalling pathway which is involved in maintaining prolifeidacadason et al 2001

Batlle et al 2002an de Wetering et al 2D@8e TGFAsupefamilysignalling pathway

5
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which plays a role in tissue homeos{&ssker et al 200Bellam & Pasche 2Q18nd

the Notch signalling pathway whittiuencegellfate andlifferentiationFre et al

2005 Okamoto et al 2002heng et al 2009CRCprogressiogenerallyequires

multiple genetiand epigenetievents restihg in thelossof-functionof tumour

suppressor genasdgainrof-functionof oncogenesnd dysregulation of signalling
pathways involved irltular metabolism, proliéion, differentiation, survival and
apoptosigFearnhead et al 20@2-Sohaily et al 20L2pproximately 5% of CR€ases

are caused hyherited genetic mutatiok®own inherited conditions that predispose

to CRC include, among othdasnilial adenomatous polyposis (FARichis an
autosomatlominant disorder causedd®rm linanutationsof theadenomatosis

polyposis col[APC) tumour suppressgengKinzler et al 199landhereditary non
polyposis colorectal cancer (HNPGEC)ynch syndromehichis also an autosomal
dominant disorder causedd®ym linanutationdn DNA mismatchrepair genes

(Fishel et al 199Bronner et al 199Rapadopoulos et al 1998heremaining 95%f

CRC casesccur sporadically via a series of genetic and epigenetic bhaungjets,

about by intrinsic and extrinsic for€@fthis majoity, 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

environmentadnd lifestyléactors(Power et al 20).0

The frstmoleculamodelof CRCdevelopment was offerbg Fearon and Vogelstein

(1990, which proposethat 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 acdatimn of changes, rather than their order, was
seen as responsible for determining theu@nmiologic propertiggearon &

Vogelstein 1990Since this model, multiple genes have been investigated for their link

to CRC developmertut only aiinited number of gene mutatidresre beefound in

a sizable proportion of CR@ndtheir combination in the same cancer is less common
(Fearon 200)10ne common genetic chargfeenassociated with adenomatous polyps

is lossof functionof the tumowsuppressor geddC. Approximately 706 80% of
sporadicolorectahdenomas and carainas have somatic mutations thattivate

APC (Fearor201). In one CRC modeAPChas been describagad g at edgepee per 0
due to its responsibility maintaitng balance icolon celhumbergKinzler &

Vogelstein 1997In this model, other genes that maintairetic integrity, such as

DNA mismatch repagenesmay berefee d t o as O iaziee&8 aker get

Vogelstein 1997APC assists in the control of cell adhesion, migration, chromosomal

6
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segregation, and apoptosis in the colonic crypt, and is a regulatévoaitémn
dependent \NT signalling pathwdlie et al 1998Loss ofAPC function leadto
accumulation okcatenin, which in turn binds to transcription factndsaltes the
expression of multiple genes affeateltrycle progression, proliferation,
differentiation, migrationpaptosis, and angiogendkis et al 1993 etsu &
McCormick 1999 Mutations of the potential onesgKRAS(v-Ki-ras2 Kirsten rat
sarcoma viral oncogene homdkog also found to occur in many early to late
adenomas, while mutations of the tumour suppress@up&fir protein p53 ofP53
will tend to occur later, and may promote the change froonaalémcarcinoma
(Vogelstein et al 1988arnhead et al 200@ther oncogenes that have altered
function in a significant fraction of sporadic CRCs inBIlKERCA BRAF, NRAS,
EGFR CDK8 C-MYC, CCNE1, CTNNB1, ERBB2andMYB, while other tumour
suppressaithat are commonly mutated incli®IEN, FBXW7, SMAD2 SMAD3
SMAD4, TGFA | ,IT&F7L2 ACVR2, BAX andMCC(Fearon 20)1Various
molecular pathways of CRC have been demonsivhiel lead to different cancer
phenotypes. Currently & distinct molecular pathwhgse been identified, including
the Chromosomal InstabilitZ(N) pathway, th#licrosatellite InstabilitiMSI)
pathway, and tHepG Island Methylator Phenotyj@MP) pathwayalthougtthese

pathwaysrenot mutually exclusiy@ass 200.7

In the CIN pathway, defectsahromosome segregation lead to loss or gain of
chromosomes or chromosome regions containing genes important in the cancer
dewelopment procegsengauer et al 199¥ang et al 2004rhis pathway is associated
with chromosome number imbalance (aneuploidy), chromosomal genomic
amplificationsand loss of heterozygogithiagalingam et al 2004 large fractioof
sporadic CR€; approximately @b70%,present with altered chromosome number or
gructure(Al-Sohaily et al 20LBroad chromosomenglifications and deletions have
been observed in CRC, in addition to focal gains or losses in regions containing
important cancer gen@$iagalingam et al 200%¥ang et al 20D4Specific mutations

in oncogenes and tumour suppregenes can occur in addition to these karyotype
abnormalitie€Commonchromosomeandgenesffected in the CIN pathway include
the5p allelevhich harbours theaPCandMCC (mutated in colorectal cangagsnes
the8pallelethe17p allelevhichcontairs p53and thel8q allel¢Vogelstein et al 1988
Jen et al 199€hughtai et al 1999

Another molecular pathway for CRC development M3thpathwayMicrosatdites
are short repeat nucleotide sequences prone to errors, participdy basmatches,
7
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during DNA replication. Naonally, these errors are recagphisnd repaired by the
DNA mismatch repagystemMSIoccurs when theismatch repagystem is unable
to recognise ancbrrect these erroffonov et al 1993 hibodeau eal 1993 Defects
in mismatch repagenesuch as1LH1, PMS2MSH2 MSH3andMSH6can occum
hereditary conditian and in a subset of sporadic @R€hel et al 199Bronner et al
1994 Papadopoulos et al 1994 et al 199 Nicolaides et al 1998 pproximately
15% of sporadic CRC are characterised by MSI, refsahlingenetic or epigenetic
inactivation ofnismatch repafunction(lonov et al 1993 hibodeau et al 1993
Suraweera et al 2008 sporadicCRCcasesvith MS| epigenetic inactivatiofthe
DNA mismatch repair proteMutL honolog 1(MLH1) is more frequer{Herman et
al 1998Toyota et al 1999pecificmicrosatellite lo@areusually exaimed to identify
MSI, and define tumasias MShigh, MSllow, or microsatellite stable (M®8}yith
elevated microsatellite instability at selecteehiatteotide repeaEMAST)
(Suraweera et al 20B2ugen et al 20PMSI isessentiallgn indication of defective
mismatch repafunction. Cells witmismatch repair gene mutations cannot repair
spontaneous DNA errors and progressively accumulate mutatiorisothirtueg
genome, resulting tamour developmenA number of genes have coding repeats that
are susceptibte mutations whemismatch repais defective, including cancer
relevant genes involved in DNA repzet| cycle control, apoptosis, aighal
transductiorfAl-Sohaily et al 20112

Therole of epigenetida the development of CRC was acknowledged with the
description of th€IMP pathwayor CRC developmenivhich pecifically refers to the
epigenetic modification of DNA methylation that can occur at CpG isha@&RC,
promoterspecificCpG islandypermethylation is an alternative mechanism to genetic
mutations for the silencing of tumour suppressor genes; this is likely an early event in
tumaurigenesis, and can be more frequent than genetic qiaygés et al 1999

Esteller et al 200WVeisenberger et al 2086huebel et al 200Genes with tumour
suppressor function that are commonly hypermethylated in CRC include cyclin
dependent kinase inhibitor R2DKN2A), the DNAmismatch repaproteinMLHL1,

and he DNA repair protei®@-6-methylguanin®NA methyltransferag®GMT)

(Toyota et al 1998hen et al 20DEIMP refers tahe presence of hypermethylation

of multiple genes, and specific markers are examined to identify CIMP(@GtgiRve
high)tumours. CIMFhigh tumours account for 820% of sporadic CR®hile there

is some debate as toetliner the CIMP repredsra trly distinct pathway, CIMP

tumours have been shown to hanegueclinical and pathologic featufdawkins et al

8
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2002 Jass 200.7The CIMP classificatiorabsome overlap with MSbr examplehe
slencing othe MLH1 mismatch repagene in sporadic M8igh CRds usually

caused by hypermethylat{blerman et al 1998 here are several examples of the

same gendxeing affected in CRC regardless of the underlying molecular pathway, for
exampldéoss ofAPC function is common in many CRC, thuscan occur through
variousmutatiors, chromosomal abnormalities aosk of heterozygosignd/or

promoter methylatiofMiyoshi et al 199Riuang et al 1996liltunen et al 199Bturlan

et al 1999%odde et al 2001

Besidesherecognised role promoterDNA hypemethylation in CRC development,
other epigenetic mechanisms inclugiagal DNA hypomethylatiohistone

modifications and alterations in miRNA expression caroalsibue to CRC
developmentn 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
patterngMatsuzaki et al 2008odriguez et al 200€RC is also associated witareld
patterns of histone modifications, and dysregulation of proteins responsible for these
modificationgZhu et al 2004Vilson et al 200&nroth et al 201 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 Séc&fMichael et al 200Bummins et al

2006 Slaby et al 20p7

CRC risk is a combination of genetic predispositid lifestyle and environmental
factors A small fractiomf CRG result from inheritegerm line mutations genes
associated with canoshilethe remaining majority involve alterations accumulated
over timedue to genetic mutations or epigenetngbgWCRF 200) Increasig age
is one of the most important risk factarsCRC, with over 90% of sporadic CRCs
occuring in individuals over the age of{ABSohaily et al 2012n addition tahe
accumulation of mutations over time, epigenetic chalsgescceleratgth age;
increased DNA methylatidioy example, has besimown to correlate wittdvanced
age(Toyota et al 1998raga et al 2006&amily history is also an important risk factor,
even when a known hereditary syndrome is not p(eserr et al 20).0nternal
factors likely to modify risk incluoledative stress, inflammatiandhormoral

change€nvironmental and lifestyle risk factors inchlmsity and physical inactivity,
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tobaccaandcigarette smokand alcohol consumption, as well as excess consumption
of potentially carcinogenic food substances and inadequate consumption of protective
dietay component@VCRF2007 Mathers et al 20,181-Sohaily et al 201L2Vhile

aging and genetic susceptibility are irreversible, somm&@RIae prevented by

altering environmental risk factors, in ordenitomise inflammation dmexposure to
mutagens, reduce epithktiell proliferation, and support the apoptotic removal of
damaged celfsund et al 20)1

1.3 Diet and colorectal cancer

Dietary components can directly affect the genome, and can also epigenetically alter
gene expression without altering the DNA seq@@rfcBF 200) The latter is termed
nutritional epigestics which is th@on-codingmodification of genes throughanges

in DNA methylationhistonehomeatasis, miRNAevelsand DNA stabilityin

response to nutritiofCRF 200y Colonic epithelial cells are directly exposed to
dietary compounds, and a significant proporti@Rg& may be diet related.

Carcinogens ingested as part of, or with, foods and drinks can iretigindth the

cells lining the colon and rectum if they are not metabolised or absorbed in the small
intestingWCRF 200y Links between diet and cangsk arecomplex and aypical

diet may provide more than@® bioactive food constitue(@aig 1994.iu 2004.

Diet components may affect guicosa directly frotheluminal side, or indirectly
through wholéody metabolisifNystrom & Mutanen 200Dietary constituentsan
modify a multitude of processedath normal cells and cancer ¢elled differentells

may vary in therespose to bioactive food component®sb, timing, and duration of
exposurare also important in determining the resp@§&RF 200)

One of the first links between a food compoaedtCRQGisk was proposed several
decades ago, wiurkitt (197)1noting that a lack of fibie the dies of the Western
world may contribute to changes in bowel he#lftalink between diet and CRC
development is supported by evidencsubstantial geographical variatioi@RE
incidence rates and trenegthlongstanding economicallgwkloped countries hayg
higherincidence rates of the dise@enter et al 209actors associated with
economic development\Westerniation include dietcharacteristicalhyighin red or
processedheat and refined carbohydrata®d low in fibre, fruits and vegetables,
accompanied by lifestgleanges such as a reductiophysical activitevelgCenter et
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al 200% There iseidence that populations moving from-lagsidence areas to high
incidence areas take on the disease profile of the new country within onengenerati
suggesting a strong environmental(ktdod et al 2000The adoption of Western
dietary and lifestyle practices in developing countries hasfaditecreaes inCRC

rates while incidence rates stabdign the majority of developed countries, there was
significant increases in Eastern European countries, most parts of Asia, and select
countries of South Ameri@enter et al 2009

The geographical indication of a role of diet in CRC fitewitbnce frorsase series
and prospective cohatudiesn humansThe authors of the latest report of the World
Cancer Research Fufar examplesonducted systematic reviewsadfort and case
controlstudiedo judge that there was convincing evidencedtiaheat, processed
meatalcoholic drinksandbodyfatness increaseisk of CRC(WCRF 200y
Alternativelygarlic, milk, and foods containing dietary fibre or caleémenjudged to
probably protect against this caffdéCRF 200) There wa moreimited evidenc®
suggest that nestarchy vegetables, fruftsh, and foods containing folate, selenium or
vitamin D maylecrease risknd limited evidence to suggest that cheese, and foods

containing iron, animal fats or sugaay increase ri§R/ CRF 200y

There isubstantia@dvidencérom cohort and casmntrol studiethat high itake of
redor processed meats may increase CR@sidiscussed in Chaptefi@e largest
human cohort study to dateeEuropean Prospective Investigation into Cancer and
Nutrition (EPIC)study, used data from 4¥8)individuals to identify that CRiGk

was positively associated withke of red and processed meih a hazard ratio per
100 g increase in intake of red and processed meat of 1.66r(®&&nce intervaC()
1.196 2.02Ptrend = 0 .001{Norat et al 2005Systematic reviews of availableort
and caseontrol studiebave found high red meatprocessed meat intake toabe
convincingisk factor folCRC(Larsson & Wolk 2008VCRF 200,/Chan et al 20);1

in the review by th& CRF (200 intakeof morethanapproximately 500 g of cooked
meat per week was associatiétdl signiicantly increased risk @RC Isolaingthe
independent effects i#gd meabn CRGis difficult, and current evidence may suffer
from potential confounding from other dietary and lifestyle fd&lesander &
Cushing 20)1There are, howevetapsible mechanisms by which red meat can
increase CRC risk. Red meat has been shavengase DNA damage and induce
DNA strand break§ oden et al 2008 oden et al 200.7The generation of potentially
carcinogenic Mitroso compounds can increase DNA alkylation and enhance

formation ofpro-mutageni®NA adductqLewin et al 20Q6the production of
11
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heterocyclic amines and polycyclic aromatic hydrocarbons tlwakighg at high
temperature can also induce DNA danflagarmann et al 20)9vhile the haem iron

and free on in red meat can lead to the production of free radicals, which can also be
damagingGlei 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 absdiptiemall

intestine, usually with complete or partial fermentation in the large ifR8stN2

20132. This definibn encompasses the traditidoains of dietary fibre, sh as soluble

and insoluble nestarch polysaccharides (NSP), and also inchststant starek and
otherfood materiathatareresistant to digestig@ummings et al 199bopping &

Clifton 200). Evidencdrom cohort and casmntrol studiebas generalshownthat

high intake of dietary fibre may decrease CRC risk, as discussed in OlegpE? 1€

study, for exampl&und thatn 519978 individualsietary fibréntakewas inversely
related to incidence 6GRC, with amdjusted relative rifl the highest versus lowest
quintile of fibre from food intake 6f58 (95%1 0.418 0.85)(Bingham et al 20P3

This association was substantiated by systematic review evidencefiloRRhe

(2007 which identified elear doseesponse relationsHijem generally consistent
cohortstudiesand concluded thaidds containing dietary fibre probably protect
againsCRC. hterventional studiexaminindghe effect of fibre on CRC risk in

humans usally uebiomarkers or aden@® as surrogate endpoints, and have presented
less concluse evidence. A systematic review of interventional stoilidsedthat
increasing fibre in\Western diet fotwo to four years did not lower thisk of CRC

(Asano & McLeod 2002t wasnoted thatongerterm trials and higher dietary fibre
levelanay be needed to reproduce the effect of dietary fibre shown in the observational
studies, while the source of the dietary fibyeatsa influence its eff¢éisano &

McLeod 2002Young et al 200Schatzkin et al 2007

Possible mechanisms for a protective effect of dietary fibre include the dilution of faecal
conents, increased stool weight and decreased tranditrtame) of carcinogens and

bile salts, increased colonic microbiota and altered species balance, and production of
fermentation productacludingshort chain fatty acigSCFAs)Young et al 2005
WCRF2007. The fermentation of fibre and resistant starch to pr@@DEAssuch as
butyrateoffersa plausible mechanism fqratectiveeffectof this dietary component

(Young et al 2003Butyrate is Bnown histone deacetylase inhibitor (HDI) with
chemoprotective effects, and is reviewed further in Section 1.3.2 and Chapter 4.

12
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Dietary components may altancerisk throughoth genetiandepigenetic
mechanism3.he DNA damagenducedoy red meat an example of a genetic
mechanism for modifyi@RCrisk (Toden et al 200@oden et al 200.O0neexample
of anepigemrticmechanismnsthe modificationof histonedy dietary factors thatn

act a#Dl s, such as butyrate from fikariadason et al 2Q0@iallyl disulphide from
garlic and other alfiuvegetablg®ruesne et al 2@, DruesnePecollo et al 2007
Altonsy & Andrews 20}),Jand sulphoraphane glucosinolate from cruciferous
vegetable@Vlyzak et al 200Myzak et al 20088lyzak et al 2006blyzak et al 2007
Clarke et al 2011®NA methylationis another example of epigenetic change
influenced by diefppropriate gene expressismaintained by appropriate pattarhs
methylationanddietary factorsuchas folate, a methgbnor, aremportant
determinargof normal methylatiofwallace et al 20l0mbalaned intake o$pecific
dietary constituents such aat®lmay increase risk of caiflativala et al 2003
Wallace et al 201 0ietary compounds may also exert additional epigenetic influences
by alteringniRNA expressiornn various cell types, as reviewed in Section 1.5.

Butyrate is a prime example of adésived substance with an epigenetic mechanism
for altering CRC risk. Dietary fibre residues that reach the catomats and humsin

are metaboksl by anaerobic bacteria to prodCEAS plus lactate, ethanol,

hydrogen, methane, and carbon diofddeng et al 2005The majoiISCFAs produced
areacetatepropionateand butyraté/Nhile all SCFAs have some beneficial effects on
gut health, butyrates particular chemoprotective effectasapeferentiallyaken up

by the colonic epitheliu@ummings et al 198Besides being a preferszergy

source for colonic epithe(RRoediger 198&cheppach et al 199®ung et al 2005
butyratealsoplays a role ircellcycle regulation, apoptosis, proliferation, differentiation,
inflammation, and DNA repair CRC cell§Mariadason et al 2Q@0&comino et al

2001 Daly & ShirazBeechey 2006A number ofn vitrestudiehaveinvestigatthe
effectof butyrate omgene expression@RCcelk, the results of sysematicsearch for
suchstudiesarepresented in ChapterAh early key study ahumancolorectal
adenocarcinoma cell line found that gene expression changes began as soon as 30 min
after butyrate treatment, and continued to progves18 H{Mariadason et al 2000
Larger microarray studsspport this earwork andindicae that a substantial number

of genes experience altered expressibibutyrate treatmer@ne large studn

HT29 CRC cells, for exammbpwed that 1984 genes (10.2%) hadfald-2ariation
above or below control levels wBtmMbutyrate treatmemdr 24 h(Daly et al 2005

13
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Daly & ShirazBeechey 20060f these, 796 genes werereigulated (4.1%nd 1187
were dowrregulated6.12%6). Manybutyrateresponsive genaseassociated with the
regulation of colonic tissue homeostasis$ havéeen shown to be deregulated in
colon cancer tissue compared to normal healthy colonic nmoss.ugegulated
with butyratencludetumour suppressoassociated with cell cyateest anchduction
of apoptosissuch a€DKN1A (cyclindependent kinase inhibitor 1A or p21),
GADD45A (growth arrest and DNAamagénducible, alphalAPK12(mitogen
activated proteikinase 12r p38),FOS(v-fos FBJ murine osteosarcoma viral
oncogene homolpdPTEN (phosphatasand tensin homologandTXNIP
(thioredoxininteracting protejnGenes dwnregulatedby butyraténcludeoncogenes
associated wittell cycle progressidDNA replication proliferation metatasis,
inhibition of apoptosjand tumour marke(®aly & ShirazBeechey 2006

But yrateds ability to epigenetically rec
action as a HDleading tdistone hyperacetylatiand chromatin remodelling

althought canalsoinfluence other machineries includiogtylation of nchistone

proteins, alteration of DNA methylation, and selesdatiorof histonemethylation
andphosphorylatiofBoffa et al 198 Boffa et al 1994€aly & ShirazBeechey 2006

When derived from a high fibre diet butyrate has value as chemopreventive agent and
promoter of gut healthn anunmodified statehowever putyratehas less value as
systemichemotheragutic agent for various tumours, due tshitst haHife (Miller et

al 198Y. Other struturally distinct but functionally similar HDhave grdar potential

in cancer therapguberoylanilide hydroxamic aBdKlA), for example, is a HDI that

isUS Food and Drug AdministratifDA) approved for cutaneouscéll lymphoma

(Duvic et al 20QDlsen et al 200&ndhas undergone small clinical trials for solid
tumours, including CR@ansteenkiste et al 20@dIson et al 20104 ike butyrate,

SAHA has been shown to induce histone acetylation, prothoyeleearrest 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 2008Bonte et al 2009Vilson et al 201Da

1.4 microRNAs and cdorectal cancer

The cellular pathways influenced by HDiduding:ell cycle regulation, proliferation,
differentiation, and apoptasase also regulated byRNIAs.miRNAsrepresent an
additional form of epigenetic gene regulation, and can themselves experience altered

transcription through epigenetic mechanisms.
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MiRNAs are smation-codingl94d 25nucleotide RNAequencebatpost
transcriptionallyegulate the expression of target genembing tocomplementary
target MRNAsnd preventing the translation of mMRNA iptotein(Mendell 2005
Esteller 2001 They represent one component of a larger collectimariolisnon
codingRNAswith regulatory functionghich also includesdogenousrsalt
interfering RNAgendosiRNAS) PIWI-interacting RNAs (piRNAsSnd other short
and longrnon-coding RNAgZKim et al 200 steller 201, Mendell & Olson 20)2

The first miRNAsverediscoveredh the nematod€. eleganeheC. elegans
heterochronigeneih-4 was found t@ncodeasmall RNAthat regulated translation of
lin-14and lir28via an antisense RNANA interactior{Lee et al 1998Vightman et al
1993 Mosset al 199, 0lsen & Ambros 1999The discovery of thent4 miRNA was
followed byidentification of a second miRNAGnelegs let-7 (Pasquinelli et al 2Q00
Reinhart et &00Q Abrahante et al 2008n-4 and lef7 were shown to directly control
expression of target gertespugh binding tcomgementary elements in the 3
untranslated regios3 6 Wftik)gendranscriptgReinhart et al 20P0n lossof-
function studies, deletion of-lrand le7 lead to mutants that failed to develog
differentiate at the appropriate larval sth@eset al 199Reinhart et al 20p®@Both

lin-4 and le7 wereadiscovered to bevolutionarily conservadmultiple specigwhich
implieda more universal role for these genasiimals(Pasquinelli et al 2QQ@&gos
Quintana et al 20p2

NumerousniRNAs have since been identified in animals, plants, viruses, and other
organismgl.agosQuintana et al 200lau et al 2001ee & Ambros 20QMourelatos

et al 200Reinhart et al 200HAoubaviy et al 200Bim et al 2003 The first release of
the miRBisedatabasef miRNAsin 2002 contained 218 entrimsdsubsequently
experienced rapid exgén(Griffiths-Jones et al 2008 helatest release of the
miRBasedatabase now contains2P® entries representing hairpin precursor miRNAs,
expressing 443 mature miRNA products, in 168 spe®est one thousand
miRNAshave been identifiél humanswith 1527 precursors ab@?1 mature

MIiRNAs currently listed in miRBeg(Griffiths-Jones et al 200©nemiRNA can target
hundreds of gengand a gene can be regulated by multiple miRfdAgusestimats
suggedthatone to two thirdef humanprotein codinggenesareregulated by miRNAs
(Kim et al 200%Esteller 2011
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Both proteincoding genesndnoncoding RNA genemre present in the genome. The
general structure of a gene consistsppbmoter region and TSS, and a transcribed
region that can contairans(whichare found in the mature transgrgotdintrons

(whichare remwaed from the primary transcrigf)ore than half of miRNAs are

located in the introns of proteznding or log norcoding RNA genes. These

intragenic miRNAs can share common promoters with their host gene, some of which
can be more than 20 kb upstream of thempRINA coding regio(Rodriguez et al

2004 Suzuki et al 201 Dther intragenimiRNAscan havéheirown promoters and

can beranscribed independentlytioé host gengwhile other miRNAs and their

promoter regions can be entiiatgrgenic(Ozsolak et al 2008uzuki et al 2011

ThecanonicaiiRNA biogenesis pathway is shown in Figur&ldritcanonical

mMiRNA biogenesis pathways have also been identified, which can be Drosha or Dicer
independeniMiyoshi et al 20).dn the standard pathwayniRNAsare transcribeid

the nucleuasprimary miRNA transcriptpri-miRNAs) by RNA polymerase &r

RNA polymerasBl (Cai et al 2004ee et al 2008orchert et al 20Q6A typicalpri-
mMiRNA contains a hairpin stem of 33 base pairs, a teloopaand two single
strandedinpaired flanking regiofie double stranded stem and unpaired flanking
regions of the pimiRNA are important for recogiih and processing by components
of the microprocessor compl@eng & Cullen 200®enli et al 200Zeng et a005
Han et al 2006 The microprocessor comptmatains DGCR®IiGeorge syndrome
critical region geng ®r binding andtabilizationanda ribonucleaderoshawhich
cleaes the pimiRNA.Dr osha <cl eaves t heniRBAhapinidd 506 a
form a precursor miRNA molecufémiRNA) (Gregory et al 200Klan et al 2004

For some specific miRNAs, other pradaimay assist in regulating Drastealiated
cleavagéGuil & Caceres 20PpThe premiRNA is thenransportedo the cytoplasm

by Exportin 5(XPO5)in complex with RaGTP (Yi et al 2008Bohnsack et al 2004
XPO5 may also protect the preRNA aganst nuclease digestipfi et al 2003
Bohnsack et al 2004und et al 2004Following export to the cytoplasm, the pre
MIRNA is then cleaved near the terminal lodpdyibonucleadgicer, releasing

~22 nucleotideniRNA dupleXMacrae et al 200®uring this procesBjicer interacts
with TRBP(human immunodeficiency virus transactivating respons&iRtNAg

protdan) andPACT (protein activator of PRRand together these molecules mediate
the assembly tfie miRNA in theRNA-induced silencing comp@dSQ, which also
incorporates Agonaute2 (AGO2)(Chendrimada et al 206fase et al 200%e et al
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2006. AGO2 carassist in preniRNA cleavag@iederichs & Haber 200 Dut its

main functio is as a RISC effector proteiadiating mRNA regulatigdutvagner &
Zamore 2004.iu et al 2004Meister et al 200Rillai et al 20Q04Following Dicer
cleavagehe duplex is unwound aade strand remains on th&@2 as the mature
mMiRNA, while the other less stable stramitgrade@hvorova et al 200$chwarz et
al 2003 The two strands may be identifieebasor-3p, or the less stable strand can
also be referred to as the * foilthe seed sequesof maturemiRNAs (nucleades 2
d 8) arehighly conserved, artiddthese sequences which specificallytbind
complementartarget sitein the3 WI'R of mMRNA(Brennecke et al 2Q0Blature
MiRNAs associated wittG®2 canact by cleaving complementary mRNASs.
Alternatively, when there is imperfect complementarity, miRNAs can act through
translationalepressiomand alsaranscript destabilisatidior example via mRNA
deadenylatiofHutvagner & Zamore 2002u et al 2004Nu et al 20Q®/1athonnet et
al 2007Filipowicz et al 200&uo et al 20)0In mammalsmperfectbinding to the
target mMRNA is most typid@8rennecke et al 20Q0&nddestabilization of target

MmRNAsmay beapredominant reason for reduced protein oyfpud et al 2000

Each miRNA may have hundreds of evolutionary conservedrBRigAsand even

more norconseved target@Bentwich et al 20D5There are multiple methods available
to identify miRNA target genes and confirm their biological effaguy et al 2008
Experimental validation of direct miRNA targeting has been performed for many
MiRNA andmRNA target pairswhile many more remain urdigered or unconfirmed
(Bartel 200p
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Figure L1miRNA biogenesis pathway

In the canonical miRNA biogenesis pathieytranscribed primary miRNgi-

mMiRNA) is processed by timcroprocessor compleshich includes Drosha, to form a
precursor miRNA (praiRNA) which is transported to the cytoplasm. It is then further
processe by Dicer, Argonausind other proteins to form the mature miRNA, wisich
incorporated in thRNA-induced silencing compigdSC). Norcanonical miRNA
biogenesis pathways can also occur, for example Drosha or Dicer independent

processing.
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mMiRNAs have been shown to play roles in fundgairgological processes such as cell
proliferationmetabolismdifferentiatbn, and apoptosiandare important regulatory
molecules iboth normal development and disease progre@siwamros 2004AMendell

& Olson 2012 Some miRNAs have important functionsnmbryogenesadearly
developmentAlvarezGarcia & Miska 200Suh & Blelloch 20)1Deletion of certain
mMiRNAs, or defects in miRNA processngh as the deletion of Dicean lead to

lethal phenotypes oedelopmental disordemsmouse mode(8ernstein et al 2003
Morita et al 20Q¥entura et al 200®/ang et al 20 small number ofdman
developmental disorddrave beetinked to miRNA defectincludingleafness caused
by a mutation ithe miR-96gene(Lewis et al 200Mencia et al 209%nd

microcephaly, short stature and digital abnormalities caused by hemizygous deletions of
the miR17-92 hosgengde Pontual et al 2011

The indication that miRNAs play important roles in diverse huseaisel stems from

a large body of evidence on the function of miRNAs in cancévieeitiell & Olson
2012. Calin et al (2008rst demonstrated a link between miRNAs and cancer, when
they identified frequentldéonsof miR-15 and miRL6 genes chronic lymphocytic
leukaemieProfiling studies in human tissue have revealed multiple miRNAs that are
dysregulated in various can¢€edin et al 2004@ummins et al 200@olinia et al

2006, and experiments in cancer cell lines and rodent models have shown specific
mMiRNA activity to influence tunaegenesigHe et a005aMu et al 200Dlive et al
2009. Expression profiles of miRNAs are altereadamytumaurs,and miRNAgenes
often occur in genomic regions that are deleted or amplified in(Cafinest al

20040h. miRNAshave been shown to function as tunsuppressors or oncogenes, by
altering gene expression and affecting sigmatimgaysReduction or oveexpression

of certain miRNAs contribesto tumaur progressiofGuil & Esteller 20QMendell &
Olson 201p

Disrupted miRNA expression patterns hesebeen observed mumerouson
neoplastidiseaseiEsteller 20)1 miRNAs are important for correct functioning of the
nervous system, and dyregulation of miRNAs has been shewroingicatlisorders
suchas motor neuron disease, multiple scl
disease, and ataffam et al 2007 &chaefer etl 2007Hebert et al 2008iebert et al

2009 Shin et al 2009%/illiams et al 200&ehrke et al 201.0n cardiovasdar

disorders, miRNAs are also likely to play an importaramdtegart failure and
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vascular diseasme associated with distinct miRNA expression pigalesooij et al
2006 Ji et al 20Q7Roles for miRNAs have also been implicated in inflammatory
disordersmetaboliconditions viraldiseaseand other nomeoplastic disorders
(Krutzfeldt et al 20Q%&sau et al 200Bampetaki et al 201Brest et al 201 Reesink et
al 2012

Human tumourareoftencharacterised by a general defect in miRNA production,
resulting in global miRNA dowagulatior{Lu et al 2005rhomson et al 2006

Despite this, numerous studies have shown specific miRNAs to be commonly elevated
in cancer, with some of these miRNAsgessing oncogenic potenfisdubstantial
number of MIRNAs amecreaseith CRCtissue samples compared to notissilie

with a number obther miRNAs increasefl systematisearclof the literature

identified multiple studies characterising miRNA expression in CRC cells, with the
findings summarised Tablel.1. Michael et al (20p@&erethe first to identify two
mature miRNAs, mi®43 and miRL45, that consistently displayed reduced levels in
adenoma and CRC tissue compared with normal mmdRSEA profiling methods
havesinceallowed the detection nimerousniRNAs that are dysregulate@CiRC
(Cummins et al 20P8n an approach known as miRNA serial analygenef
expression (MIRAGE), one eatlydyidentified 200 known mature miRNAs, 133
novel miRNA candidatesmd 112 previously uncharacterisiiRNA forms in human
CRCecell linegCummins et al 20p& number ofarge profiling studiégmve show
similamumbers of miRNAs increased and decreased iiBaR@res et al 2006
Cummins et al 2008olinia et al 2008/onzo et al 200&chetter et al 2008ndt et

al 2009Chen et al 200otoyama et al 200®arver et al 2008hang et al 201,1b
Knowlton et al 201,1.uo et al 201,Mosakhani et al 201®ne such profiling study,

for exampleysedmicroarray analysis and+teéak RT-PCRto compare more than 200
MiRNAs inCRCand adjacent normal tissue cells and found that 41 miRNAs were up
regulaeéd and 31 dowregulated iI€RCcells(Chen et al 2009rhere can be more
confidence that a miRNA is dysregulated in CRC when this miRNA is identified by
multipleprofiling studies, and validated using supplementary methods sughres real
gPCR.

Of the miRNAs that are dowegulated I€RC miR143 and miRNAL45are
amongst thenost commonly reported (Talld). Following on from thenitial study

which identiedreduced accumulation of mature 1td8 and miFL45 incolorectal
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adenomas and carcinomas compared to normal colorectal epiihieha®l et al
2003, this findinghas since be@onfirmed immultipleprofiling studieslable 1.1).
miR-143 and miKL45 are likelo possess tunio suppressor activity, andrbaeen
shown to inhibit growth iI@RCcells by altering gene expres@iao et al 2006b
miR-143 has been shown to reguiERKS a component dWIAP kinasesignalling
pathways and a mediator of the activity @rakoncogengEsau et al 200Akao et
al 2006bWang & Tournier 2006An inverse correlation between 1Dk and
expression dhe oncogenKRAShas also been fou@hen et al 2009miR 145 has
also been shown to inhibit cancer cell groyttariousmechanismsuch asnhibiting
IRSL (interferon resporssequence (Shi et al 200AndC-MY C (myelocytomatasi
oncogenegxpressiofSachdeva et al 20Qfhd regulating components of k&P
kinase signalling pathw#yang et al 20L2Another miRNAdecreaseith CRCis miR
34a, which has been shown to inhibit cell proliferdeorease expressiorttod
transcription factde2F, andincreas@53expressiofirazawa et al 200/hiRNAS in
the let7 family are also dysregulateGRC(Tablel.]). Some miRNAs in this family
may also play tumour suppressor roles by altering gene exmmagsimg cell
growth, and decreag KRASandC-MYC expressiofdohnson et al 2005kao et al
2006aSampson et al 2007

Many dher miRNAs are upegulated iICRC with some shown to function as
oncogeneglable 1.1)miR21 andhe miR17-92clusterare exampled miRNAs with

known oncogenic properties that have been shymnltiple studies to be increased

in CRCqTable 1.1). Levels of these miRNAs are also increased in many other cancers
(Ota et al 20Q4ayashita et aDR5 He et al 2005&oolinia et al 20Q0®etrocca et al

2008. miR21 has been shownrepresexpression dimaour suppressor genes such
asPTEN, TPM1(tropomyosin 1PDCD4 (programmed cell death @)dRHOB(Ras
homologfamilymember B and topromote tumour development anduce invasion
andmetastasigeng et al 200Zhu et al 200 Asangani et al 2008edina et al 2010

Chang et al 201,14u et al 201b). Higher miR21 expression has been found in more
advance€@€RCtumours, and has been linked to poorer survival and therapeutic
outcomeg(Schetter et al 2008ulda et al 201 &hibuya et 2010 Valeri et al 2010

Chang et al 2011au et al 20114/ickers et al 201Z'he miR17-92 cluster has been
designated oncomtit due to its oncogenic potenfiaé et al 2005aand has been

shown to promote proliferation and angiogenesis, inhibit differentiation, and sustain cell
survivalMu et al 200®Dlive et al 2009The miR17-92 cluster comprises six mature
MIiRNAs, miR17, miR18a miR19a, miR20a, miRL9b, and mi®2aValidated miR
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17-92 targets include the cell cycle inhidKN1A (p21)andthe pro-apoptotic
gene$TEN andBCL2L11(BCL2like 11 apoptosis facilitator, commonly known as
Bim) (Ventura et al 200Biomata et al 200Mu et al 200Dlive et al 20Q¥Wong et al
2010. miRNAsin the miR17-92 clustehave also been associated with invasion and
metastasis of CRC céKsihlert et al 20),land with poorer survivetu et al 2012

There is emerging evidence tleatatn miRNAsnaybe used as biomarkers for the
presence and stageGRC(Xi et al 2006Slaby et al 200Diaz et al 20Q&chepeler et
al 2008Schetter et al 20Baffa et al 200¥amamichi et al 2008ao et al 2030
MiRNA profilesmay also identify different tuondypes, such aisose with
microsatellite stability mstabilityLanza et al 200Earle et al 2018alaguer et al
2011 Bartley et al 201%lattery et al 201 There is some research to suggest that
MiRNAs in plasmaeum or faecesnay alsserveasnovelbiomarkers for CRQNg et
al 2009aHuang et al 2010ink et al 201,Cheng et al 201Kalimutho et al 2011a
Kalimutho et al 201)b
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Table 1.1 Studies reportingaltered miRNA expression in colorectal cancer cells
from human tumour tissue samples

Upregulated miRNAs

mMiRNA
miR7

miR10a

miR10b
miR15a

miR15b
miR16

miR17-3

miR17-3p

miR17

miR18a

miR18b

miR19a

miR19b

miR20a

miR20a*

miR21

Studies

(Motoyama et al 20ARao et al
2010

(Volinia etl2006Monzo et al 2Q0:
Chen et al 2009

(Chen et al 2009

(Bandres et al 20066nzo et al
2008Chang et al 2031b

(Xi et al 20081onzo et al 2008
(Chen et al 20Q9u0 et al 2012

(Chen et al 2009

(Bandres et al 2086nzo et al
2008Chen et al 2009g et al
2009aSarver et al 2009

(Volinia et al 2006onzo et al 2Q0¢
Schetter et al 20@8ndt et al 2009
Chen et al 20Miosdado et al
2009Motoyama et al 20B8rle et
al 2010Chang et al 20110 et al
2012Yu et a2012

(Cummins et al 2086ndt et al
2009Chen et al 20@iosdado et
al 2009Motoyama et al 208§ et
al 2009aVang et al 201Qu0 et al
2012Yu et al 20)2

(Motoyama et al 200fng et al
2010QLuo et al 2012

(Bandres et al 20@mmins et al
2006Monzo et al 2Q@gndt et al
2009Chen et al 20Miosdado et
al 2009Ng et al 20094/ang et al
2010Chang et al 2011bio et al
2012Yu et al 20)2

(Cummins et al 2086ndt et al
2009Diosdado et al 20019 et al
2009aChang et al 201 Mu et al
2012

(Bandres et al 20¥linia et al
2006Monzo el 2008Schepeler €
al 2008Schetter et al 2088ndt et
al 2009Chen et al 20Miosdado
et al 20QMotoyama et al 208§
et al 2009&arle et al 2010hang
et al 2011khuo et al 2012u et al
2013

(Wang et al 2010

(Bandres et al 20@mmins et al
2006 Volinia et al 2QC@aby et al
2007Monzo et al 2Q@:hetter et
al 2008Arndt et al 20@®hen et al
2009Yamamichi et al 20@Rao et
al 2010Kulda et al 201%hibuya et
al 2010Chang et al 201 Ghang et
al 2011Fassan et al 2011
Knowlton et al 20Liu et al 201]1a

Downregulated miRNAs

mMiRNA
miR1

miR7

miR7-1*
miR9

miR9-3p
miR9*

miR10b

miR16

miR20b

miR22

miR23a

miR23b

miR24

miR24-1*

miR26a

miR26b

Studies

(Cummins et al 2086hetter et al
2008Arndt et al 200®hen et al
2009Sarver et al 20@hang et al
2011bMosakhani et al 2p12

(Chen et al 2009

(Mosakhani et al 2p12
(Bandres et al 20@@rver et al 200¢

(Volinia et al 2006

(Bandres et al 20@&rver et al 2Q0¢
Mosakhani et al 2p12

(Arndt et al 20(Rarver et al 2009
Mosakhani et al 2p12

(Cummins et al 208@rle et al 201L0

(Sarver et al 2009

(Yamakuchi et al 2p11

(Chen et al 2009

(Cummins et al 20@&ien et al 2009

(Cummins et al 2006

(Mosakhani et al 2p12

(Cummins et al 200®ien et al 2009
Ng et al 2008b

(Schepeler et al 20B8rle et al 2011.(
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miR21*
miR23a

miR23b

miR241
miR242
miR25

miR27a

miR27b

miR29a

miR29b

miR30c

miR31

miR32

miR33

miR34a

miR34c
miR92

miR93

miR95

miR96

miR98

miR99a
miR99b

miR103
miR104

CHAPTER 1

Luo et al 2012
(Mosakhani et al 2p12
(Luo et al 2012

(Luo et al 2012

(Volinia et al 2006
(Volinia et al 2006

(Cummins et al 20B®nzo et al
2008Arndt et al 200%hen et al
2009Earle et al 20110

(Monzo et al 2Q@hen et al 2009
Luo et al®)

(Cummins et al 20060 et al 2012

(Bandres et al 20@mmins et al
2006Monzo et al 2Q@8ndt et al
2009Motoyama et al 208arver
et al 2009

(Bandres et al 200®linia et al
2006Arndt et al 2000 et al
2013

(Volinia et al 2006

(Bandres et al 20@8aby et al
2007Monzo et al 20@8ndt et al
2009Chen et al 200dotoyama et
al 2009Sarver et al 200ang et
al 2009kEarle et al 2010hang et
al 2011p

(Cummins et al 2006linia et al
2006 Sarver et al 2009
(Cummins et al 208arver et al
2009

(Bandres et al 2086nzo et al
2008Schetter et al 20@8ndt et al
2009Chen et al 2009

(Bandres et al 2006

(Bandres et al 20@mmins et al
2006Monzo et al 20 hepeler e
al 2008Schetter et al 20@hen et
al 2009Diosdado et al 2009
Motoyama et al 208§ et al 2009
Earle et al 20u et al 20)2
(Schetter et al 2088ndt et al 200
Chen et al 20@®arle et al 2010
Chang et al 2031b

(Bandres et al 208&nzo et al
2008Schetter et al 20@8ndt et al
2009Motoyama et al 208§ et al
2009%

(Bandres et al 2086onzo et al
2008Arndt et al 200®arver et al
2009

(Monzo et al 2Q@hang et al
2011p

(Monzo et al 2008

(Volinia et al 2Q@hetter et al
2008

(Monzo et al 2Q@hen et al 2009
(Bandres et 2006

miR27b
miR28

miR283p

miR29b
miR29c
miR30a3p

miR30a

miR30b

miR30c

miR30d

miR30e3p

miR31

miR31*

miR34a

miR34b

miR34c
miR92b*

miR99a

miR100

miR101

miR103

miR107
miR122

miR124a
miR125a

(Mosakhani et al 2p12

(Cummins et al 20B@neida et al
2012Mosakhani et al 2p12

(Chang et al 201 Atmeida et al
2012

(Cummins et al 2006
(Cummins et al 2006

(Bandres et al B)®onzo et al 2Q0¢
Schetter et al 20@8ndt et al 2009
Sarver et al 2Q08osakhani et al
2012

(Cummins et al 2086ndt et al 2009
Ng et al 2009Barver et al 2009
Mosakhani et al 2p12

(Schepeler et al 20P®sakhani et a
2012

(Bandres et al 20@mmins et al
2006Arndt et al 200@osakhani et ¢
2013

(Cummins et al 2006

(Motoyama et al 2p@@sakhani et e
2012

(Mosakhani et al 2p12

(Mosakhani et al 2p12
(Tazawa et al 20Q6dygin et al 200

Akao et al 20110
(Schetter et al 2008yota et al 200¢

(Schetter et al 2008yota et al 200¢
(Luo et al 2012

(Bandres et al 2006

(Bandres et al 20@hen et al 2009

(Cumminset al 20Q6chepeler et al
2009

(Cummins et al 2006

(Cummins et al 2006
(Mosakhani et al 2p12

(Bandres et al 2006

(Arndt et al 2008hen et al 2009g
et al 2009b
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miR105 (Monzo et al 2008

miR106a (Bandres et al 208®linia et al
2006Monzo et al 20@hetter et
al 2008Arndt et al 20@%hen et al
2009Ng et al 2009au0 et al 2012
Yu et al 20)2

miR106b (Cummins et al 2086hetter et al
2008Arndt et al 200®hen et al
2009Ng et al 2009&/ang et al
201QYu et al 20)2

miR107 (Volinia et al 2Q0¥onzo et al 2Q0:

miR122a (Monzo et al 2008

miR126 (Volinia edl 2006Chen et al 2009

miR127 (Schetter et al 2008

miR128a (Monzo et al 2Q@hen et al 2009

miR128b (Volinia el 2006Chen et al 2009

miR130b (Monzo et al 20@8ndt et al 2009
Chang et al 2031b

miR132 (Chen et al 2009

miR133b (Schetter et al 20&&rle et al 20)1(

miR134 (Monzo et @008

miR135a (Bandres et 2006Monzo et al

2008Nagel et al 20(0Bchetter et g
2008Earle et al 20110

miR135b (Bardres et al 200donzo et al
2008Nagel et al 2008 et al
2009aSarver et al 200ang et al
2010Chang et al 2031b

miR141 (Monzo et al 2Q@hen et al 2009

miR1423p (Cummins et al 200®nzo et al
2008Chen et al 200Chang et al
2011p

miR142 (Cummins et al 200®nzo et al
2008Chen et al0®9

miR146 (Bandres et al 2086onzo et al
2008

miR147 (Monzo et al 2008

miR148a (Bandres et al 20@mminst al
2006Monzo et al 2Q@hang et al
2011p

miR150 (Volinia et al 2006

miR125b

miR126

miR129

miR130a
miR130b
miR133a

miR133b

miR136
miR137

miR138

miR139

miR143

miR143*
miR144

miR144*

miR145

miR145*

miR147
miR147b
miR148b

miR149

miR150

(Cummins et al 200Bnzo et al
2008Chen et al 2009g et al 2009b

(Guo et al 2008 et al 201)a

(Bandres et al 2006

(Chen et al 2009

(Chen et al 2009

(Bandres et al 20@mmins et al
2006Arndt et al 2009g et al 2009b
Sarver et al 2Q@hang et al 2011b
Mosakhani et al 2p12

(Bandres et al 20@hen et al 2009
Hu et al 201Mosakhani et al 2p12
(Chen et al 2009

(Bandres et al 2008 et al 2009b
Sarver et al 2Q@xlaguer et al 201(
Mosakhani et al 2p12

(Sarver et al 2Q@owlton et al
201)

(Bandres et al 208nzo et al 2Q0¢
Arndt et al 20@hen et al 2009
Sarver et al 2Q@hang et al 2011b
Mosakhani et al 2p12

(Michael et al 20@Xao et al 2006b
Cummins et al 2086byet al 20Q7
Arndt et al 20@%hen et al 2009
Motoyama et al 208§ et al 2009b
Wang et al 20Q%kao et al 2010
Earle et al 20;1Kulda et al 2010
Knowlton et al 20Mbsakhani et al
2013

(Mosakhani et al 2p12

(Chen et al 2009

(Mosakhani et al 2p12

(Michael et al 20@%ao etl€2006b
Bandres et al 20@mmins et al
2006 Slaby et al 20(Monzo et al
2008Schepeler et al 20Aéndt et al
2009Chen et &009Motoyama et a
2009Ng et al 2009 ang et al
2009bAkao et al 201®arle et al
2010Knowlton et al 2011

(Mosakhani et al 2p12

(Sarver et al 2009

(Luo et al 2012

(Schetter et aD@8 Song et al 20112
(Bandres et al 2086onzo et al @8

Chen et al 20@Bhang et al 2031b

(Chen et al 200Rnowlton et al 201!
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miR151
miR153a
miR154
miR154*
miR155

miR181a

miR181b

miR181c
miR181d
miR182

miR182*

miR183

miR185
miR186
miiR188
miR191
miR192

miR193a3p
miR194

miR196a
miR196b

miR197

miR199a

miR199b
miR200a

miR200b

miR200c

miR203

CHAPTER 1

(Monzo al 2008
(Schetter et al 2008
(Monzo et al 2008
(Bandres et al 2006

(Bandres et al 200®linia et al
2006Chen et al 200Bhibuya et al
2010

(Monzo &l 2008Chen et al 2009

(Bandresteal 2008\ akajima et al
2006 Xi et al 200Monzo et al
2008Schetter et al 2008ndt et al
2009Chen et al 2009

(Monzo et al 2008

(Motoyama et al 2p09

(Monzo et al 20@8ndt et al 2009
Motoyama et al 2088rver et al
2009Chang et al 2031b
(Bandres et al 20@@&rver et al
2009

(Bandres et al 2086nzo et al
2008Arndt et al 200dotoyama et
al 2009Sarver et al 2Q@xrle et al
201QChang etl2011p

(Schetter et al 2008

(Monzo et al 2008

(Chen et al 200®arver et al 2009
(Cummins et al 2006linia et al
2006 Xi et al 200Monzo et al
2008Scheeler et al 2008
(Cummins et al 2006

(Luo et al 2012

(Bandres et al 2086nzo et al
20098

(Chen et al 2008chimanski et al
2009

(Motoyama et al 2008ng et al
2010

(Monzo el 2008

(Chen et al 2009

(Chen et al 2009

(Cummins et al 200®nzo et al
2008Schepeler et al 20Q8en et
al 2009Luo et al 2012

(Bandres et al 20@mmins et al
2006Monzo et al 2Q@hen eal
2009

(Bandres et al 200&kajima et al
2006Xi et al 200B81onzo et al
2008Chen et al 2009

(Bandres et al 200®linia et al
2006Monzo et al 20@hetter et
al 2008Arndt et al 20@%hen et al
2009 Earle et al 20110

miR150*
miR181a
miR184
miR187
miR191

miR192

miR192*

miR193a
miR193b
miR194

miR195

miR196a

miR199a
miR200c
miR202
miR203
miR204

miR206
miR211

miR212

miR214

miR215

miR218

miR296
miR299

miR301

miR302c*

miR320

Ma et al 20)12

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

(Braun et al 20@xhetter et al 2008
Chen et al 20@®arle et al 2010
Knowlton et al 20Mobsakhani et al
2012

(Mosakhani et al 2p12

(Cummins et al 20@Bien et al 2009
(Chen et al 2009

(Braun et al 20@Bhen et al 2009
Knowilton et al 20Mbsakhani et al
2013

(Cummins et al 20B®nzo et al
2008Arndt et al 20@@hen et al
2009Liu et al 201®Plosakhani et al
2012

(Earle et al 20110

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

(Bandres et al 2008 et al 2009b
Chang et al 2031b

(Knowlton e 201}
(Bandres et al 2006

(Chen et al 2009
(Bandres et al 20@hen et al 2009

(Braun et al 20Gxhetter et al 2008
Chen et al 2009get al 2009IEarle
et al 201,Chang et al 2011b
Mosakhani et al 2p12

(Cummins et al 200®ien et al 2009
Mosakhani et al 2p12

(Bandres et al 2006
(Chang et al 2031b

(Schetter et al 2008

(Knowlton et al 2011

(Knowlton et al 2011

26



miR205

miR210

miR211
miR212
miR213
miR214

miR215
miR216

miR219

miR220
miR221

miR222

miR223

miR224

miR287
miR301

miR301b
miR302a

miR302b
miR320

miR324

miR330
miR335

miR338
miR339

miR346
miR370
miR373
miR374
miR424
miR425
miR429
miR432
miR450
miR492
miR4933p
miR494
miR500
miR503
miR510
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(Chen et al 2009

(Bandres et al 20066nzo et al
2008Schetter et al 20@hen et al
2009

(Schetter et al 2008
(Schetter et al 2008
(Volinia et al 2Q0®onzo et al 2Q0:
(Chang et al 2031b

(Monzo al 2008
(Monzo et al 2008

(Monzo et al 2Q@hetter et al
2008

(Motoyama et al 2p09

(Volinia et al 200Bonzo et al 2Q0:
Chen et al 2009g et al 2009a
Chang et al 2018un et al 2011

(Monzo et al 20 hetter et al
2008Chen et al 2009g et al
2009aluo et al 2012

(Volinia et al 2Q@hetter et al
2008Chen et al 2009g et al
2009aEarle et al 20110

(Bandres et al 208nzo et al
2008Arndt et al 200dotoyama et
al 2009Ng et al 2009%arver et al
2009Wang et al 2010

(Sarver et al 2009
(Monzo et al 2008

(Wang et al 2010
(Schepeler et al 20P®toyama et
al 200p

(Motoyama et al 2p09

(Monp et al 200%chepeler et al
2009

(Monzo et al 20@hang et al
2011p

(Monzo et al 2008

(Schetter et al 2088ang et al
2010

(Monzo et al 2@ hetter et al
2008

(Monzo et al 2008

(Schetter et al 2008
(Monzo et al 2008
(Monzo et 2008
(Monzo et al 2008ang et @010
(Wang et al 2010
(Luo et al 2012
(Cummins et al 2006
(Schepeler et al 2p08
(Cummins et al 2006
(Schepeler at 2008
(Motoyamat @l 2009
(Mosakhani et al 2p12
(Mosakhani et al 2p12
(Sarver et al 2009
(Schepeler et al 2p08

miR324

miR328

miR330
miR331
miR340
miR342

miR3623p
miR363

miR365

miR370
miR375

miR376b

miR378

miR378*

miR382
miR422a

miR422b
miR423

miR455
miR4853p

miR484

miR486
miR490

miR4903p
miR497

miR500
miR503
miR511
miR516
miR517*
miR518a2*
miR518b
miR518c*
miR518f*
miR519¢e*
miR526a
miR526b
miR526¢
miR527
miR551b

(Schetter et al 208B0wlton et al
201)

(Bandres et al 20@@rver et al 200¢

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

(Cummins et al 20@8ady et al 200!
Schetter et al 2008ang et al 2011

(Mosakhani et al 2p12

(Sarver et al 2Q080sakhani et al
2012

(Cummins et al 20D@o et al 2012
Mosakhani et al 2042 et al 2012

(Knowlton et al 2011

(Sarver et al 2Q@hang et al 2011k
Luo et al 2012

(Knowlton et al 2011

(Sarver et al 200ang et al 2010
Luo et al 201Rosakhani et al 2p12

(Arndet al 200%Vang et al 2010
Mosakhani et al 2p12

(Knowlton et al 2011

(Arndt et al 20@Chang et al 2011b
Luo et al 2012

(Arndt et al 2009
(Luo et al 2012

(Schepeler et al 2p08
(Chang et al 2031b

(Schepeler et al 2p08

(Sarver et al 2009
(Knowlton et al 2011

(Mosakhani et al 2p12

(Arndt et al 200®arver et al 2009
Mosakhani et al 2p12

(Knowlton e 201}
(Knowlton et al 2011
(Sarver et al 2009
(Knowlton et al 2011
(Knowlton et 201}
(Knowlton et al 2011
(Knowlton et al 2011
(Knowlton ef 201}
(Knowlton et al 2011
(Knowlton et al 2011
(Knowlton et al 2011
(Knowlton et al 2011
(Knowlton et al 2011
(Knowlton ef 201}
(Sarver et al 2009
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miR512
miR513
miR513a3p
miR513b
miR513c
miR526¢
miR527
miR542
miR550
miR552
miR570
miR582
miR584
miR675
miR892b
miR1201
let7f
let7g

let7i

(Schepeler et al 2p08
(Schepeler et al 2D08
(Mosakhani et al 2p12
(Mosakhani et al 2p12
(Mosakhani et al 2p12
(Schepeler et al 2p08
(Schepeler et al 2D08
(Sarver et al 2009
(Motoyama et al 2p09
(Sarver et al 2009
(Motoyama et al 2p09
(Chang et al 2031b
(Sarver et al 2009
(Tsang et al 2010
(Mosakhani et al 2p12
(Lw et al 2032
(Chang et al 2031b

(Nakajima et al 200M®nzo et al

2008
(Luo et al 2012
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miR557
miR572
miR582
miR590
miR598
miR602
miR634
miR642
miR658
miR663
miR650
miR744
miR874
miR8863p
miR888
miR1204
miR12243p
miR1238

miR1246
miR1275
miR1290
miR1298
miR1908
let7
let7a

let7b

let7c
let7e
let7f
let7g

(Luo et al 2012

(Luo et al 2012
(Mosakhani et al 2p12
(Mosakhani et al 2p12
(Mosakhani et al 2p12
(Luo et al 2012

(Luo et al 2012
(Sarver et al 2Q@hang et al 2031k
(Luo et al 2012

(Luo et al 2012
(Sarver et al 2009
(Luo et al 2012

(Luo et al 2012
(Chang et al 2031b
(Luo et al 2012

(Luo et al 2012

(Luo et al 2012

(Luo et al 2012

(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 200Zhen etl®2009
Earle et al 20110

(Cummins et al 20B@&owlton et al
201)

(Cummins et al 20@&ien et al 2009
(Chen et al 2009nowlton et al 201!
(Cummins et al 2006

(Cummins et al 200®ien et al 2009
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1.5 Diet and microRNAregulation

Each step athe miRNA biogenesigathway isightly controlledThe dysregulation of
MIiRNAs inCRCcan be charactexs by differential expression of-priiRNA
sequences and/or mature miRNAs compared to normairiBIMA transcriptioris
reguatedby a network of transcriptional machinemastranscription factofi€im 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 mechanisxpsegsion of some miRNA&an be
altered byhte degree of DNA methylati@rujambio et al 2008uzuki et al 20},1

while aother possible epigenetic mechanism for altering miRNA expression is via
higone modificatiogSuzuki et al 201 Thomson et al (20Pérere among the first to
show that a large fraction of miRNA geneslaoeegulated podtanscriptionally, and
that expression levels of a primary transeygdnet always correlatetivievels of the
mature miRNAALt a posttranscriptional level, dysregulation may be a reshirajes

in proteins involved in the processing, maturation and stability of riiRdlAson et

al 2006Melo et al 20Q9/elo et al 201Melo et al 201

There is some evidence to suggest that dietary components can modulate miRNA levels
thereby contributing to the cangeotective or carcinogenic effect of that food
componentDavis & Ross 2008 systematisearclof the literature revealedrious

dietary compounds that can alter miRNA expressaamaemodels with the studies
presented in Table 1.2.

While there areanhuman studidavestigating the role of dietary components on
mMiRNA expression icolorectatellsa limited number aftudies have looked at the
effecs of dietin otherin vivenodels, particularly rgi&able 1.2)Davidson et al (20P9
fedratsdiets containing cowil or fish oil with pectin or celluloSéhese rats were also
injected with azoxymethane, a capecific carcinogeor saline as@ontrol At an

early stage ohaocer progression (10 wepsstazoxymethanajection) five miRNAs
(let7d, miR15h miR-107, miRL91 and mi8245p) were selectively modulated by
fish oil exposurd-or these five miRNAs, expression in the fish oil fed animals was not
affected byazoxymethaneeatment, whereas for the corn oil groapsxymethane
exposure resulted irsignificant dowsnegulation of expressi¢ia < 0.05) At 34 week
postazoxymethanejection the incidence of adenocarcinomas was significantly
reduced in fish oil fed animals compared with corn oil fed animals (PE@0&h).

oil fedratshadthe snallest number of differentially expressed miRdtAke
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azoxymethaneersus saline treat groupsjemonstrang anovel rolgor fish oil in
protecting the colon from carcinogeduced miRNA dysregulati@iavidson et al

2009. A study byshah et al (20Lfaresented similar findings, wiltsfed dets

containing corn odr fish oilandpectinor cellulose and injected wathoxymethanar

a saline controColonic mucosaasassayed at an early time of cancer progression, and
global gene set enrichment analysis was udedtttymiRNAs significatly enriched

by the change in expression of their putative target enesber of niRNAslinked

to canonical oncogersignallingpathwaysincludingniR-16,miR-19b, miR21,

miRZb, miR27b, miR3, and miR03 were modulated byetland carcinogen
exposure(Shah et al 20}, Jalthough the exact dietary components responsible for these
changes greunclearThesan vivetudiesdentifedthatdietcouldmodify miRNA
expression in CRC celisit although a fibre comparison was incorporateatiirthe

study designa specific role or mechanism for dietary vVila® not identified

Other dietary componertiave also been shown to alter miRNA expressioancer
types other than CRC, usingiveatmodels and cancer cell lirfgeme of the food
componenttada protective effect on cancer risicluding folate uccumin, vitamin
E, and retinoic aci@able 1.2).

Dietary folate is a methyl donor, and an important epigenetic determinant of normal
methylation and gene expres$WCRF 200,AWWallace et al 201 Geveral studies used

a rat model to determine the effects of a folate, methionine and choline deficient diet on
MiRNA expressio(Kutay et al 200®ogribny et al 2008ryndyak et al 200®/ang et

al 2009a5tarlad-Davenport et al 20L(Rats fed a folate/methyl deficient diet develop
hepatocellular carcinomas after 54 s\(@éitiwala et al 2003Hepatomas induced by
folate/methyl deficiendyad significantly altered miRNA expression compared to the
livers of rats fed a control d{igutay et al 200®ogribny et al 2008ryndyak et al

2009. miRNAs were also differentially expressed in the livers of rats after several weeks
on thefolate/methyl deficient diet, with this early alteratidicating that aberrant

MIRNAS expression may be an importantributing factor in the development of
hepatocellular carcinorffayndyak et al 200@/ang et al 200%@tarlareDavenport et

al 2010 miRNAs with tumour suppressor roles, such ad BiiRwere decreasadhe

early stagex hepatocellular carcinoimaucedy folate/methyl deficiengi{utay et al

2006 Pogribny et al 2008ryndyak et al 20)3vhile miRNAs with oncogenic activity,

such as miR21 , miRL55,andmiR-21, were increas@utay et al 200&Vang et al
2009aStarlareDavenport et al 20).0Another study which amined 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-audfilaient medium this
expression returned to that of control ¢Mirsit et al 2006

Curcumn is a naturally occurrifigvanoid with preapoptotic propertigSun et al

2008. Sun et al (20p8bserved that curcumin-uggulated the expression of some
miRNAs and dowregulated others, in a human pancreatic carcinoma cell kg2, miR
which was upegulated by curcumin, inhibited expressi@PafSP1 transcription
factor) andESR1(estrogen receptor (Bun et al 200&ESR1gene expression has been
linked to breast cancer and other tumour types,S#ilis believed to play a role in
growth and metastag&un et al 2003

The effect of dietary vitamin E on miRMRpression in a rat model has also been
studiel (Gaedicke et al 200&\ftersixmonths 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 miR25b expressidGaedicke et al 2008 hese miRNAs have been
shown to regulatexpression ajenes associated with lipidabelism and cancer
(Gaedicke et al 2008vith redged levels of miR22 found in hepatocellular carcinoma
(Kutay et al 2006

Retinoic acid has also been shown to have an effect on miRbigsiexpn acute
promyelocytiteukaemiaretinoic acid responsive genes are transcriptionally repressed,
unless pharmacological doses #falkretinoic acid are preseimt.a microarray

analysis of an acute promyelodgtikaemiaell line, the miRNA&xpression profile

was altered after treatment witHralhsretinoic acidGarzon et al 20Q.7These results
were confirmed in primaagute promyelocytieukaenacells from patien{§&arzon et

al 2@7). miRNAs thought to playmaur suppressor rolesuch as mi#5a, miRL6-1

and several gt family members, were-tggulated by aitansretinoic acigGarzon et

al 200Y. Additional studies have observed tfeets of retinoic acid in other

conditions. For example, in the retinoic-addced neural differentiation of human
embryonal carcinoma (NT2) cells, #28Rwvas found to play a critical (&lawasaki &
Taira 2008 Anaher study found that retinoic acid treatment dysregulated several
MiRNASs, and was associated with abnormal development of the spinal cord in a rat
spinabifida mode(Zhao et al 2008

Epigenetic regulation of RWA expression has been described in CRC tissusdland
lines(Lujambio et al 2008oyota et al 2008andres et al 200@houdhry & Catto
2011 Suzuki et al 20} Ihowever Here is only limited evidence for the role of food

components or foederived substances in the epigeneiduiation of miRNA
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expressioniVhile there is some evidence to suggaistiietary components such as
folate and curcumin can alter miRNA levels through epigenetic mechanisms, these
studies have not been performed in colorectafzalis & Ross 2008 here is &b

some very preliminary evidence for regulation of miRNAs byShab et al 20L1A
mechanism for potential miRNA regulation by dietary fibore may be the production of
butyrateIn CRC cellqutyratehas beeshown tomodify expression ofiultiplegenes
thereby affecting celcle regulation, apoptosis, proliferation, differentiation,
inflammation, and DNA repdlvlariadason et al 2Q0&comino et al 200Daly &
ShirazBeechey00§. Butyrate, witlits known role in histone modification, is also a
plausible candidate for altering miRNA expre#isiongh epigenetic changes.
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Table 1.2: Studies reporting altered miRNA expressiom /11 vivoand in vitro
cancer modelsn response to treatment with a dietary component

Study Cell line/s or

species

Fish oil andibre diets
Davidson Rat (CRC)
et al

(2009

Shah et al Rat (CRC)
(201}

Methods

-2x22 factorial design
with two types of dietai
fat (6 PUFAs corn ol
or ,”3PUFAas fish qil
two types of dietary fib
(cellulose or pectin) an
twotreatment§njection
with the colon
carcinogen,
azoxymethaner with
saline).

-TagMan Human
MicroRNA Panel Low
Density Arrays

-2x22 factorial design
with two types of dietai
fat (6 PUFAs corn ol
or ,”3PUFAas fish qil
two types of dietary fib
(cellulose or pectin) an
two treatmen(imjection
with the colon
carcinogen,
azoxymethapar with
saline).

-Global gene set
enrichment analysis

Folate/ methyl deficient diet

Kutay et al Rat

-Diet low irrinethionine

(2006 (hepatocellula and devoid of choline ¢

carcinoma)

Marsit et a lymphoblast
(2008 cell line T&

Pogribny Rat

folic acidr methyl
adequate diet fyr18,
36,0r 54 wks.

-Diet switched in some
rats.

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

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

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

-Confirmed lgaltime
RTPCR.

-Diet details NR.

etal (hepatocellula -Reattime RPPCR.
(2003 carcinoma)

Tryndyak Rat -Diet low in+inethionine
et al (hepatocellula and deoid of choline ar
(2009 carcinoma) folic acidr methyl

adequate diet for 9, 18
36, or 54 wks.
-Diet switched in some
rats.
-RealtimeRT-PCR.

Key results

At10 veels postazoxymethane injectiore miRNAs {let
7d, miRL5b, miR07, miR91 and miB45p) were
selectivelynodulated by fish oil exposure. For these fiy
miRNAs, expression in the fish oil fed animals was n«
affected by azoxymethane treatment, whereas for the
groups, azoxymethane exposure resulted in a skysific
0.05) dowregulation of expriess At 34 weskost
azoxymethane injection, the incidence of adenocarcil
was significantly reduced in fish oil fed animals comp
corn oil fed animd®s 0.05). The fish oil fed rats had th
smallest number of differentially expressedfonii¢As
azoxymetima versus saline treated groups.

A number of miRNAs linked to canonical oncogénig <
pathways, including tt6RmiRL9b, miR1, miR26b,
mMiR27b, mi&3, and miR03, were modulabgddiet and
carcinogen exposuree Exact dietartgmponents
responsible for these changesuwwvelear.

During folate and methyl deficiemtdlieed
hepatocarcinogenesis, 23 miRNAs wegrilaped and 3
dowrregulated. thegulagd miRNAs includeidR101k2,
miR130, miR30a, miR72a2, miR191, miR3a, miR
23b, miRR4, miR8281, lef7a2, miRL032, miRL06, miR
106al, miRLO6bk1, miRL30al, miRL7, miRR0, miR0-1,
miR21, miR1:1, miRB202, miR93, mi9b. Down
regilated miRNAs uadéd miRR22, miRR23,and miR15.

Folate deficiency significantly altered miRNA express
regulated miRNAs includedlBiR, miR82, miR22,
miR345, miR81a, miR05, miR45, miR9a, miR25b,
miR130bmiR221, miR2, miR91, miR03, miR07,
miR34a, miR83, miR46, miR22b, miR037, miR4,
and miRB61. Dowregulated miRNAs includedl88Rand
miR210.

During methyl deficientidieiced hepatocarcinogenesis
miR343 miR16 andmiR127 were dowegulated.

During methyl deficientidieiced hepatocarcinogenesis
miR34a miR16a miR127, miR81a, and mi0b were
dowrregulated.

33



CHAPTER 1

Starlard Mouse - Low methionideet,
Davenport (hepatocellula lacking in choline and
etal carcinoma) folic acid, or control die
(2019 for 12 &s.

-miRNA microarray

analysis

-Confirmed by RT real

time gPCR.
Wang et al Mouse -Cholingleficient and

(2009 (hepatocellula amino acidlefined diet
carcinoma) or control diet for 6, 18

32, and 6f8ks
-miRNA microarray
analysis
-Confirmed by reiahe
RTPCR.
Curcumin
Sunetal Human -Cell line treated with O
(2008 pancreatic 10umol/L curcumin or
carcinoma cel liposomal curcumin for
line BxPG h.
-miR microarray Atactic
chip with 300 probes.
-Confirmed by reéahe
RTPCR.
Vitamin E
Gaedicke Rat (liver) -Vitamin E deficient or
etal sufficient diet for 6
(2008 months.
-Realtime RPCR.
Retinoic acid
Kawasaki Human -NT2 cells grown in the
and Taira embryonal presence or absence ¢
(2003 carcinoma cel synthetic SIRNAIR23

line NT2 (which reduces
intracellular level of
precursor and mature
miR23). Cells treated
with retinoic acid to
differentiate.

Garzon et Acute -Cell lines treated with

al (200y  leukemia cell 100 nM altansretinoic
lines: NB4, HL acid or control for 4 da
60; -miRNAmicroarray chip
Human containing 368 probes,
samples (bont corresponding to 245
marrow and human and mouse
blood) mMiRNA genes.

-Confirmed by re¢ahe
RTPCR.

Zhao et al Spina bifida  -Pregnant ratsvgn
(2008 fetal rat mode single dose (135 mg/k¢
body weighof altrans
retinoic acid and killed
5, 7, or 9 days after
treatment.
-Northern blot.

In the livers ofethyltleficientice 74 miRNAs were
diffeentiallexpressed (40-tggulated and 34 dewn
regulatedP < 0.05). Upgegulated miRNAs includds
34a, miR55, miR00b and miR1 Dowsnregulated
miRNAs includedR15a, miRB0a, miR0la and mik22

In mice fedeficiendiet 30 hepatic microRNvege
significantbiteredPO 0 Urelgdilaad miRNAs includk
mMiR155, miR21222, and miRL. @wnregulad miRNAs
includedniR122

After 7 curcumin incubation, 11 miRNAs were signif
upregulated, and18 were signify dowregulated?(<
0.05)Upregulated miRNAs includeel68Rmifi81a,
miR181b, miR81d, miR1, miR2, miR3a, miR3b,
miR24, miR7a, miB4a. Dowregulated miRNAs incluc
miR140, mi46b, miR48a, miR5b, miR95, miR96a,
miR199a, miR9a, miRR04, miRR0a, nk-25, miRR6a,
miR374, miB10, miH, miR2, miM3,and miFA8.

At the same concentration, liposomal curcumin signif
upregulated 5 miRNAs and degulated 10 miRNRs:
0.05). Upegulated miRNAs included miR0193®4aiiR
miR22, miM2,and miR1. Dowregulated miRNAs
included miO9b, miR99a, miR5, miRL5b, miR 5a,
miR31, miR6, miRR4, lefZi,and miROb.

VitamirkE deficient group had significantly lower levels
122aR <0.05) and miR25b R <0.0001).

Expression of Hesltranscriptional repressar regulatec
by niR23 during the retinoic-auidiced neural
differentiation of NT2 cells.

Duringetinoic acideatment of NB4, i, miRL5b,
miR161, let7a3, let7c, leffd, miR23, mi342, miR07
and miR47 wex upregulatedniR181bwvasdown
regulated. Therere Bnilar miR23 and léta expression
inHL:60 cells treated with retinoic acid. Theremilardet
7d, leFa3, miRR23, miR107, riBa and miR6-1 in
primary blast cells from thceite lewdmigpatients treated
withretinoic

mRNAs miR/9*, miR24a, and miRR5bwveredown
regulated metinoic acitleated sacrgbisal cord compare
to control.

CRCcolorectal cancBiR:not reporte®CR polymerase chain reacBiFApolyunsaturated fatty aBidi;reverse

transcriptiogiRNAsmalinterfering RNA
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Chapter2.! EI O

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
dysregulatechiRNA expression. While some dietary compounds are likely to alter CRC
risk throgh epigenetic mechanisms, their role in modifying miRNA expression in CRC
cells and normal colorectal tissue has been less studiddriizeet butyrate, with its

known role in histone modification, is a plausible candidate for altering miRNA
expressionThisstudyaimed to examine dietary regulation of miRNA expression in
colorectal cell$n particularthe studyaimed to systematicadlyplore e role of

butyrate and other HDIs in modulat@BCriskthrough altered miRN&xpressionn
CRCecellsin virg and irrectaltissudn vivdt was hypothesised that modification of
MIiRNA expression may contribute to the chprotective effect of butyrate and other
HDIs. To address this hypothesis, shalyalso aimed to examine theewvnstream
consequenced miRNA changes, and the roles of miRNAs in the context of the anti
proliferative effects of HDIs. In additionda®ploring the action dlutyratea

potentidly protective dietary component, shedyalsoaimed tanvestigate whether
factorsthatpossilty increas€RCrisk, such as high red meat intake, alter miRNA
expressiont was hypothesised that increastake ofred meat may alter miRNA
expression profiles, himatfeeding resistant starch could protect against this

dysregulation by increasimdyratdevelsn thecolorectum.

2.2 Chapter 4 aim

To determine whether butyrate treatment alters miRNA expressi@aell lines,
through miRNA microarray analysis suosequentaitime RFPCR validation.

2.3 Chapter 5 aim
To compare the effect of butyrate and other HDIs orI#i#2 expression @RC

cells, and to confirm the effe€¢tHDIs on miR17-92 target gene expression
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2.4 Chapter 6 aim

To examine the roles of members of the-t#R2 cluster in the context of the anti
proliferative effects of HDIs, and to determine the specific roles of these miRNAs in
modulating target gene expression.

2.5 Chapter 7 aim

To determine the effect of butyrate on thf®2host gend¢ranscription, and
specifically to investigate the effectutytate treatment dhe levels of acetylation and
methylation at DNAbound histonesurroundindMIR17HG the miR17-92 host gene.

2.6 Chapter 8 aim

To investigatéhe effect of high red meat intake eggistant starcsupplementation
on miRNA expression itherectalmucosaellsof healthy human volunteers.
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3.1 In vitro experimental methods
For the following methods, details and suppliers of chemicals and reagents, equipment,

primers analigonucleotides, antibodies, and buffers and solutions are listed in Tables
3.40 3.8.

Several stab&RCcell lines were used farvitrexperiments

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 expressiMM GfKRAS HRAS,

NRAS, MYB, SISandFOSoncogened\N-MYC oncogene expression was not detected.
There is a G> A mutation in codon 273 of the p53 gene resulting in a» Alig
substitution (ATCC, Manassas, VA, USA).
Modi f i ed did k12 dldrent Mbeure (Ham) Medium (1:1) containing 5%

foetal bovine serum.

The HCT116 colorectal carcinoma cell Wi&CC, Manassas, VA, US8 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 wijghe(ATCC, Manassas, VA, USBElls were

mai ntained in McCoyds 5A Medium (modi fi

HT29 and HCT116 butyratesistant cell lines (HT-BR and HCT118R) were

developed blung et al (2009TheseCRCcell lines were made less responsive to the
apoptotic effects of butyrate through sustained exposure to gradually increasing
concentratins 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 lvaspassages until the butyrate concentration

reached 5 mNFung et al 2009Cells were maintained in appropriate medium (as

outlined above) containing 5 mM sodium butyrate.

Cells were cultured at 37°C and 5%, @ad were showby 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 pel

week.
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Cells were subcultured (passaged) approximatelgesmweek, with a sabltivation

ratio of 1:3 to 1:8. To passage cells, culture medium was removed and discarded, and th
cell layer briefly rinsed witk PBS to remove traces of serum whiaturallycontains

trypsin inhibitor. PBS wasmeved, and x trypsirEDTA solution was added tioe

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 wagddand 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 commencemamwfexperiment. Cells were

discarded after a maximum of 10 passages.

Cells were stored foetalbovine serum and 10% DMSO, in cryovial8Qi(C (for
short term storage) or liquid nitrogen (for long term storage). Cells were frozen slowly
by placing vialinafreezing container with isopropanol, and when required were

resuscitated quickly by thawing in a 3vater bath

Adherent cell lines wenarvested wittrypsin, and a small aliguetisremoved for cell

counting using lmaemocytomet.

Most cell experiments were conductedvirelb (35 mm) plates, with cells seedeckat 3
1C per 35 mm well. For 24ell phtescells were seeded at 10 per wellfor
XCELLigence RTCE-plateqequivalent in size to wells inv@éll platesellswere
seeded #.2x 10 per welland for 15cm platesells were seeded3at 10 per plate.
With the exception of some transfection experiments, after seeding cells were

maintained for 24 h prior to treatment.

To prepare the butyrate treatment, sodiwumt yr at e was di ssol ved
Modi fied Eagl eds Medi uomakeiatl Mstock soliitiore t a |
and filteredising &.2 unfilter, before further dilution in pgopriate cell culture
mediumThetrichostatin ATSA)was a sterileadymade 5 mM solution which

required simple dilution in appropriate cell culture medium. To prepare the
suberoylanilide hydroxamic a(dd®HA) treatment, SAH#as first dissolved in

DMSO to make &M solution, thendiluteddu | beccods NMedlumf i ed E
without foetal bovine serum to makeraM stock solution, and filtered using2aum
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filter. The stock solution was then further dilutedpnogpiate cell culture mediuil
solutions wer&eshlypreparedor each treatment.

Cells were cultad with 1, 5, 10 052nM sodium butyraté, 2, or 3 uM SAHA, 0.3,
0.5 or 0.7 uM TSA, or control medium for 48 h. Additional cells were treated in
triplicate with 5 pg/mL cycloheximidehich was added 3 h prior to other treatments,

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

For cell culturen 6-wellor 24wellplates TRIzol Reagent was used to obtain RNA

from sampled-ollowing media removal fraheplates, 1 mifor 6-well plates) or 400

uL (for 24well plates) of TRIzol Reageras 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 accordingntatheu f act ur er 6 s i n:
detailed below.

Homogeniged samples were incubated for 5 min at room temperature to permit
complete dissociation of the nucleoprotein complex. For phase se@@jid(for

6-well plates) or 8 (for 24well platesdf chloroform was added asampleandthe
tubewasshaken vigously by hand for 15 sdte sample wdken ncubated for & 3

min at room temperatyr@nd thercentrifuged at 12,000 x g for 15 min at 4°C. This
process separdtthe mixture into a losv red phenethloroform phase, an interphase,
and acolourlessipper aqueous phase, with RNA remaining exclusively in the aqueous
phase. Once centrifuged, the agueous phase of thewasngheoved, avoiding any
withdrawal of the interphase or orgarjerlavhen removing the aqueous phase. The

aqueous phase was transferred into a new tube.

For RNA precipitation, 0.5 n{tor 6-well plates) or 20Q|{for 24well platesyf

100% isopropanol was addethmremovedaqueous phasehd samplaasincubated
atroom temperature for 10 min, and centrifuged at 12,000 x g for 20 minTdte4°C
RNA forms a pellet on ¢hside and bottom dietube. Spernatantvas thememoved
from the tube, leaving only the RNA pellee pellet waswashedy addind. mL (for
6-well plates) or 50@(for 24well platesdf chilled 75% ethandlhe samplevas
vortexedbriefly, then centrifugeat 7500 x g for 5 min at 4°Theethanowashwas
then discarded, and the remaiNA pelletairdried on icdor 50 10 min.The RNA
pelletwas then resuspended indAD L of RNasdree water, ready for quantitation.
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For solid tissusuch afiuman rectal biopsjghe same TRIzol protocol was employed,
with minor variatiorf-or solid tissueared in RNA latethefrozensample wagslaced

in 300uL TRIzol anchomogenisdwith brief pulsegsinga homogeniser with sterile
pestle. AradditionaROOuL of TRIzolwas theradded fomatotal of 50QuL. Processing
then poceeded as foine standard TRIzlrotocol,using 100 luchloroform, 250 b
isopro@anol, and 500chilled 75% ethanol

RNA was quantified using a Nanod&8Q®0 spectrophotometday first blanking the
Nanodrop8000 pedestals withull water, then loadingyl of each sample on the

pedestals tobtain RNA quantity and 260/280 ar/230 ratios The RNA integrity
wasalsoassessed using agarose gel electrophoresis or using an RNA 6000 Pico Chip rur
on an Agilent 2100 bioanalyzer. RNA was stor80°4.

Prior to use, 10 mL of protein lysis buffer was prepared by addit@yd aff 1 M
DTT and 1 Complete mini protease inhibitor cocktail t&lgés were washed in 1 x
PBS after media removal, and 300n80 L protein lysis buffer ag added to obtain
whole cell protein extradtem 6-well and 24vell plates respective@ncethe buffer
was added, cells were scraped to homogenise, and passed thro2gbaafiee
needleProtein was stored &0°C.

Protein atracts were quantified usthg EZQ Protein Quantification kiEor the

EZQ protocol, standards were prepared by makingdsietiahs of2 mg/mL
ovalbuminstock solutiomn protein extraction buffédilution range from 0.@2
mg/mL). TheEZQ assapapemwas then inserted int®@&wellmicroplatecassette. In
triplicate, each dfe proteinstandardssamplesand neprotein control (buffer only)
were loadeldy spotting JL of each onto the assay paper, ensurenghembrane \sa
not scratched guncturel. The protein samples on the papere allowed to dry
completely, antthe proteirspotted assay papesis removed from the cassette and
placed in trayhe proteinspotted assay papeas then washed with 40 mL methanol
with gentle agitation, férmin After washinghe assay paper whed, andiO mL d
the EZQprotein quantitatioreagent (Component wWas added to the trahe
proteinspottedassay paper in the stain solutvas theragitatd gently on aorbital
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shaker for 30 mirfter skiningthe assay paper was rinfged. d 2 min in rinse
buffer(10% methanol, 7% acetic acid), with this wash repe@aedor a total of
three rinsed hefluorescence from theoteinspotted assay papess themetected
using a Typhoon scanner, and reankitysd using Carestreafiolecular Imaging
SoftwareThe fluorescence values of élxperimental samples and standaeds
determined by subtracting the fluorescealke of the nprotein controlA standard
curvewas creately plotting the arrected fluorescence valuethefstandardsevsus
the corresponding@tein mass (or concentratiomeTmass (or ceentration) of the

experimentaamplesould then be determinfdm the standard curve.

MiRNA expression profiling from HT29 contmédiumand 5mM butyrate cells was
performed using the Exigon v11 retmgpot probeseForeach sample, 4 of total

RNA was labelled by the ligation of a fluorescently modified RNA(TioeTson et

al 2004 Two sample (@l colour) competitive hybrii®ns were performed using

Cy3 and Cy5 labelled sample pdyisridisation was performed for 16 h at 56°C under
LifterSlipan 1x Exigon hybridiation bufferin 25uL. Slidesvere placed in Corning
hybridistion chambers and protected from light for the incubation. Slidessleeel
using dilutions of the Exiqon Wash Bufferaitdscanned at 1@ resolution with a
Genepix 4000B Scanndiean pixel intensity valuescanned images were extracted
for both channels (Cy3, Cy5) using the Spot v3 plugin (QAIR@ustralia) whin

the R statistical software package. After background subtraction, foreground intensities
were logtransformed anthtios(Cy5/Cy3)were obtainedratios were normadid

within the Limma plugi&myth 2008using the global Loessrmaligation routine.

Arrays were norrtised to each otheandfor each probe across the arrays a linear

modelwas fitted to determirimal expression valugsd associatednkingstatistics.

MIRNA expression analysis was performed R8lAgfromHT29 and HCT116

control and treated celisiRNA expression analysis of normal human rectal mucosa
was also performed. This sample was prepared following ethics approval from the
Flinders Clinical Research Ethics Commai2idA was synthesised from 2§ total

RNA using miRNAspecific primers aaabng to the TagMan miRNA Assay protocol
using3.5uL master mix, 2. RNA, and 1.5 primer.For eaclreverse transcription
(RT) reaction, the aster mix containgd075uL 100 mM dNTPs, 04 multiscribe
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RT enzyme, 0.4% 10x RT buffer, 0.095L RNase inhibitor, and 2.p8 water. Once

the mastermix, miRN#pecific primer, and RNA were addethéwelk ofeightstrip

tubes, samples were incubated on ice for 5 min, then loaded into a thermal cycler. The
RT programon the thermal cycler consiste@ &0 mirincubatiorat 16C, a 30 min
incubatiomat 42C, a 5 minincubatiorat 88C, and finallyan incubatiomat £C until

ready for use in retiine PCR.

Realtime PCR was carried out according td ggManprotocol, using triplicate 0
reactions for each biological replicate includihgol reverse transcription product,

0.5uL miRNA-specific primer and probe assay 5k, 1x TagMan Universal PCR

Master Mix No AmpErase UN@nd3.84uL water. Once all reactions were loaded

into fourstrip PCR tubes, tubes were loaded into a thermal cycler capable of recording
in realtime. Thermalkycling was performed using a Corbett Rotorgen®P800

Qiagen Rotorgene,@nd consisted of a 10 nmoubatiorat 95°C, then 50 cycles of a

15 sec demaring step at 9& and a 60 sec annealimgtersionstep at 6TC.

MiRNA levelsvere normalised relative to kaeels of thendogenous small nuale
RNA gene RNUGB. ¥pression levelgere calculated from Ct values using Qgene
(Muller et aR003.

For mRNA expression analyBIBIA waspretreatedvith a DNAfree systemsingl

pL DNaseand 2.5 p DNase buffern 22.5pL dilutedRNA (0.1 pg/jL), with a 20 min
incubation at 3T. This wasollowed by deactivation wiztbuL. DNasedeactivation
slurry.For cDNA synthesis, 1100 ng) ofandom hexamer primexsis added tb

pg totaDNase treateBNA (10 (L), with a 5 min incubation at’@ Subsequently, to
each samplé, .l M-MLV Reverse TranscriptaBNase H minus, Point mutabt|L

RT buffer, 1.25ludNTP mix, and 6.79water waadded to maka 25uL reaction
Following a 10 min incubation at room temperature, reverse transcription was carried
out in a thermal cycler with a 50 min hold & 50llowed by a 15 min hold at0
The resulting cDNA was then diluted 1:2.5 for usmaitime PCRRealtime PCRwvas
carried out according to the TagMan Gene Expressian pregocqlusing triplicate
10pL reactions including 2. of RT product, 0.5L mRNA-specific Gene Expression
assay mig L 2x TagMan Gene Expression master, arixl2.5uL water Cycling
consisted o 2 minincubatiorat50°C and a 10 mimcubatiorat95°C, then 50 cycles
of a 15 sec denaturing step 4C2nd a 60 sec annealing/ egtenstep at 6TC.
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Transcript levelsere normalised relativeévels oendogenous contrICTB (A
actin mRNA. Expression levelgere calculated from Ct values using Q@éuler et
al 2002

Protein extracts from control and treated Ha28 HCT11&ells were resolved by

SDSPAGE geland electrdlotted onto polyvinylidene diflude membranes.

For this protocol50 ng of each protein sample was used, in a volumplLofT2bthis
volume, 253 of loading dye was added (prepared usingl150 SDS loading dye

and 3QuL 1 M DTT to give a concentration of 200 mM DTT). The sample and loading
dye nx were heated at P@for 3 min, as was a @D sample of prstained broad

rangg(7 0 175 kDa or 1@ 230 kDamarker.

The SDSPAGE gel consisted 086 stacking gel on top @fi8% or 10% separation
gel.The 8%separatiogel had 2.5 mLx4lower buffer2 mL 40% acrylamide/
bisacrylamide, 3& 10% APS15uL TEMED, and 5.5 mL water. The 10% gel had 2.5
mL 4x lower buffer, 2.5 mL 40% acrylamide/ bisacrylamide, 36% APS, 1AL
TEMED, and 5 mL water. Separation gelge allowed to set for 20 rbiefore

addition of the stacking gel, which had 1.25>-mlpgper buffer, 62pL 40%

acrylamide/ bisacrylamide, 8510% APS, 1AL TEMED, and 3.1 mL water. Once
gels were prepared and placed in a tankxvBD$ running buffepfeparedrom 5x
stock), pepared protein samples and marker were loaded. Gel wasnsistn25
mAmpsfor 458 60 min

Once run, gels were soakettansfer buffer for 16 15 min Twelvepieces of blotting

paper were also soaked in transfer buffer, ambtiavinylidene difluicle merbrane

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

semidry blotter, and transferred at 77 mAmp268é 3 h.

After transfer, mmbranes were blocked u$fgskim milk inlx TBST prior to
overnight incubation wittrimary antibodiesabbit monoclonal 4rRCDKN1A
(12D1)rabbit monoclonal aAETEN (D4.3) rabbit monclonal antBCL2L11
(C34C5), or mouse monoclonal-&tEF1/NEDD9 (2G9) (all 1:1000Rabbit
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monoclonal arWACTB (1:5000fab8227)vas used as a loading conkéiker overnight
incubationmembrane was washed four times imMBST, before 1 h incubation with
secondarnorseradish peroxidasenjugated goat amébbit IgGor donkey anti
mouse IgG. After four morexITBST washeghe enhanced chemiluminescence
(ECL) systerwas used (5 min dark incubation with 0.5 mL of ERdtratie and 0.5
mL of enhancetp visualise bands using an ImageQuant LAS 4000 system.
Densitometry waserformedusing Multi GQugesoftwarewith results normalised to

ACTB protein levels

HT29 cells were reverse transfected with miRNA mimics using Lipofectamine 2000
according t o protoelin2davellarfdia xCELLigemae R BCE-plate
formats(E-platewellswereequivalent in size wellsin a96-wellplate) MRNA
oligonucleotide duplex@siRNA mimicsyere used at 20 nM each in the following
combinations: miH27 family, miRL8 family, miRL9 family, mim®2 family, entire miR
17-92 cluster, miR7-92 cluster mus miR18a, or negative control mimic (sharng
reverse transfectignotocol for one well of a 24ell plateconsisted aodlilution ofthe
MiRNA mimics in 5QL Opti-MEM reduced serum medium, and dilution of
Lipofectamine 2000 by addingL1to 50uL Opti-MEM reduced serum mediufar
one well of an plate, volumes of OpMEM were reduced to 2& for miRNA
mimic dilution andlo 25pL for dilution of 0.2%L Lipofectamine 200@iluted
Lipofectamine 2000 was incubated for 5 min, then combinedlutéd chiRNA
mimic/s and incubated for a further 15 min. During this incubation peiiedyes
prepared for seeding. For&dll plates, cells were seededat®, while for 9éwell
E-plates, cells were seeded ax A&. The mimie_ipofectamine @0 complex
solution was added to the well (tD@n total for one wll of a 24well plate, 5QL in
total for one well of an-glate), followed by the appropriate number of cells in
standard growth medium (5@0in total for one well of a 24ell plate100uL in total
for one well of an fplate After 8 h of transfection, cells were treated with 5 mM
butyrate, M SAHA, or control medium and grown for 48 h. For thedlbplates,
proliferation was recorded usingx@&LLigence RTCBP instrumentFor the 24
well plates, cells were harvested and RNA extractedione RFPCR
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In additional 24vell plate experiments, cells were revetsarsiected with mik8a

mimics and also with miScript target protectors designed f@BanfRedicted target
geneNEDD9 andCDK19 or with a negative control miScript target protecaoget
protectorsaresinglestranded, modified RNAs that specifically inteirighe
interactiorbetweera miRNAanda single target, while leaving the regulation of other
targets of the same miRNA unaffectedget protectors were designed for the four
potential miRL8a mding sites iINnthdEDD93 6 UTR and t he three p
sitesinth€DK193 6 UTR wusi ng aWw@v.geagea.com/amiDesigm i t hm
[accessed 3 November 201ahd were reverse transfected at a concentration of 500
nM for each target protector. Tiaeget protector sequences are shown in 3#&ble

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 harvestedife iel

PCR.

In separate fplate experiments, two giesignedgmall interfering RNASIRNAS for
NEDD9, two pre-designed siRNAsr CDK19 or a negative control siRNy¥ere

reverse transfected @btal concentration of 20 nifter 8 h of trangction, cells

were treated with 5 mM butyrate or control medium and grown for 48 h. Proliferation

was recordedsing thexCELLigence RTCBP instrument.

Cell proliferation was measured using the XxCELLigence BH @&trumenand 16

well Eplateswhich uses electrical contacts on the bottom of-fhat&wells to
continually monitor cell growth over tifRellowing a blanking step with media only in
each Eplate wellHT29or HCT116cellswere seeded @2 x 10 cells pemwell of an
E-plate In some experiments, at this seeding stage reaasfection was also
performed as described abdvemwth of the cells was tracked every 30 mindd@ h
before treatment additio@rowth wassubsequentlyacked every 3€in over48h.

PredictedniRNA target genes were determined using miRGen, focusing on genes
common to two or more prediction progrgMegraw et al 20p)and analysed using
Ingenuity Pathway Analy@RBA) to identify all genes iolved in proliferation and cell
cycle control, and expressed in colorectal cells.

45



CHAPTER 3

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(J@&S)pf theMIR17HGgene, which is the

miR-17-92 cluster host gene. ChIP was performed using the SimpleChIP Enzymatic
Chromatin I P kit, and was carried out a
detailed below his kit made use of Micrococcal Nucleas@ésidihe chromatin, and

agarose beads for themunoprecipitatian

Beforeperforming ChIP on the butyrateated and control medium HT29 cells,
optimal conditions for digesti@f crosdinked DNA to 15@ 900base pas in length
were determined. For the optimisatavosslinked nuclei from 4 10 HT29cells
wereobtained, using the method described in 3.1.11.2. Micrococcal Nuclease was
diluted 1:5 in 1x buffer B + DTT. In five tubes each contai2iquLof the niclei
preparation) pL, 2.5 uL, 5 pyL, 7.5 uL or 10qflthe diluted Micrococcal Nuclease
was addedavith tubesncubatd for 20 mn at 37°C with frequent mixing. Tdhigest
was stoppeldy adding 20 pbf 0.5 M EDTA and placing tubes on itiee nucleiwere
then pelletetly centrifugatiarthe supernatanvasremoved, anthe pelletwas
resuspenedin 200 L of 1x ChIP buffer +protease inhibitor cocktafIC) + PMSF.
Each tube was themcubatd on ice for 10 min, theosicate to rupturenuclear
membrangusing three sets of 20 sec pulses3@ideantervalof incubation once
between pulsehelysatesvere clarified by centrifugation, &3dL of each sonicated
lysatewvastransferredo anewtube.To each 50lusample100 L waer, 6 uL 5 M
NaCl and 2 pIRNAse Awere added, and sampleseincubatd at 37°C for 30 min.
Following addition a? L Proteinase Ksamplewereincubatd at 65°C for 2 DNA
fragment sizeras determinealy electrophoresiwith 20 L of each sampledded

onto a 1% agarose geith a 1 kb DNA markealso loaded. From the gel, dngestion
conditionswvhichproducel DNA in the desired range of 18000 base paicsuld be
determined, and thv®lume of diluted Micrococcal Nuclease that prodbeedesired
size of DNA fragmentsasequivalent to the volume of Micrococcal Nuclease stock

subsequently usemdigesthe4 x 10 cellsin thepreparativehromatin digestion.
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For each treatment (butyratecontrol mediumy x 10 cellswere required for the

ChIP experimento generate one chromatin preparationdbaldbe used for up to
tenseparate immunoprecipitationRg.ensure an adequate suppl 29 cells, ght

15 cm plates were seeded for each treatment, at a concentration®afelspéi0

plate. Cells were grown for 48 h, then treated with 5 mM butyrate or control medium
for 48 h. After 48 h, one pldtem each treatment groums treated with trypsamd

used for determination ofliceumber using lBaemocytometeto determine how many

plates were required to provide 4 %cHils.

To perform cross$inking in the remaining plates (two sets of 4 gdll3)various
solutions were prepared, as oullinelable3.8 To crosdink proteins to DNA540

uL of 37% formaldehydeas addetb each 15 cm cultupdatecontaining 20 in

medium withincubaion for 10 minat room temperature. This was followed by
addition of2 mL of 10x glycine to each diskith 5 minincubatiorat room
temperatureMedumwas then removed aondllswerewashedwo times with 20 n
icecold x PBS To each plat@, mL_ icecold x PBS + PMSkvas added, and cell
werescrapednto cold bufferFor each treatment, cells wapebinedinto one 15
tube, anatellscentrifugedt 1,500 rpm for 5 min at 4°&ipernatantvas removed,

cells wereesusperetl in 10 mlicecold Buffer A + DTT + PIC + PMSF, angere
incubatd on ice for 10 minNucleiwerepelletedy centrifugation at@O0 rpm for 5

min at £C, supernatanwas again removed, dhdpelletwasresuspended in 10 mL
icecold Buffer B + DTT Centrifugation and supernatant removal was repeated, and
thepelletwas resuspended in 1.0 Buffer B + DTTandtransferedto a 1.5 rh tube.

An appropriate amount Micrococcal Nucleases added, as determined in section
3.1.111, and tubesvereincubatd for 20 minat 37°C with frequent mixing to digest
DNA to approximately 159900 lase pailengthsThe dgest was stopp byadding

100 | of 0.5M EDTA and placing tube on ice. Nuclei were then peligted
centrifugation at 13,000 rpm for 1 mir°C, supernatant was removed, and pellet
resuspended in 1 naif 1x ChIP buffer + PIC + PMSF andlgpnto two tubes of 500
pL. Tubes werencubatd on ice for 10 mirthen eactube of lysatevas sonicated

using three sets of 20 sec pulses with 30 sec intervals on wet ice betwegsatelses. L
were then clarifiday centrifugation at 10,000 rpm for 10 min at AR€ sipernatat,
whichwas transferred to a new tube, wasthewrosdinked chromatin preparation
For analysis of DNA digestion and determination of chromatin concentratibmf50 p
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the chromatin preparation was removed, with the remsiackat-80°C until

further use.

To each othe 50 ju chromatin sampel00 |L nucleaséree water, 6lu5 M NaCl
and 2 . RNAse A vereadded, witlincubaton at 37°C for 30 mirTo each RNAse A
digested sample, R Rroteinase Kvas then added, asamplesvere incubateait
65°C for 2 hDNA was purified from samplasing spin columns as described in
Sectior8.1.11.7, and1® |L samplevas used tdetermine DNA fragment size by
electrophoresis on a 1% agaroseitfelbwl 0ase paibNA marker. DNA should
have beedigestedd a length of approximately 15900 lasepairs(l to 5
nucleosomeshn addition, DNA concentration was determined wsh@nodrop8000
spectrophotometer, wilPNA concentration idealbetween 100 and 200 pg/mL

The antibodiesused foimmunoprecipitatioof the control and butyrateeated
chromatinmcludel the positive contrahbbit monoclonal Histone H3 (D2B12) XP
(ChlIP Formulated) artde negative cdrol Normal Rabbit IgG, as well as the
antibodies of interest including rabbit polyclonahaatiAhistone H3 (Lys 9/ Lys 14),
rabbit polyclonal articetyhistone H3 (Lys 27), and rabbit polyclonaitastiethyl
histone H3 (Lys 4Enoughlx ChIP Bufferwas preparefr ten
immunoprecipitation@ive for each treatmentyith ech precipitation contang 400
pL of 1x ChIP Buffer (40 lpof 10x ChIP Buffer + 360 pwater) and 2LluPIC. To

the prepared ChlIP buffer, the equivalent of LQAQto 20 ug of chromatin DNA) of
the crosdinked chromatin preparatioras addetbr each immunopogpitation. For
example, for fivenmunoprecipitations, a tubas preparecbntaining2 mL 1x ChiIP
Buffer 00 (L 10x ChIP Buffer +1.8mL water) +10 L PIC + 500 |L digested
chromatin preparation. For each treatmel},j& sample of the diluted chromatias
removed and stored-20°Cto be used as a 2%putsample For each
immunoprecipitation, 500 i the diluted chromatiwas transferred to a
microcentrifuge tube aride immunoprecipitating antiboglgs added at an
appropriate concentratiohaple 3.7)mmunoprecipitatioeamplesvere incubated
overnight at 4°C with rotation. The following day L36f ChIP-Grade Protein G
Agarose Beadgere aded to eachmmunoprecipitatiosample, witincubaion for 2 h
at 4°C with rotation.
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To wash themmunoprecipitatiosamples, low and high salt washes were prepared, as
outlined in Table 3.8. TReotein G AgarosBedls in eacimmunoprecipitatiowere
pelletedoy brief Imin centrifugation at 6,000 rpm, aagernatanvas then removed.

To each pellet of beadspL of low salt wastvas addedyith incubatiorat 4°C for 5

min with rotationCentrifugation, superaait removal, and addition of low salt wash
were repeatesvo additional times, for a totaltbfee low salt washes. Following the
final supernatant removalirL of high salt washvas added to the beads, with

incubatiorat 4°C for 5 min with rotation.

For each washéehmunoprecipitatioand each 2% input sample, 16@x ChlP
Elution Bufferwas prepared. First, 130qf the x ChIP Elution Buffewas addetb
the 2% input saple tubsfrom section 3.1.11ahdtubes werset aside at room
temperatureFor the washadhmunoprecipitatioeamples, therotein G Agarose
Beadsvere pelletely brief Imin centrifugation at 6,000 rpm, angernatanvas
removed. To eadmmunopreipitationsample150 puL1x ChIP Elution Buffewas
added Chromatinwas eluteffom the antibody/Protein G beads for 30 min at 65°C
with gentle vortexingt 1,200 rpmTheProtein G Agarose Beadsre pelleteldy brief
1 min centrifugation at 6,000 rpmgdaeacteluted chromatin supernatarats
transferred to a new tuti@ all tubes, including the 2% input samplelL 5 M NacCl
and 2 plLProteinase Kvere addedndtubeswereincubatd for 2 h at 65°C.

BeforeDNA purification, 24 mbf ethanol (98 100%)was addetb the DNA Wash
Buffer before us®ne DNA spin column/collection tulveas useébr eachchromatin
sample from Sectid1.11.6. To begin purificati@d0 L of DNA Binding Buffer
was added to each sdmp@and50 |L of each samplgas addetb a DNAspin
column inacollection tube. Ae ube wasentrifuge at 14,000 rprfor 30 secthe spin
columnwas removeftom the collection tube atiquid discarded, then thgin
columnwas replaced in the colien tube. Theemaining 450Luof samplavas added
to the spin column ithe collection tube anithe centrifugation and discarding of liquid
was repeatedoTthespin column imcollection tube, 750 of DNA Wash Buffer
was then added, and tubesere-centrifugel at 14,000 rpm for 30 sédquidin the
collection tube was agaliscarded. A furtheeatrifugationat 14,000 rpm for 30 sec
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was performedhe collection tube and liqguwerediscarded, artthe spin columrwas
placed in a new 1.5 mL tube. DWAs eluted i60 (L of DNA Elution Buffer
followingcentrifugationat 14,000 rpm for 30 sdte duateof purified DNAwas
stored at80°C.

To quantify the purified DNA for eashmunoprecipitatiosample, primer pairs were
designed to target intron and exon regiotieedflIR17HGgene as well as to target up

to 4 kBupstream othe TSS A search foMIR17HGgeneprimerpairsthat had
previoushpbeendesigned and validaidéntified suitable primer paas describelly
O'Donnell et al (200@ndPospisil et al (201L1n adlition,to cover all regions of the
geneand theupstream regiqrseverahew primergairs were designasding Primer
ExpressSoftwarePrimers were designed with close adherence to the following criteria:
Primer length: 24 nucleotides; Optimum Tm: 60pGmum GC: 50%; Amplicon size:
800 160base pairPetails of forward and reverse primers spanning each gene region
are shown in Table 3.6. Thegmpr pairs for th#1IR17HGgene were tested usB@y
ngDNA from HT29 cells purified with tiiZNeasy Bloodnd Tissue kiRealtime

gPCRfor each primer paivas carried out according to the TagWast SYBR Green

protoco| as described in section 3.1.11.9.

In addition to thénistone samples of inést, 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)datera standard curve and determine
the efficiency of amplificatidAtimes used included twelve primer pairs for the
MIR17HGgene region, and a control primer provided by the manufactiftantfan
ribosomal protein L3GRPL3Q Exon 3

RealtimegPCR wasarried out according to the TagNrast SYBR Gregirotocol
using triplicate@pL reactions including 2.jof DNA, 2 L (300 nM)f forward
primer, 2uL (300 nM)of reverse primetOpL Fast SYBR Greanaster mix, andipL
water. Cycling consistedao®) sedncubatiorat95°Cfor DNA polymerase activation
then40 cycles of @ sec denaturing step at 95°C aB@sec annealing/ extgionstep
at 60°C.
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RealtimegPCR dataverenormalised using the percent input met8teponeof this
method was tedjustthe Ct of theinputby subtracting.64(i.e.as the starting input
fraction was 2%, then a dilution factor of 50 or 5.64 cycles {oé5@pgwas
subtracted frorthe Ct value of diluted inpuBteptwo of thepercentinput method
was tgperform thefollowingcalculatiorfor the Ct value of eagmmunoprecipitation
sample: 100 x @dusted inputminus CtIP\yith this calculation normalising the data to itput.
addition, an alternative method of analysis was usedpséissen levehormalised

to the2% starting input fractionsing Qgene, which took into accduetefficiency of

amplificatiorusinga serial dilution standard curve.

Where relevantesults were presented as mieatandard error of the meaft (%) of

at least three biological replicates. Statistical analyses were performed with PASW
Statistics 17 usiag unpaire® t u d etastt witls & value < 0.05 considered
statistically significant.

It should be noted thaell proliferation and miRNéxpression 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 salsiasief) 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 aemf@@ s 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 g®weral 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 tHekeptergsee Appendix 1)
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3.2 In vivo experimental methods z High red meat and resistant

starch trial in humans
A randonimsedcrossover trial was conductedmparing the effects of a control diet,
high red megRM)diet, andRM diet supplemented witbsstant starc(RM + RS)on
markers of CRC risk in healthy volunteers agédS@eardVithin this trial, a sub
study was conducted to determine the efféhedietary intervention arolorectal

MiRNA expressiopatterns.

Table 3.1 High red meat and resistant starchrial details

Original title

Dietary proteimduced DNA damage in the colon: the effect of a red meat diet in humans

Study design Randomég, controlled, crasger trial

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

Ethics approval Flinders Clinical Research Ethics Committee/ Clinice

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

The overall study objectiveasto determine if consumption ofleet high inean red

meatby humans increases toxic fermentation products that could damage DNA, and if
supplementation of the diet with RSa(astyrylated high amyle maize starch

St ar pdamasnEliorate these effects. MIRNA specific objectiveas o

deternmne if consumption of a highd meat diet by humans alters miRNA expression

in rectaimucositissue, and if supplementation of the diet wittaR&utyrylated high

amyl®e maize starch St a m&difias ang jltered expression.

The overall hypothesof the study was thatdreased dietary red medkincrease
colonic mutational load and genomic instability in humans which would translate to
increased risk of developing CRC but feeding resistant\gliaattar fermentation of
protein and protectgainst DNA lesions and their sequence$he miRNA

expression hypothesias thatricreased dietary red meatyalter miRNA expression
profiles, but feeding resistant staxahldprotect against this dysregulatign

increasin@putyratdevelsn thecolorectum
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Table 3.2: High red meat and resistant starch trial participant inclusion and
exclusion criteria
Inclusion criteria Exclusion criteria

Age 50 75years Evidence of any active mucosal bowel dispeskt;s, or

of malabsorption

Healthy, with no active bowel disease Intolerance to hififre foods
Able to provide informed consent Any perceived contraindication to consumption of th
protein diet

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

Ingestion of regular probiotic complimentary medicir
Antibiotic therapy in the previousdeks

Patients were recruited by advertisement or by invitation from their treating physician
during consultation at the Gastroenterology Outpatient Clinics at Flinders Medical
Cente.The study protocol was explained to each participant, and written informed
consent was obtained prior to study commenceRetitipants could withdrawany

time during the study, frealydwithout prejudice to any treatment at Flinders Medical
Centre Participants were also withdrawn if theyelogdintolerance tdlietary
products,ntolerance, allergy or anyaaceptable reaction to red meathsebof any

acute diarrhoeal diseasey samples collected for withdrawn participmmiisl be

destroyd accor di ngwishes t he patientds

A sample sizegwer calculatiowasbased oithe anticipated effect dhe primary
outcome measure of protein fermentation prodaaysoup size of a 20in a cross
over design studjyave 80%power to detect a 20% change with 95% probalbiVitsts
planned fo25to be recuited to allow for droputs.For colorectal biomarkethe
inclusion number was not based on a power calculation size of the effect on the
various biomarkergasnot known A study byRafter et al (2097ecenly used the

same group sizes< 20) in a related study.

Random sequence allocati@asgeneratedsing a computer generated randomisation

sequencand implemented [atrial nurse, taletermine whether tf&M diet or the
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RM + RS diet was received fii3tie to the nature of the interventions this was an
open trial, with participants not blinded to interventions.

Dietary interventions were explained during scheduledisiisito Flinders Medical
Centre Endoscopy Unithe study consisted of two intervention periodguriweeks
each, preceded byoair-week rurin (control) period and separated byuaweek

washout periodrable3.3. Volunteers were randomised RMdiet or R+ RS diet
for the first intervention, and for the second interventi@vextthe alternative diet.

At the outset of the studyamicipant8normaldiets wereassessadsing a standa

food frequency questionnadi@veloped byhe Cancer Council Victoria@0% anda

study dietitian @hnieTayloror KarenHumphreysgaveadvce as to study diet
requirement$articipants were instructed to maintain their usual diet during the study
but to avoid supplementation with any fibre,-prgkein, or probiotisupplements,

except those protegontaining and R&ntaining foods prescribed for the study.
Participants were to@d when possible, or record the use of any medicaticoulht
haveinterfere with bowel functionParticipants were also asked tp Kesir weight

stable for the duration of the study, following advice from the study digsitaarsd

PT)as requiredVeight was measured at each clinic visit.

Participantsveremonitored by a trial nurse and a study dietitian gkif)gboth
interverions periods, to ascertain diet and intervention guideéreseing followed

and to provide any assistance reedelarticipants were followed up when the stutly ha
finished with either a phone conversation or a clinic visit to ascertain the $tatus of t
health and welieing. At this time participants were advised on their future red meat
consumption with regard to risk factors for this food. Participants could request the

overall results of the trial.

For runrin (control)and wasbut periodsparticipants were requireddatiow normal
dietary habits fdour weeks. No dietary changes were required, except the avoidance of

fibre, highprotein, or probiotic supplements.

For theRM diet participants werequired to consun&)0g (raw weightdf lean red
meat per day fdour weeks. Meat was supplied to the participants omfi@en
packs of lean mince, beef strips, or lamb strips, with three packs to be consumed each
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day. Participants could spread tmeiat consumption throughout the day if they

preferred (for example, 1@@or lunchand 20@Q for dinner)This level of red meat is
tolerated well by humans with studies often using levels of RM) get@8y(Lewin

et al 2006 Participants were also required to consume two serves of reduced fat milk or

orange jice per dayp match the two serves in fR¥ + RS dietais detailed below

For theRM + RS dietparticipants were required to cons@6ag (raw weightlean

red meat per day ftour weeks, with the addition of ¢@fbutyrylated high amgle

maize starcper day. This butyrylated starch waiSu s E, w®6086iRSands 5 0
wasprovidedin prepacked 2@ sachets. Participants wegired to consume a total

of two sachetslaily(onesachet in the morning aadein the eveningpy mixing the

RS powder into either 250 mL reduced fat milk (flavoured mitkcagptable) or

orange juicéther ntervention studies have used RS up gp®dday, while 40 ger

dayhas been shown modify Becal biomarkers significaitgung & le Leu 2004

Outcomes were predefined, with no changes after commené&amtrd.entire study,
primary outcome measures were the effect of protein and RS on forneioniof
fermentation products, and the effect of protein and RS on epithelial consequences.
Secondary outcome measures therffect of protein and RS on bacterial profiles in
faeces and rectal mucosa, anceoraimucosigene anthiRNA expressiofthis latter
outcome measure ofmost relevance to tretudy and iexplored in Chapter 8.

For the entire studyhe dietary induced events to be studied includedS&doas,
faecahnd urine protein fermentation products, faecal and mucosal bacterial populatio
profiles, rectal epithelial responses to protein feeding (specifically DNA strand breaks
(camet assay])6-Methyt2-deoxyguanosin®6MeG) DNA adductspontaneous
apoptosis, cell proliferation, expressiadh@DNA repair proteifMGMT, and
expressionfather markers of DNA repair, carcinogenesis and appptxsed
mucosaniRNA andtarget genexpression changesd blooeborne factors

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

Blood samples, rectal pinch bigpsy®sal swaband faecal & urine specimens were
obtained at the eraf eachfour-week dietary period, witticdal offour sample
collection visits, at the endtb&run-in control dietfirst intervention diet, waslt

dig, and second intervention digable3.3. Participants areasked to fast for 2 h
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prior to their scheduled blood sample collection Eawh participant was also

required to fill out a food diary for three day@ po each clinic visit, witht@tal of

four food diariesBlood colletion, 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 part@pargs.

Details of medicdlistoryard medicatiog weight, bowel health and symptoms, and
adverse events were collected by a trial nurse throughout thEhstsidynded food
frequency questionnaire develope@iheCancer Council Victoria (200&s

completed at the first clinic visit.

Thecomposition of the participantsd diet
interventions was assessed uswgjghed foodliary. Thisvas completed by

participants at the end of edatir-week dietary periothreedays prior to each clinic

visit. Paitipants were requested to record all food and drink eaten, to be specific and
note details and brands of food, and to weigh foods using prigiteditcherscales

for best accuracy. Metric cups and spoons could be used for some items like fluids
sugar opil. A dietitian(KH) entered théood dianes into FoodworksrBfessional

nutritional calculation softwavehich calculatesnergyand macronutriemtakebased

on Australian food composit.ion tables a

A 24 hfaecatollection was conducted by the participant for the 24 h prior to each
clinic visit, and placedtime homefreezer provided. These samples wahected by a
study investigator amathalysed for faecal bulk, pH, carbohydrate fermentatchrciso
(acetate, propionataytyrateand total SCFAsprotein fermentation products-(N

nitrosamines, phenols, cresols), and mateprofile.

A SPOT/MSSU urine sample was collebtethe participargrior to each clinic visit,
on the moning of the isit, and placed in the home freezer provitleese samples
werecollected by a study investigator amalysed fdX-nitrosamineghenols, cresols

and creatinine.
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A trained nurse collected 30 oflblood from each subject aicé clinic visifThe

blood samplesere handled according to strict protocols designed to minimise the risk
of traumatianjury or infection to the laboratory statfie plasma/serunveretesedby

the Flinders Medical Centre SA Pathology diagnostiattaipfor changes in the levels

of inflammatory markenscludingC-reactive protejrinflammatory cytokines,

haemoglobimndmean cell volume

Participants were required to undertake anal examination by an experienced clinician at
each clinic visit, at the end of efach-week phase. Four pinch rectal biopsies were
taken at each visifith rigid forceps througdigmoidoscopic examination perfedn

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, @mdinlikelyrisk of postproceduréleedingColonic

biopsies are safe and the investigators were previously involved in projects where this
procedure was done without inciddfdcrae et al 199K orthley et al 2009Two

biopsief <0.5 cmin any dimensiowereeachplaced ir2.5mL RNA later, storedt

4°C overnight, and subsequently store8GIC Additional biopsies were placed in
formalin. Histological analysis of relstapsytissue stored in formalin includestiteg

for DNA strand breaks, QeG, baseline apoptosis, cell proliferationlvVe@isl T

expression. Analysis of the tissue stored in RNA later included quantitation of miRNA
expression profilemyvestigation of mIRNA target gene changes at the mRNA level,

and examinatn of bacterial DNA profiles.

A mucosalwab vastaken at the timef eacltrectal biopsyand analysdyy a study

investigatofor surface mucosal bacteria.
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Table 3.3: High red meatand resistant starch trial intervention and data
collection flow chart

Weeks: 4 0 4 8 12

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

Food diary: XXX XXX XXX XXX

Faecal sample:
Urine sample:
Blood sample:

Rectal biopsy:

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

Mucosal swab:

Following storage in RNlAter, rectal biopsy samples were processed to texalact
RNA, as detailed in Section 3.ARalysis omiRNA andtarget genmiRNA levels in
these samples was conducted using relative quantitatiomer&#PCR as detailed in
Section 3.1.6.

Clinical data sheet®re used teecord relevant information nedde interpret the
end pointsThesewerelocked in @aecurearea where clinical and research reaads
already stored within the Department of Gastroenterologyin@ssyigatordirectly
involved in the tridladaccss to these records. An indication that the parasn
participating in the stugyasincluded in their tgpital records where relevétgcords

werekept confidential and datesnot released in any way that idedtdieindividual

Means and standard deviations were calcidatddthe outcome variables measured.
Thecrossoverstudydesign with two intervention perigusvidediwo options for
analysisf statistical significangeoling of participamutcomemeasures by treagnt
regardless ofterventiorperiodwith the assumption that period and eaver effects
are not significanbr separate analysis of participant measures basedvemtion
period with investigation of treatmegifect period effect, and catwyer effectA
pairedS t u d eastivas sisedr initial determination olie significance of changes
in outcome variables between treatment gioeppective of intervention perido
assesgdifferences between treatmenmitsr consideration of thaetervention period,

aralysis of variancevo way ANOVA (time and group eff¢etas used to compare
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changes in outcome varezbbetween RM and RIVRS groups, witthéperiod effect
(systematic difference between the twopenedin which treatment was givamd
carryover effecteffect of previous treatmesrt outcomes of second treatmeiso
testedGroupshby-periods plat were also presentédhe carryover effect was not
significant, then the data from two periods doelldombined anahalysed; in which
case t he i testwasdaemedyalidDithexwise, the data only frone first
interventiorperiod could be used to estimate the treatment Stiditical analyses
were performed using STATA statissoftivare version 12.8nd R version 2.15R
Development Core Team 2DJA P value < 0.0%vasconsidered statistically

significant.

59



CHAPTER 3

3.3 Reagents and equipment used for experiments

Table 3.4: Chemicals and reagents

Reagent

40%Acrylamide/Bagrylamide

Ammonium persulf&B$

Chloroform

Complete Mini Protease Inhibitor Cocktail Tablets
Cycloheximide

Dimethyl sulfoxide

DL:Dithiothreitol

DNA ladders

DNA loading dye

DNase buffer

DNase inactivation slurry

dNTP mix

Dulbecco's Modified Eagle Medium

E-plate 16

Enhanced chemiluminescence reagents

Ethanol

Exigon hybridization buffer (208020)

Exigon v11 reatiyspot probeset (20821011.0)
Exigon Wash Buffer kit (208021)

EZQ Protein Quantitation kit

Fast SYBR Green Master Mix

F12 Nutrient Mixture

Foetal bovine serum

Formaldehyde

Glycine

Hydrochloric acid

Immobilotransfer polyvinylidene diflouride membran
Isopropanol

LifterSlips

Lipofectamine 2000 Transfection Reagent

MMLV Reverse Transcriptase, Rnase H minus, Poil
5A (modified) M
N, N,-Tethimethyjethylenediamine (TEMED)
OpHMEM Reduced Serviedium

Mc Coy 6s

Phenylmethanesulfonyl fluoride (PMSF)

Prestained protein markers (broad rérigg&5&Da or 10
i 230 kDa)

Qiagen DNeasy Bloodtissue Kit

RNA 6000 Pico kit

RNAater

RQ1 RNadgeree DNase

SimpleChIP Enzymatic Chromatin IP kit (Agarose B;

Supplier

Sigm@aAldrich, St Louis, MO, USA
SigmaAldrich, St Louis, MO, USA
Chersupply, Gillman, SA, Australia
Roche, Bas@&witzerland

SigmaAldrich, St Louis, MO, USA
SigmaAldrich, St Louis, MO, USA
Sigm@Aldrich, St Louis, MO, USA

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

Ambion, Foster City, CA, USA

Promega, Madison, WI, USA

Invitrogen, Newcastle, NSW, Australia
Roche, Bas@witzerland

SuperSignal West Pico, Rockford, IL, USA
Chenrsupply, Gillman, SA, Australia
Exigon, Vadbaek, Denmark

Exigon, Vadbaek, Denmark

Exigon, Vadbaek, Denmark

Invitrogen, Newcastle, NSW, Australia
Applied Biosystems, Foster City, CA, USA
Invitrogerewcastle, NSW, Australia
Bovogen Biologicals, Essendon, VIC, Australia
Cherssupply, Gillman, SA, Australia
Sigm@Aldrich, St Louis, MO, USA
Cherssupply, Gillman, SA, Australia
Millipore, Bedford, MA, USA
Cherssupply, Gillman, SA, Australia

Erie Scientific, Portsmouth, NH, USA
Invitrogen, Newcastle, NSW, Australia
Promega, Madison, WI, USA

Invitrogen, Newcastle, NSW, Australia
SigmaAldrich, St Louis, MO, USA
Invitrogen, Newcastle, NSW, Australia
SigmaAldrich, St Louis, MO, USA

New England Biolabs, Ipswich, MA, USA

Qiagen, Valencia, CA, USA

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

Promega, Madison, WI, USA

Cell Signaling Technology, Danvers, MA, USA
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Contains:

Glycine Solution ¥L0

Buffer A ¢4

Buffer B ¢4

ChIP Buffer (80

ChIP Elution Buffex)(2

5 M NaCl

0.5 M EDTA

ChIPGrade Protein G Agarose Beads #9007
DNA Bindiriguffer

DNA WasBuffer

DNA ElutidBuffer

DNA Spin Columns

Protease Inhibitor Cocktaikj200

RNAse A (10 mgjmL

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

SimpleChIP® Human RPL30 Exon 3 Primers #7014
SimpleChIP® Mouse RPL30 Intron 2 RP7Gidss
Histone H3 (D2B12) XP® Rabbit mAb (ChIP Formul
#4620

Normal Rabbit IgG #2729

IMDTT

Skim milk powder

Sodium chloride

Sodium butyrate

Sodium dodecyl sulfate

StarP u s B 6q¥BER®)

Suberoylanilide hydroxamic acid

Taghn Gene Expression Master Mix
TagMan MicroRNA Reverse Transcription Kit
TagMan Universal PCR Master Mix No AmpErase U
TRIzol Reagent

Trichostatin A Ready Made Solution

Trizma HCI

Trizma Base

TrypLE Express (tryspin)

Tweer20

Whatman filter paper

Table 3.5: Equipment and software

Equipment

Agilent 2100 Bioanalyzer
Allegra 22 R centrifuge
Axiovert 25 light microscope

Fonterra, Mt Waverley, VIC, Australia
Cherssupply, Gillman, SA, Australia
SigmaAldrich, St LouMO, USA
SigmaAldrich, St Louis, MO, USA
National Starch and Food Innovation, Bridgewater,
Selleck Chemicals, Houston, TX, USA
Applied Biosystems, Foster City, CA, USA
Applied Biosystems, Foster City, CA, USA
Applied Biosystems, Foster City, CA, USA
Invitrogen, Newcastle\WN3Bustralia
SigmaAldrich, St Louis, MO, USA
SigmaAldrich, St Louis, MO, USA
SigmaAldrich, St Louis, MO, USA
Invitrogen, Newcastle, NSW, Australia
SigmaAldrich, St Louis, MO, USA
Whatman, Maidstone, Kent, UK

Supplier

Agilent Technologies, Santa Clara, CA, USA
Beckman Coulter, Brea, CA, USA
Ziess, Jena, Germany
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Carestream Molecular Imaging Software
CQwater jacketed cell incubator
Corbett Rotorgene 2000

modifie@®remel Multipro homogeniser
Dry block heater

Multi Gauge software

Gel tank blotting system

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

ImageQuant LAS 4000

Ingenuity Pathway Analysis Software
Microcentrifuge 5424

Microson Ultrasonic cell disruptor
Nanodref000

PASW Statistics 17

PoweiPac Basic

Primer Express Software
Programmable Thermal Controller

R statistical software package

Rocking platform

Rotorgne Q

STATA statistical software, version 12.0
Tempette Junior-8& water bath

Typhoon 9400 Variable mode imager
Ultralow temperature freeZ&9°C)

Weigh scales

XCELLigence RTCA DP instrument

Table 3.6: Primers and oligonucleotides

Assay Catalogue number/ Sequence

S1230S
(5' d(M) 3' [N=A,C,G,T])

Random primer 6

Tagman assays:

hsamiR16 #00032

hsamiR17 #000393
hsamiR18a #002422
hsamiR19a #000395
hsamiR20a #000580
hsamiR19b #000396
hsamiR92a #000430
hsamiR106a #002169
hsamiR18b #002217

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

Corbett Research, Sydney, NSW, Australia
Dremel, USA

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

BioRad, Hercules, CA, USA

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

Molecular Devices, Union City, CA, USA
GEHealthcare Life Sciences, Uppsala, Sweden
Ingenuity Systems, Redwood City, CA, USA
Eppendorf, Hamburg, Germany

Misonix, Farmingdale, NY, USA

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

BioRad, Hercules, CA, USA

Applied Bsystems, Foster City, CA, USA

MJ Research, Walthi&tA, USA

R Project, Vienna, Austria

Ratek, Boronia, VIC, USA

Qiagen, Valencia, CA, USA

StataCorpl X, USA

TechneStaffordshire, UK

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

RocheBasel, Switzerland

Supplier

New England

Biolabs, Ipswich

MA, USA

Applied
Biosystems
Foster City,
USA

CA,

62



CHAPTER 3

hsamiR20b #001014
hsamiR21 #000397
hsamiR23a #000399
hsamiR23b #000400
hsamiR29b #000413
hsamiR33a #002135
hsamiR192 #000491
hsamiR196a #241070
hsamiR196b #002215
hsamiR210 #000512
hsamiR215 #000518
hsamiR301a #000528
hsamiR301b #002392
hsamiR584 #001624
hsamiR1275 #002840
hsamiR1290 #002863

RNU6B #001093

CDKN1A #Hs00355782_m1
PTEN #Hs02621230_s1
BCL2L11 #Hs00708019_s1
E2F1 #Hs00153451_m1
cMYC #Hs00905030_m1
NEDD9 #Hs00610590_m1
CDK19 #Hs00292369_m1
LIN28 #Hs00702808_s1
CCDC88A #Hs00214014 m1
GAB1 #Hs00157646_m1

ACTBf¢actin) #Hs99999903_m1

Primers for ChIP analysis:

SimpleChIP Hume #7014 Cell Signaling

RPL30 Exon 3 Technology,

Primers 1 Danvers, MA,
USA

P1: 17HG! to- F: 6 TTTGGCCCCACTTCTTACCA 36 Geneworks,

3kb(-3.9 kb) R: 56 CTTTACAATCAACCAAGAGCCTTT ! Hindmarsh, SA,

P2: 17H& to- F56 AAACGTTCTGAATGTTCTGGATTGT . Australia

2kb(-2.3 kb) R: 56 CACAGCCTTCT(@BPoABITeCah2P@T A A A

P3: 17HX to- F: 56 CGAAACCCTTAAAATGCAACCTAC"

1kb {1.8 kb) R: 56 CAGGATTTTGGAAGACGCAAAT 31

P4: 17HGE to- F: 56 ACCTCGGAAACCCACCAAG 30

0.5kH-0.5 kb) R: TE®CCCT GGGA qU'mmenklictal 2@

P5: 17H&.5 to F: 56 GCTAATGAGGGAGTGGGGCTTGTC

0kb(-0.1 kb) R: 50 CACCTCGAAGGRDEireTaG)IGGGT G

P6:17HG exon1l F: 56 AAAGGCAGGCTCGTCGTTG 36

and intron(L.5 R: 56 CGGGATAAAGAGDomelTefTal2p06C C A A

kb)

63



CHAPTER 3

P7:17HG exon 2 F: 56 CTCGACTCTTACTCTCACAAATGG
(1.8 kb) R: 50 GCTACTGGT ®DAGH &tAIGHBT CC 356
P8: 17HG intron 2 F 56 TTTAAACAGGATATTTACGTTCTG!
and exon @.3kb) R 56 GAGGAAATCDD@GALAFTCIOACG 36
P9: 17THG intron3 F-56 GGCACTTGTAGCATTATGGTGACA 3
(2.9 kb) R 56 GCACCTTAGAACAAAAAGCACTCA
P10: 17HG intron F : 56 GCCTGTCGCCCAATCAAA 30
(3.4 kb) R 56 CAGCAGAATATCACACAGCTGGAT
P11: 17HG intron F 56 CCAAGCTGAAGTACAGGCAAACT
(4.6 kb) R 560 TGGGTGGTCT A AXDOMAIGRIGIDF AT G
P12: 17HG exon ¢ F 56 CCAGACTTGGGTTTTCTCCTGTAG
(6.2 kb) R: 56 GAGTTGTTCTCCAGGAAGTTGCA
miRNA oligonucleotide duplexes:
miR17: 56 CAAAGUGCUUACAGUGCAGGUAG 30 GenePharma,
5ACCUGCACUGUAAGCACUUUGUU 308 Shanghai,
miR18a: 56 UAAGGUGCAUCUAGUGCAGAUAG 36 China
56 AUCUGCACUAGAUGCACCUUAUU 359
miR19a: 56 UGUGCAAAUCUAUGCAAAACUGA 3596
56 AGUUUUGCAUAGAUUUGCACAUU 35
miR20a: 56 UAAAGUGCUUAUAGUGCAGGUAG 36
5ACCUGCACUAUAAGCACUUUAUU 356
miR19b: 56 UGUGCAAAUCCAUGCAAAACUGA 390
56 AGUUUUGCAUGGAUUUGCACAUU 36
miR92a: 56 UAUUGCACUUGUCCCGGCCUGU 30
56 AGGCCGGGACAAGUGCAAUAUU 3906
NC mimic 56 UUCUCCGAACGUGUCACGUTT 356
56 ACGUGACACGUUCGGAGAATT 30
miScript targeprotectors:
Seed sequence (and locatior Target protector context sequence
on 38UTR)
TPNEDD91 Site 1: GCACCTT (nucleotide 56 AACCATGAATTACGA Qiagen, Valenci:
338i 344)Site 2: GCACCTT AGCACCTTCTAAT 36 CA, USA
(nucleotides 35@56)
TPNEDD92 Site 3: TCACCTT (nucleotide 5 6 AGTTTATTTGCAAGT
485i 491) ATCATGAGGCAT 350
TPNEDD93 Site 4: GCACCTT (nucleotide 56 GAATTTATTGCTATC
1055 1061) AAAACTCACATA 30
TPCDK191 Site 1: GCACCTT (nucleotide 56 TTGAAGGATTTCCTG
308i 314) CATGCTGTAGCAA 30
TPCDK192 Site 2: GCACCTT (nucleotide 56 GCAACACAGGTAAAA
448i 454) AAGCACTACGTTT 36
TPCDK193 Site 3: CCACCTT (nucleotide 56 TTGGCTCACTCCAAC
2816 2822) GGTTCAAGTGATT 3508

negativeontrol #MTP0000002
miScript target

protector
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Mission siRNAs

NEDD9 human
SiRNA 1
NEDD9 human
SiRNA 2
CDK1%wuman
SiRNA 1
CDK19 human
SsiRNA 2
negative control
siRNA
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Table 3.7: Antibodies

Antibody

rabbit monoclonal €@IKN1A (12D1)

#2947

rabbit monoclonal #KEN (D4.2p188

rabbit monoclonal ®@L2L11

(C34C5) #2933

Catalogue number Sequence
#SASI_Hs01_ 00191226 GAUGGUGGCUGUGCUCGUU
#SASI_Hs01_ 00191227 CCGGGUGAAGCUUCUGAUU
#SASI_Hs01_ 00108233 CAAUUCUCCUCUAAAGCCA
#SAS|_Hs01_ 00108234 GAAGGUAUGGCUGCUGUUU
#SIC001 -

Dilution Supplier

1:100@for Western blot)

1:100@for Western blot)

1:100@for Western blot)

mouse monoclonal-&EF1/NEDD9 (2G9 1:100@for Western blot)

#4044

Rabbit monoclonal-A@iTB

(ab8227)

Secondary horseradish
peroxidaseonjugated goat aatibit IgG
Secondary horseradish

peroxidaseonjugated donkey-amiiise

19G

1:500@for Western blot)

1:800@for Western blot
secondajy
1:800for Western blot

secondajy

Rabbit monoclonaldrititone H3 (D2B12 1:9 (for ChIP)

XP# 4620

RabbiaintiNormal rabbit Ig&729

1:50Qfor ChiIP)

Rabbit polyclonal aattythistone H3 (Lys 1:® (for ChIP)

9/ Lys 14) #9677

Rabbit polyclonal @ugetyhistone HR.ys

27)#4353

1:25 (for ChlIP)

Rabbit polyclonal aritnethyl histone H3  1:1® (for ChIP)

(Lys 439727

SigmaAldrich, St
Louis, MO

Cell Signaling Technology,
Danvers, MA, USA

Cell Signaling Technology,
Danvers, MA, USA

Cell Signaling Technology,
Danvers, MA, USA

Cell Signaling Technology, Danve

MA, USA

Abcam, Cambridge, MA, USA

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

Cell Signaling Technology, Danve

MA, USA

Cell Signaling Technology, Danve

MA, USA

Cell Signaling Technology, Danve

MA, USA

Cell Signaling Technology, Danve

MA, USA

Cell Signaling Technology, Danve

MA, USA
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Table 3.8: Buffers and solutions

Buffer/ solution

10x PBS

10xMOPS

Protein lysis buffer

SDS 4x Lower buffer

SDS 4x Upper buffer

5x SDS Running buffer

Western Transfer buffer

10x TBS

1x TBS

ChlIP solutions for croisking, nuclei preparation, and

nuclease digestion of chromatin

ChlIP solutions for chromatin washing

Formula

For 1L: § NaCl, 0.¢ KClI, 1.4¢ NaHPQ, 0.24g KHPQ,

in 800nLwater pH adjusted to 7.4 with\weadded to

make 1L.

For 400 mL: 16 @MOPS, 1.64NaOAC,9mL 0.5 M

EDTApH adjusted to 7 with Na@ter added to make

400 mL.

6.7 M urea, 1OM Tris/HCI pH 6.8, 10% glycerol, 1%

For 1L: 402.4 urea, 1.24 Tris/HCI, 108L glycerol,gL

SDSwaterto 1 L

pH adjusted using conc. HCI eI

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

For 500 mL: g1Tris/HCI,@SDS, water to 500 mL.

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

For 500 mL: 3@4ris/HCI,@SDS, water to 500 mL.

125 mM TrBase 1 M Glycine, 0.5% SDS.

For 500 mL: 7.§7ris/HCI, 3795Glycine, 25 mL of 109

SDSwater to 500 mL.

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

methanol.

For 500 mL: 2.§1ris Base, 1.4Glycine, 0.59SDS,

100 mimethanol, water to 500 mL.

0.2 M Tris Base, 1.37 M NacCl.

For 500 mL: 12yIris Base, 40NaCl, water to 500 mL

pH adjusted to 7.6 using conc. HCI

1x TBS, 0.1% Twekh

For500 mL: 50 mL 10x TBS, 5 mTweéerP0, water to

500 mL.

1) 10 mL 10x glycine

2) 200 mL 1x PBS

3) 10 mllx PBS + 100 EMSF

4) 10 mllx Buffer A (2.5 d Buffer A +57/mL
water) + fL1 M DTT + 50.200x Protease
Inhibitor Cotl (PIC) + 100 RMSF

5) 11 mlix Buffer B (2.75 mL 4feBB + 8.25 mL
water) + 5.5941 M DTT

6) 1 mL %ChIP Buffer (100 10x ChIP Buffer + 90
pL water) + 54L200<PIC+ 10 L PMSF.

1) Low salt wash: 3 idChIP Buffer (300 judx
ChIP Buffer + 2.7 wter)

2) High salt wash: 1 X ChIP Buffer (100 j@x
ChIP Buffer + 900 uL water) + B0\uNacCl
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4.1 Introduction

The fermentation of fibre by intestinal motaresults in theroduction ofshort
chain fatty acidsuch as butyratas outlined irChapter 1, butyrate produmtiis one

of the main mechanisms by which fibre may protect agRiGsevelopmenBesides
being greferrecenergy source for colonic epitim@l{Roediger 1983cheppach et al
1992 Young et al 2005butyrate may playchemeprotective role by affectirgll
cycleregulationapoptosigyroliferation, differentiatiomflammation, and DNA repair
(Mariadason et al 2Q@&comino et al 200Daly & ShiraziBeechey 2006A number

of in vitrstudiehaveinvestigatdthe effecof butyrate olCRCcelk at the level of
gene expression; howeyeior to thisstudythe effect of butyrate oniRNA
expression i€RCcells hd not previously been comprehensively characterised.

The effect of butyrate on gene expression has been stadidaeleverDNA
microarray analyses using human coddiegt linegTable4.1).TheHT29 human
colorectal adenocarcinoma cell linetheasnost commonly used cell line in the
microarray studiewhileseveral studies also used primary colon tisseemalignant
celltypesThe studies treated deleswith butyrate concentrations ranging from\2
to 10mM, over time periods ranging fr@no 72 h.The microarray studies generally
used similar techniques, with the more recent studies benefiting from improved
technology that allowed quantification olangimbers of gena&hile he microarray
analyses allowed the parallel quantification of thowdayedses from multiple
samplesthere was inconsistency between the studies regarding whighdysaeple
typeswere examined, precluding direct comparisons between theAtislieties
used other methods such astiea RT-PCR to confirm at least some of their results.

An early key study tihe SW620 humacolorectal adenocarcinoma cell line found that
geneexpression changes began as soon as 30 min after butyrate treatment, and
continued to progresser timgMariadason et al 2Q00ver a 48 h period, 256 gene
were ugregulated by butyrate and 333 were repressed (7% agtatedMariadason

67



CHAPTER 4

et al 2000 Butyrate was shown to stimulate,® G, cell cycle arrest, induce
differentiation, and trigger an apoptotic cascade. The study highiggtitiedntly
modulated genes involvedignalhg pathways and iegulation of cell cycle
progressionit was noted that the large number of gene alterations sthggestch
genecannot be consideredisolationand that the cell response to butyrate appears to
be the result of interactions between large numbers ofgdrthsir products
(Mariadason et al 2000

In another early studgcomino et al (20Dalsoobservedn HT29 human colorectal
adenocarcinoma cells that bafigitreatment increased the percentage of cejls in G
phase and reduced the percentage of cells in S @Migbases. As markers of
butyrate activityacomino et al (20Dabserved increases in alkaline phosphatase
activity (a marker of differentiation), increased expression of thdepy®itent

kinase inhibito€EDKN1A peaking at 48 72 hafterbutyrate additigrand down
regulatiorof the C-MYC oncogene 48 72 hafterbutyrate additiarAs in the study by
Mariadason et €000, the microawy results from this study showadtiple genes
affected by butyrate, although this studyuwadsrtakerwn a smaller scaléenes
involved in pathways fapoptosis, DNA synthesis, repair and recombination were the
most affected by2 hbutyratdreatmenin terms of gene uggulationOncogens

cell cycle control proteins, and transcription fasenesalso prominently modulated by

butyrate with these genes tending to be doergulatedlacomino et al 2001

In single timgooint studies such Egomino et al (20)it is difficult to distinguish

between primary responses to butyratalawnstream ever(#/illiams et al 2003

Della Ragione et al (20@itempted to address this issue by investigating the effects of
butyrate treatment in the presence of cycloheximideilib diehnoyarotein synthesis

and observe transcriptibeffects only. Using this meth@alla 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 studig itlifficult to compare results to thatafomino et al

(200); howeverin a review analysWjlliams et al (20DRientifiedsome overlap

between thgenes affected by butyrat®&oth studies

The larger microarray studsepport the earlier work mdicaingthat a substantial

number of genes experience altered ssxpneupon butyrate treatme@ne study in a
differentiated @c@® colorectal adenocarcinoma cell line found that 7098 genes (24% of
total on array) had a s#@ld variation above or below control levels upon treatment

with various SCFAs, including buty(Atearo et al 2008Anotherlarge studin HT29
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cellsshowed that 1984 genes (10.2%) hadfal¢@ariation above or below control
levels witlb mMbutyrate treatmeifdr 24 h(Daly et aR005 Daly & ShirazBeechey
20086. Of these, 796 genes wereregulated (4.1%) and 1187 were daguolated
(6.1%)Daly and ShiraBeechey (20D&lentified 221 butyratesponsive genes
(1.1%), including several transcription factors, as being specifically involved in the
regulatn of proliferation, differentiation, and apopt@sid thuscontrollingcolonic
tissue homeostasis. Fifiyeof these werap-regulated and 162 dowegulated.
WhenDaly and ShiraBeechey (20p6ompared thsemicroarraylatato public
databasetheyfound that 78 potentially busyeresponsive 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 Mfdbsab9 genes up
regulated with butyrate, 26 were associated with cell cycle regulation and arrest, such as
CDKN1A, CDX2, GADD45A, MAPK12(p38),FOS PTEN, andTXNIP, and a

number of these genes had been shown to berdgulated in colon cancer tissue
compared to normal muco€ahergenesip-regulatedby butyratevere associated with
transcriptional silencing through promoter regulatiduction of apoptosishibition

o f -catknin/TCF4 transcriptional actiyiandinhibition of NFK BignallingGenes
down-regulatedby butyratevereassociated wittell cycle progressiattivation of

NF-K Bignallingac t i v a tcateniiT CBAftrancriptional activityGtivation of
PISK-AKT/PKB signallingactivation of GMYC, DNA replicationtranscriptional
silencinghrough promoter methylatiorrpfiferationandmetatasis,nhibition of

apoptosisand tumour marke(®aly & ShirazBeechey 2006

In addition to the cell line studies, several studiessevenicroarray analyses to
investigate butyrabeduced gene expression changeg) ann wwapproachKameue

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-tgguated and four dowregulated with the sodium gluconate

diet, compared with the control diet. Of diféerentially expressgédnes, the authors
indicatel that some were known for their ralesell cycle and lipid metabolism and as
hormone receptors an@dnsportergKameue et al 20pAnother studpy Vanhoutvin

et al (200Raimed to determine the effects of butyrate on the transcriptional regulation
of human colonic mucosavivdn a randomised craessertrial with two experimental
periods of tweweeks, human volunteers administered an enema containing 100 mM
butyrate oaplacebo 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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differentiallyexpressed after the butyrate intervention compatteeigiacebo.

Pathway analysis showed that the butyrate intervention mainly regulated genes
associated with energy metabolism, fatty acid metabolism, and oxidative stress
(Vanhoutvin et al 20pBoth thesén vivaetudies were performeadhiealthy 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 toegeauelat
expression in colorectal ceflsyitr@ndin vivoAs introduced in apter 1, one of the
mechanisms by which butyrate is ahilglieence gene expression is an epigenetic
mechanism, through afteratiorof histoneacetylation. It is however ldyganknown
whether these gene expression changssielsa direct epigenetic response to
butyrate, or whether some changes are nedjatdtered miRNA expressidhere is
substantial evidence to indicate thi&NAs can act as tumour suppressorarggting
oncogenes, or can hareogeniroperties themselves by targetimgour
suppressor gendsscould be hypothesised tmaiRNA expression changes may
mediatesome othe changing gene expression patterns found in coloedlstal

undergoing butgte treatment.

70



CHAPTER 4

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

Study

Alvaro et al
(2003

Blais et al
(2007

Cai et al
(2006

Cell type

Caco2/ T@
(human
colorectal
adenocarcinomg

cell line)

HIEC
(undifferentiatec
nontransformed
human crypt
intestinal
epithelial cell

line)

HT29human
colorectal
adenocarcinoms

cell line)

Methods

-Cells grown at
confluence for 21 days
cause differentiation.

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

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

-Differentially expresse
genes classified using
PANTHER.

-Realtime RPPCR to

confirm changes.

-5 mM sodium butyrate
for 8 h.

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

- Gene clad#iation
according to biological
processes using DAVI

-RT-PCR to confirm
changes.

-3 mM sodium butyrate
for 48 h.

-Array: Clontech Atlas
human stress and

toxicology array with 2

Key results

No. differentiallexpressed geneg098 (24% of total
on array) with-f8ld variation above or below contrc
levels upon treatment with at least one SCFA (ace
propionate, or butyrateh)Mbutyratdad greater effec
than 2nMbutyrate

Genes/pathways affectédire biological processes
affected by butyraten(? and B1M) P < 0.05): Protein
metabolism and modification; Nucleoside, nucleoti
nucleic acid metabolism; Cell cycle; DNA metaboli
Lipid, fatty acid, and steroid metabolism; Carbohyt
metabolispmino acid metabolism; Intracellular pr
traffic; Transport. Eleven metabolic pathways affe
butyrate (BM) P< 0.05): GABR\receptor Il sidlivay;
Endogenous cannabinoid Signad) ; Par ki r
General transcription by pdlymerase |; Glycolysis;
5HT1 type receptoediated sigliing pathway;
Heterotrimericp®otein sigiiag pathwapd outer
segment phototransduction; Hedgehdmgigathway
Metabotropic glutamate receptor group Il pathway
Cholesterol biosyrise Androgen/estrogen/progeste
biosynthesis.

No. differentially expressed gernb$64 genes with->;
fold variation above control |&«16.05). 872 genes
with >Zold variation below control |€¥€16.05).
Genes/pathways affect@&iological processes:
Apoptosis; Cell cycle; Chemotaxis; Cytokinesis; C
organization and biogenBsfenceesponse;
Dephosphorylation; DNA packagmmgtes coupled
receptor protein; Siling pathway; Inflammatory
response; Intracellular transport; lon transport; Nu
organization and biogenesis; Phosphorylation; Prc
biosynthesis; Protein catabolism; Protein kinase ci
Protein transport; Regulation of cell proliferation;
Regulation of transcription; Resgo
pest/pathogen/parasite; RNA proc&smyGTPase
mediated signedrisduction; Ubiquitin cycle, WNT
receptosignalling pathway.

No. differentially expressed gendR
Genes/pathways affectédcreased expression of
several heat shqmioteins including hsp70 family an
27.
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Beechey
(2006

Della
Ragione et
al (2001

Gaudier et
al (200¢
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genes.
-Realtime RPCR to
confirm changes.
HT29human -5 mM sodium butyrate
for 24 h.
adenocarcinom: -Microarray: MWG
cell line)

colorectal

Human 40K A array wi
19,400 human genes.
-Realtime RPPCR to

confirm changes.

HT29human -2 mM sodium butyrate
for 5 h (or Ol gV TSA).
Concomitant treatmen
with 3G1M

cycloheximide.

colorectal
adenocarcinoms

cell line)

-Microarray: ATLAS
cDNA expression asse
with 588 transcripts fol
human genes.

-RT PCR to confirm
changes.

HT29C1.16E

(clonal derivativi
of HT29 human
adenocarcinomg

-Cells seeded at post
confluence (day 18)
when differentiated, th
further cultured &r

cell line) days.

-2 mM sodium butyrate

for 24 h.

No. differentially expressed gernk3384 genes (10.29
with >Zold variation. 796 (4.1%) witbgupation, 1187
(6.1%) with dowegulation.
Genes/pathwayadffected221 genes (1.1%) associal
with processes of apoptosis, proliferation and
differentiation (59 (0.3%egplated, 162 (0.8%) dow
regulated including 13 known tumour markers) Als
other transcription factors (36gipated, 32 dewn
reguhted). Upegulated genes associated with: Cell
regulation; Transcriptional silencing through prom¢
regulation; I nduct-i on
catenin/TCF4 transcriptional activity; InhibitienBof I
signdling. Dowregulated genassociated with: Cell
cycle progression; Activation-ef BIF dingjg n a |
Ac t i v acaténio/MCF4 tfansériptiactality;
Activation of PIBKTPKB sigriang; Activation of C
MYC; DNA replication; Transcriptional silencing th
promoter methytet; Inhibition of apoptosis; Prolifér:
metastasis; Tumour mark&table upegulated genes
ALP1, CDKN1A, PTEN, GADD45A, DAPK1, AXIN
HBP1, CDH1, CLU/APOJ, CASP8. Notable down
regulated genes: CCND1, BIRC5, PTGS2/COX2,
CFLAR, BGX, SPP1RB1, CCT5, PCNA, MMP7,
MECP2.

No. differentially expressed ger2kgenes with->2
fold ugegulation Wyutyrater TSA, 2 genes witHol@
dowrregulation.

Genes/pathways affectéinscription factor, cell cy:
regulators, chemokine receptor, transduction mod

stress responses, detoxification, adhesion molecu

No. differentially expressed gerfeégenes with $@d
variation.

Genes/pathways affectelycosylation related.
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lacomino et HT29human

al (2001 colorectal

adenocarcinoms

cell line)

Mariadason SW62@human

etal (2000 colorectal

adenocarcinome

cell lines)

Ogawa et a HIMEC (human
(2003 intestinal
microvasular

endothelial cells

PooiZobel
et al (2005

colon adenoma
cell line); HT29

(human

colorectal

adenocarcinoms

cell lines)

Primary colon

LT97 (human

premalignant
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-Microarray: MWG arra
with 252 human
glycosylation related
genes

-Realtime RPPCR to
confirm changes.

-4 mM sodium butyrate
for 72 h.

-Microarraytlas cDNA
expression array with
588 human genes.

-RT-PCR to confirm
changes.

-5 mM sodium butyrate
over 48 h time course.

-Microarrayrray with
8,063 human gene
sequences.

-Realtime RPPCR to

confirm changes.

-5 mM sodium butyrate
for 2 h followed by
bacterial
lipopolysaccharide
stimulation.

-ArrayTranSignal NiB
Target Gene Array witl
110genes.

-Western blotting to

confirm changes.

-Primary 10 mM sodiun
butyrate for 12 h; LT97
mM or 2 mM for 72
HT29 4 mM for 48 h o
72 h.

-Arrays: Superarray
membrane; Affymetrix
U133A gene expressic

arrays with probe sets

No. differentially expressed gerg3:genes with->2
fold variation (3%nagulated, 21 dovegulated)
Genes/pathways affectégpoptosigelated proteins,
DNA synthesis, repair and recombination proteins
Oncogenes, tumauppressors, and cell cycieaio
proteins; lon channel, stress response proteins, tr
proteins modulators/effectors/intracellular transdut
DNA binding/transcription/transcription factors; Ce
receptors, interleukin/interferon receptors, hormon
receptors, neurotransmgiegptors, cell surface antic
and adhesions; Extracellular cellisggaat
communication proteins, interleukins and interfero
hormones.

No. differentially expressed gen@ser a 48 h period
256 gene sequences weregplated by butyrate, 33
were repressed (7% of total assayed). Of the 589
sequences, 345 represented named sequences, ¢
remainder wasinamed or expressed sequence tag
Genes/pathways affect&®ignding pathways;
Regulation of cell cycle progression.

No. differentially expressed gendR
Genes/pathways affecté@AML upregulated, ¥ and

COX2 gene expression attenuated.

No. differentially expressed gendR
Genes/pathways affectgd50 Farlyi,
Acetyltransferases, GlutathidranSferases,
Sulfotransferases, Miscellaneous, Metallothionein:

Glycoproteins.
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Sauer et al
(2007

Wilson et al 30 colon cancer

(20103

cells

Primary colon

cells

cell lines
(Caco2,
Colo201,
Colo0205,
Colo320, Dld
1,
HCT116,HCT-
15, HCT8,
HT29, LoVo,
LS174T, RKO,
SKCO

1, SW1116,
SWA403, SW48,
SW480,
SW620,
Swa837,
SW948, T84,
WiDr, HT29
ClL.16E, HT29
CL19A,
LIM1215,
LIM2405,
HCC2998,
KM12,
RW2982, and
RW7213.
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recognizing 414000
wellcharacterised
human gene sequence
-Realtime RPPCR to
confirm changes.
-10 mM sodium butyrat
for 12 h.
-ArrayGEArray Q Serie
Human Stresg &xicity
Gene Array HS12 with
112 genes.
-Realtime RPCR to
confirm changes.
-5 mM sodium butyrate
for 24 h
-Array: 27,000 feature
cDNA microarsay
-Realtime RPPCRand
Western blottitmg

confirm changes.

No. differentially expressed gendR
Genes/pathways affecté€ikidative and metabolic
stress associated (CAT, MT2A, GSR, SOR2).

No. differentially expressed geriElseoverall number
of genes changed in resporisatycatéreatmen(<
0.05) and the range of transcripgti@majes in terms o
fold change was simdabdtyratesensitivandbutyrate
resistant cell lines

Genes/pathways affectdd sequences were identifi
assignificantly and preferentialiced by butyrate in
sensitive cell lines: 7 of these 48 gazedyn, Atf3
Arc, Nrd4al (Nur77), Egrl Egr8)areimmediatearly
genes, and 7 genes have previmesiyclassified as
stress response genes (Gadd45b, Ndrg4, Mt1B, M
Mt1F, Mt1H, and MtBSytyfour genes preferentially
repressed tyutyrate isendive lies were also
identified.Hese included several genes involved in
organizatioof microtubules and thenazytoskeleton
(TRIP6, SRHMRLXNBIMAP7, LASRdnd LAD1), ce
adhesion (OCLNSC?2), transcriptional refmess
(NCoR2, SET), and apoptbtB, DAXX).

NR: not reportdRICR polymerase chain reac8@fA: short chain fatty; &idreverse transcription
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4.2 Aim

The aim of this Rapter was to determine whether butyrate treatment alters miRNA
expression iCRCcell lines, through miRNA microarray analysisarskquentat
time RFPCR validation.

4.3 Methods overview

Experiments wereonductedccording téhe generainethod outlined inChapter 3,

with all experimental groups conducted in triplicate.

HT29 andHCT116 cell lines, which are two commonly adbdrent epithelial
colorectal carcinoma cell BR&TCC, Manassas, VA, USAgre usetb determine the
effects of butyrate treatment on cell growth and on miRNA expression. Cells were
treated with increagy doses of butyrate (0, 1, 5, 10, or 25 mM) for 48 h, and
proliferation was measured in-teak using the XxCELLigence RTCA DP instrument.
In separate experiments, total RNA was extriotadreated cellssing the TRIzol
method, and initially a microay analysis was used to assess miRNA expression in
HT29 cells treated with 5 mM butyrate for 48 h, compared with untreated Tontrol.
validate the microarray, subseqtedative quantitation reshe RFPCRanalysis was
performed on miRNAs shown to tiéferentially expressd®ltyratereatment
experiments were also conducted in parallel usingBRraad HCT11-8R cell lines,
which have been shown previously to be partially resistant to-gelidertative and
pro-apoptotic effects of butyrafeung et al 2009Following the microarray results and
realtime RTFPCR validatiorthe differentially expressed miRNAs were analysed using
Ingenuiy Pathway Analy<i$A), to determingvhichpotentiapathwaysnd target
genesreassociated with the miRN#sit arealtered by butyrate

4.4 Results

Treatment oHT29and HCT116 CRE€ells withncreasingoncentrations of butyrate
led to decreased proliferation over a g&riod.Proliferation measures using-tieaé

cell growth analysis showed thaha physiological level ofrftM butyrate, by 48 h
proliferationwassignificantlyeducedn HT29 cellgomparedvith the untreated
controlcells(P= 0.0005)Figure 4.1 Treatment of HCT116 cells revealed these to be
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more susceptible than HT29 cells to thepmaliferative effects of butyrate, with
proliferation drastically reddosith 5 mM butyrate compared with the untreated
control cellsk < 0.0001)Figure 4.1

HT29 HCT116
20 12 -

10

—

w

T
-

@
T

n
¥

Nomalised cell index
Nomalised cell index

*

* *

0 1 5 10
- J

0 |
0 1 5 10 &
- )

Y Y
Butyrate (mM) Butyrate (mM)
Figure 4.1 Proliferation of HT29 and HCT116 cells after 48 h of butyrate
treatment.

Cell indexmeasurements using the xCELLigence RTCA DP instrunt€f29ncells
or HCT116 cellgeated with increasing doses of butyrate, comparezbligtim
control medium (0) @< 0.05). The mean £ SEM of three cell culture replicates is

shown.
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Following 48 h exposure to thieysiological level of 5 mM butyrate, proliferation was
significantly reduced looth HT29 and HCT116 CRIscompared with the
respectiveintreated contradells as shown in Section 4.AImicroarray analysi&s
then employed tassessiiRNA expressiom CRCcells treated with 5 mMutyrate

for 48 h canpared with untreated contrdlbis microarray analysis was performed in
the HT29 cell line, with filngs subsequently validated in both HT29 and HCT116 cell
lines, in order to compare respoii$e.miRNA expression profiling was performed
using the Exigon v11 reambyspot probeseusing three replicate samples from each
treatment group-helist of dfferentially expressed miRNi&setailed imable 4.2.
mMiRNAs with a positive Bayesiag odds value were considediéférentially
expressed, wiB8 humanmiRNAs upregulated an23human miRNAslown

regulated in response to butyrlese results aa¢éso displayed in a volcano plot in
Figure 4.2Hduman miRNAs which exhibited significgmtegulabn in response to
butyrate includeldsamiR-210, hsaniR-1275, hsmiR-584, hsaniR-1290, hsmiR-

943, hsaniR-33b, hsaniR-874, hsaniR-23a, hsaiR-373* hsamiR-5085p, hsamiR-
7695p, and hsaniR-23b. Human miRNAs which exhibited significant degualation
in response to butyrate includedinga17*, hsamiR-106a, hsaniR-20a, hsaiR-
19b1*, hsamiR-20b, hsamiR-20a*, hsaniR-18b, hsaniR-196b, hsaniR-301a, hsa
miR-18a, hsmiR-33a, hsaiR-301b, hsaniR-19b, hsaniR-29b, hsaniR-215, hsa
mMiR-192, hsaniR-15b*, hsaniR-92b, hsaniR-17,hsamiR-196a, and hsaiR-136. A
number ofExiqonproprietary miRNAequencesere also shown to be differentially
expressed, with the majority of theseegulated by butyrate.
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Figure 4.2: Microarray analysis of miRNA expression in HT29 cells after 48 h of

butyrate treatmentd volcano plot

The xaxis of the volcanglot represents the differential expressiopf@tatchange) in

HT29 cells with and without 5 mM butyrate treatment (n = 3 for each}aXise y

represents the empirical Be&y@l®g odds of differential expression, with a positive

value considered sificant. MiRNAS that were significantlyregulated or down

regulated, and were selected for subsequeinne&® FPCR validation, are labelled.
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Table 4.2: Microarray analysis of miRNA expression in HT29 ells after 48 h of
butyrate treatmentd list of differentially expressedniRNAs

mMiRNAs with asignificanBayemnlog odds of differential express{@® 0)and/or a
significant adjtsd P value P < 0.05) are listed.

Name Logfold Fold Regulation in Average AdjustedP B (Bayesiarog
change change butyrate expression value odds)
hsamiRPlus | 2.12 4.35 up 9.11 0.00021 8.13
E1028
ebvmiR 1.92 3.78 up 8.37 0.00021 7.95
BART&p
hsamiRPIlus | 1.61 3.05 up 12.07 0.000238 7.05
E1033
hsamiR17* -1.25 2.38 down 9.82 0.000238 6.74
hsamiRPlus | 1.12 2.18 up 14.00 0.000238 6.66
E1170
hsamiR106a | -1.06 2.09 down 12.83 0.000239 6.45
hsamiR20a | -1.04 2.06 down 13.75 0.000239 6.37
hsamiRPlus | 1.31 2.48 up 12.62 0.000239 6.28
E1117
hsamiR19b -1.04 2.06 down 7.15 0.00026 6.02
1#
hsamiR20b | -1.06 2.09 down 12.26 0.00026 5.90
hsamiRPlus | 0.94 1.92 up 13.89 0.00028 5.75
E1108
hsamiRPlus | 1.28 2.42 up 7.17 0.000394 5.35
E1234
hsamiR210 1.53 2.88 up 9.68 0.000586 4.90
hsamiR20a* | -1.00 2.00 down 7.84 0.000604 481
hsamiRPlus | 1.00 2.01 up 8.86 0.000609 4.74
F1099
hsamiR1275 | 1.33 2.52 up 9.48 0.000699 4.55
hsamiR584 1.14 2.20 up 8.57 0.000796 4.32
hsamiR18b -0.93 1.90 down 11.24 0.000852 4.20
hsamiR196b | -0.84 1.79 down 8.86 0.000852 4.17
hsamiR1290 | 0.84 1.79 up 12.82 0.000926 4.04
hsamiR301a | -0.82 1.77 down 9.71 0.00104 3.88
hsamiR18a | -0.91 1.87 down 11.62 0.001398 3.50
hsamiRPlus | 1.10 2.15 up 9.39 0.001446 3.43
E1067
hsamiR33a -0.72 1.65 down 10.76 0.001916 3.01
hsamiRPlus | -0.68 1.61 down 9.97 0.002245 2.81
F1181
hsamiRPlus | 0.69 1.61 up 10.99 0.002357 2.67
E1077
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hsamiRPlus
E1141
hsamiRPlus
A1056
hsamiR943
hsamiRPlus
E1045
hsamiRPlus
E1088
hsamiR301b
hsamiRPlus
D1116
hsamiR19b
hsamiR29b
hsamiR215
hsamiRPlus
E1035
hsamiR33b
hsamiR874
hsamiR23a
hsamiR192
hsamiR373*
hsamiR508
Sp
hsamiRPlus
F1042
hsamiR15b*
hsamiR769
Sp
hsamiRPlus
E1225
hsamiRPlus
E1205
hsamiR92b
hsamiRPlus
F1170
hsamiRPlus
F1159
hsamiRPlus
D1036
hsamiR17
hsamiRPlus
E1153
hsamiR23b
hsamiR196a
hsamiR136

0.67

1.03

0.95
0.75

0.65

-1.02
0.81

0.73
0.61
-0.53
0.63

0.63

0.54

0.68

-0.69

0.60

0.57

0.59

-0.58
0.53

0.60

0.54

-0.55
0.58

0.64
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hsamiR557 0.63 1.55 up 6.83 0.039965 -1.52
hsamiR106b | -0.65 1.57 down 12.36 0.040846 -1.56
hsamiR19a | -0.90 1.87 down 12.24 0.041654 -1.60
hsamiR30b* | -0.48 1.40 down 6.95 0.043105 -1.65
hsamiR652 | -0.40 1.32 down 8.08 0.043318 -1.66
hsamiRPlus | -0.44 1.35 down 9.85 0.043673 -1.70
A1065

hsamiR149 0.93 1.90 up 8.18 0.043673 -1.70
sv40miRSL: | 0.58 1.50 up 10.18 0.046827 -1.79
5p

hsamiR144 | -0.46 1.38 down 8.13 0.04749 -1.81
hsamiR205 | -0.65 1.57 down 8.81 0.04956 -1.87
hsamiRPlus

F1024 0.39 1.31 up 12.25 0.050222 -1.89
hsamiR1274b| -0.43 1.35 down 7.68 0.050222 -1.90
hsamiR923 | 0.45 1.36 up 12.52 0.050222 -1.90
hsamiR296

3p 0.38 1.30 up 7.31 0.051891 -1.94
hsamiR92a -0.49 1.40 down 9.01 0.053511 -1.99
hsamiR15b -0.34 1.26 down 12.19 0.053511 -1.99
hsamiR7-1* -0.46 1.38 down 7.10 0.05784 -2.09

To validate theniRNA microarraylata differentially expressed miRNAs were selected
for relative quantitation reaahe RFPCR analysis. HT29 and HCT116 CRCied |
weretreated for 48 h with 5 mM butyrade maintained in control medium. Among th
miRNAsselected for validation wéheseshown to be upegulated in the microarray,
including miR23a, miR23b, miR210, miR584, miRL275, and mi®290. Other
MiRNAs selectefor validation were those miRNAs shown in the microarray
experimento be potentially dowregulatedincluding miRL7, miR18a miR-19a miR
20a, miRL9b,miR-923 MiR18b, miR20b, miRL06amiR-29b, miR33a, miRL92,
mMiR-196a, miRL96b,miR-215miR-301aandmiR-301b.Thereaitime RFPCR

MIRNA expressiodata presentgépresent robust findinfem multiple experiments;
the experimental results shown in this Chegppécateesultdrom preliminary
experimentgshown in Appendig).

The reatime RT-PCRresults fomiRNAs that were increased with butyrament
in the microarragxperimenareshown in Figures 4.3 and 4.4bdth the HT29 and
HCT116 cellaiRNAs thatvere shown to be significantly increased with butyrate
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treatmentncludedmiR-23a(P = 0.001 in HT29 cell®,= 0.04 in HCT116 cellshiR-
23b(P=0.0002 in HT29 cellB;< 0.0001 in HCT116 cell®iR-210(P = 0.0002 in
HT29 cellsP=0.049 in HCT116 cellgind miR1290(P = 0.0003 in HT29 cellB;<
0.0001 in HCT116 cellr)iR-584levels weranchangewith butyrate treatment in
HT29 cellsR= 026), and decreased in HCT116 ¢Plls 0.001)SimilarlymiR-1275
levels weranchanged with butyrate treatment in the HT29(Eell9.26, and vere
decreasenh HCT116 cellg? = 0.002)

Figures 4.5 and 4.6 illustrate thetnee RFPCRanalysisf miRNAs that were
decreasd with butyrate in the microar@ytyrate significantly decrealssels of
MIiRNAs in themiR-17-92cluster (miRL7, miR18a miR19a, miR0a, miF92a, nir-
19b)and themiR-106a363paralog (miR8b, miR20b, miR106a)in both HT29 and
HCT116 cellsRvalues in Table 4.®ther miRNAs that were significantly decreased
with butyrate, in both cell lines, include®-29b(P= 0.03 in HT29 cell§= 0.0007

in HCT116 cellsmiR-196aP = 0.01 in HT29 cell® = 0.0001 in HCT116 cellg)iR-
196b(P=0.01 in HT29 cell$=0.006 in HCT116 cellgnhdmiR-301aP = 0.009 in
HT29 cellsP=0.0007 in HCT116 cells)ith miR-301bsignificantly decreased in the
HCT116 cell line only?E 0.0007. miR-215was significantlyecreasenh HT29 cells
only (P = 0.01) and was significantly increasddCT116 cell@ = 0.0001) Similarly,
miR-192appeared slighttiecreased in HT29 satinly P = 0.06), and was significantly
increased in HCT116 cefs<(0.0001).
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Table 4.3: Pvalues showing the significant decrease imiR-1792 and miR106a
363 cluster mature miRNA levels istandardHT29 and HCT116treated with5
mM butyrate for 48 h as detected by retime RT-PCR.

P values represesignificanceelative to untreated dool cells, for thenean of three

cell culture replicates

mMiRNA Pvalue MiRNA Pvalue
Standard HT29 cells Standard HCT116 cells

miR17 0.0005 miR17 0.0002
miR18a 0.0001 miR18a 0.0001
miR19a 0.0002 miR19a 0.0002
miR20a 0.0002 miR20a <0.0001
miR19b 0.0002 miR19b <0.0001
miR92a 0.0003 miR92a 0.0003
miR106a 0.001 miR106a 0.0003
miR18b 0.007 miR18b 0.0008
miR20b 0.0003 miR20b 0.0006

Note: miR9b2 and miR2a2 in the miR06a363 cluster have the same sequence-Ehhighd miR2al respectively the miR
1792 cluster, so theaitime RPCRresults for these miRHA®otistinguish between thes®363 was not examined as it showed
no change in the microarray analysis.
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Figure 4.3: Reattime RT-PCR analysis of miRNA levelsn HT29 cells for
miRNAs identified by the microarray experimentas being upregulated with 48
h butyrate treatment.

Cellstreated with M butyrate compared withells incontrol medium (0) @<

0.05). The mean + SEM of three cell culture replicates is shown, and expression is

normalised to RNGB levels.

S

Mean nomalised expression

w

N

miR-23a

-

*

miR-23b

0.5- * 12

10
0.4} -
§ s
8 8
(=8 — (=1
& 03 &
g g
S 0.2 S
§ §
= =

0.1
0 0

=
¥

-
¥

miR-210

*

1.4

-
LX)

o ©
o -}

o
S

Mean normalised expression

0.2

miR-584

1

-

W

*

miR-1275

50

S
o

N
(=1

Mean nomalised expression

-
=

w
o

-

-
- [ N

Mean nomalised expression

o
I

miR-1290
2.5

*

4]
0 5 mM Butyrate
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0.05). The mean = SEM of three cell culture replicates is shown, and expression is

normalised to RNUG6B levels.
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Figure 4.5: Reattime RT-PCR analysis of miRNA levelsin HT29 cells for
miRNAs identified by microarrayas beingdown-regulated with 48 h butyrate

treatment.

Cells treated withrBM butyrate, compared withlls incontrol medium (0) @<

0.05). The mean = SEM of three cell cultepdaates is shown, and expression is
normalised to RNUGB leveld) miR17-92 cluster of miRNAs. (B) miR6a363

cluster of miRNAs. (C) Other miRNAs.
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Figure 4.6: Reattime RT-PCR analysis of miRNA levelsn HCT116 cellsfor
miRNAs identified by microarrayas beingdown-regulated with 48 h butyrate
treatment.

Cells treated withrBM butyrate, compared withlls incontrol medium (0) @<
0.05). The mean = SEM of three cell celteplicates is shown, and expression is
normalised to RNU6B levgl8) miR17-92 cluster of miRNAs. (B) miR6a363
cluster of miRNAs. (C) Other miRNAs.
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ThebutyrateresistanHT29 and HCT116 cell lines (HTBR® and HCT11B8R)
developed biung et al (2009vere used to determine any differences in the miRNA
response to butyrate treatment, compared with the standard HT29 drid id€lilr

lines. The BR cellgere maintained in 5 mM butyrate prior to use in any experiments
to retain their resistanfaung et al 2009The experimesin which stanard HT29

and HCT116 CRC cell lines were treated for 48 h with butyrate, or maintained in
control medium, areconducted simultaneously in the HB®and HCT118R cell
lines.These included threaltime cell growth, harvesting of RNA for miRNA

expressioanalysis.

To test the levels of resistance in the BR cellgnodigeratiorresuls for the standard

and butyrateesistant cell linggowing inncreasing concentrations of butyveatee
obtained Figure 4.y At lower butyrate concentratighamM) proliferation was

greater in the HT2BR cell line compared with standardT29 cell line, but both

cell lineshadsignificantly decreased proliferatiaih 10 mM butyrate treatment,
compared with the untreated control HT29 deks(.05). Similay] while

proliferation was greater in the HCT-BEScell line compared with ttandard

HCT116 cell line at low butyrate concentrations, both cell lines were showato have
significantly decreased proliferatdath 5 mM butyrate treatment, compared ith
untreated control HCT116 cefs<(0.05).

mMiRNAs from the miRL7-92 clusterwhich were all significantly reduced in butyrate
treated standard CRC cell lime=ealso examined in the butyredeistant cell lines, to
detectany expression differences betweestthsqgFigures 4.8 and 4.®)could be
hypothesised that in the butyragsistant cell lines, treatment with 5 mM butyrate
would have little effect on miRNA expression, as these cells have been conditioned to
growing at this levein contrast, ealtime RFPCR analysis showed all of the selected
mMiR-17-92 cluster miRNAs to be significantly deagulated by 5 mM butyrate, in
bothstandardHT29 andHT29-BR cells Pvalues in Table 4a®d 4.3 Similarly, ea

time RTFPCR analysis showed all of the selected F8R cluster miRNAs to be
significantly downegulatedby 5 mM butyraten bothstandard HCT118ndHCT116
BRcells Pvalues in Table 4a®d 4.4 with the exception of MK in the HCT116

BR cell lineExpression was dedependentwith increasing butyrate concentration
leading to decreasing levels of-t#R2 cluster membetis both the standaahd
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butyrateresistant cell lines. It was onlthatlow butyrate concentration of 1 mM that
differencesould be observed in butyratduced miRNA expression chesin the

standard and butyratesistant cell lines.

Table 4.4 Pvalues showing the significant decrease imiR-1792 cluster mature
MIRNA levels in butyrate-resistantHT29 and HCT116treated with5 mM
butyrate for 48 h as detected by retime RT-PCR.

P values represesignificanceelative to untreated dool cells, for thenean of three

cell culture replates

mMiRNA Pvalue MiRNA Pvalue
HT29BR cells HCT118Rcells

miR17 0.0001 miR17 0.07
miR18a 0.001 miR18a 0.003
miR19a 0.02 miR19a 0.@
miR20a <0.001 miR20a 0.a
miR19b 0.0001 miR19b 0.a
miR92a 0.0G miR92a 0.04
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cells after 48 h of butyrate treatment.

Cell indexmeasurements using #@ELLigence RTCA DP instrumentHT29
standard or BR cells (A)[dCT116 standard or BR cells (B) treated with increasing
doses of butyrate, compared with respamil@incontrol medium (0) @ < 0.05).

The mean + SEM of three cell culture replicates is shown.
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Figure 4.8: Realtime RT-PCR analysisof miRNAs levels for miRNAsidentified
by microarrayas beingdown-regulated with 48 h butyrate treatment (miRL7%92
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Cells treated withrBM butyrate, compared withlls incontrol medium (0) @<
0.05). The mean = SEM of three cell culture replicates is shown, and expression is

normalised to RNUGB levels.
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Following thamicroarray analyss assessiRNA expressiom HT29cells treated

with 5 mMbutyrate conpared with untreated controls @A analysigvas performed.

IPA softwarellowsanalysis of microarray and gene expressioto daeatify relevant
pathways that contain these molectiles aalysican providensight into the
potentialcauses of observed expression changes and into the predicted downstream
biological effects of those changes.

The dataset analysed in the IPA consistedRifIAswhich were considered
differentially expressbkdsed ora positive Bayesig odds value in the microarray
analysigTable 4.2)in the IPA analysis, botirect andndirectrelationships were
included, but results were filtered to consider only relationbichshad been

experimentallpbserved

IPA analysis of the butyratgulated miRNAs showed subsets of these miRNAs to be
involved in several relevant pathwagblés 4.8 4.7). The top IPA networks

associated with miRNAs that experienced buigdhieed expressi@manges are
listedinTad45 The top two networks 6Connecti:
Di sorder , |l nfl ammat ory Diseased6, and 06C
Di seased ar e shown IifiretneBvorgligure 410)4s.0flnbte a n d
as it containsultiple differentially expressed miRNAs from the microarray analysis,
including miRL7-92 cluster mNAS, and contains genes importa@R¢C such as the

tumour suppressor TP53. Among the iPA diseases and disorders associated with
themiRNAsshowingoutyrateinduced expression chan@esble 4.barethe relevant

di sorders of ©6Cancer d8Genelic®isardénlieiomiPAe st i na
molecular and cellular functions associatedhgithiRNAs with butyrateanduced

expression chang@&ble 4.Yincluded cell cycle, death, and proliferation, w&hech

relevant ircancer development and progression.
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Table 4.5: Top IPA networks associated with miRNAsshowing butyrate-
induced expression chages

Network Associated Network Functions IPA Score
number

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, TelCellSignaling and Interaction 3

5 Cellular Assembly and Organization, Genetic Disorder, Neurological Di¢ 3

Table 4.6: Top IPA diseases and disorders associated with miRNAshowing
butyrate-induced expression changes

Name Pvalue Number of molecules
Reproductive System Disease 8.71FL5i 4.35ED2 13

Cancer 1.28EL27 3.43ED2 15

Gastrointestinal Disease 1.28E127 4.87ED2 14

Genetic Disorder 1.28EL27 4.87ED2 15

Connectiv@issue Disorders 5.20E127 1.35E02 8

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

Name Pvalue Number of molecules
Cellulabevelopment 2.31ED971 2.57E02 7
Cellular Growth and Proliferation 2.31E09i 3.72E02 7
Cell Death 1.68ED41 3.30E02 3
Cell Cycle 3.28ED41 1.72ED2 2
CeliToCell Signaling and Interaction 1.08ED37 5.40ED3 2




CHAPTER 4

miR-196a/miR-196b*

TM;EI%B
) ¥
miR-19b-1*/miR=A9b-2*/miR-19a ek P
. I
M /7 |
AN I
™miR-58 man) |
JoImiR-19a 3 ,’ \r
I PNPT1

ir-28 ’
Vﬁ-.. P

ey
HBP1
I 7> i\,x/
miR-92a/fiR-92b/MiR-3HITIT4ES B P
miR-218/miR-192* 2
CHSF2)
miR-210 (hufi@iPmouse, /at) mir-515
\
\ miR-20a* (hdman,/mouse, rat)
,‘\—‘ ers)*
vil
Cvex) _
- \Y\’ - miR-17*/miR-20b*miR=106a* (includes others)
iRZ129 \
miREI280 \

\
\
miR-1 275*4665-5@

Figure 4.1Q First top IPA network associated with miRNAsshowing butyrate-

miR-18a/miRSIBBIMIR-4735-3p"
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induced expression changedisplaying predicted miRNA and gene interactions

mMiRNAs were associated with the IPA network of Connective Tissue Disorders,
Genetc Disorder, Inflammatory DiseaRed 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 Secondtop IPA network associated with miRNAsshowing butyrate-
induced expression changedisplaying predicted miRNA and gene interactions

mMiRNAs were associated with the IPA netwofkamicer, Gastrointestinal Disease,
Hepatic System DiseaBed indicates aiRNA that was increased with butyrate and

green represents a miRNA that was decreased with butyrate.
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4.5 Discussion

This Chapter demonstrated the-pniiferative effect of butyrate on HT29 and
HCT116CRCcell lines, with the HCT116 cell line showing greater susceptibility to the
action of butyratélso in this Chapter, the effect of butyrate treatment on miRNA
expression i€RCcell lines was displayed, through microarray anadystsiime

RT-PCR védation.In both the HT29 and HCT116 cell lines, butyrate was shown to
alter the expression miRNAs that have been found to be dysregula@R@

Expression profiles of miRNAs differ along the gastrointestingbledttry et al 20111

and are altered in CRC, with this dysregulation often contributingpto
progressioiMichael et al 200Bu et al 200%Cummins et al 2008laby et al 2007

Chen et al 2009

The finding of decreased CRC cell grovitth butyrate treatment was obtained using
thexCELLigence RTCABP instrument, whicmithis Chapter and subsequent
Chapteswas used to provide a cell index mea&urenefit of the xCELLigence
systenover traditional assagghat it allows continuaklt¢ime monitoring of cell
growth ovetime A limitation ofthe system, howeves thatthe cell index does not
clearly distinguish beten proliferatioand other cellular everitsr example, a
reduced ceihdexcould be due to reducptbliferation/cell cycle arresicreased
apoptosis onecrosismorphological changes,acombinationAdditionalmeasures of
proliferation an@poptos may have been of benefit; however, previous studies have
alreadyisedassayt showthat butyratéoth reduces proliferation and increases
apoptosis in CRC cefidariadason et al 2Q@@comino et al 200Daly & Shirazi
Beechey 2006

In this Chapter, treatmenith 5 mM butyrate for 48 h led to devegulation ofla

mMiR-17-92 clustemiRNAs, in both HT29 and HCT116 ceaisR-17-92 duster

members are derived from a single transdhniph yields six mature miRNAs (riiR
mMiR-18a, miRL9a, miR20a, miRL9b1, and miFB2al) (Tanzer & Stadler 2004nd

thus are likely to be tegulated. miR?7-92 overexpression has been observed in
multipletumourtypes, including CREayashita et al 200%e et al 2005&€ummins et

al 2006Chen et al 200Diosdado et al 20D recent study foundzato 5-fold

increase in mMiR7-92 cluster members in colorectal turm@ompared with control
epitheliumDiosdado et al 20pIhe miR17-92 cluster has oncogenic potential, and

has been shown to promote proliferation and angiogenesis, inhibit differentiation, and

sustain cell surviv@live et al 2009Mammals also possess +#hiFd2 paralogs,
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including the miR06a363clusteron chromosome Xwhich is also owexpressed in
CRC(Volinia et al 20Q068/onzo et al 200&henet al 2009_uo et al 200)2miRNAS in
the miR106a363 cluster, includimyiR-18b, miR20b, and miR.06awere also shown
to be dowrregulated with 5 mM butyrateatmentor 48 h

OthermiRNAs that experienced decreased expression in the colorectal cell lines with 5
mM butyrate treatment included R2iBb, miR196 and miRL96b,andmiR-301a and
mMiR-301b.These miRNAs have all been shown to beegplated ICRC(Cummins et

al 2006Monzo et al 20Q81otoyama et al 2009 here is some evidence to suggest

that hgh miR196a levels promote the oncogenic phenotypRGtells(Schimanski

et al 200p and that a mi®96a polymorphismcreasgsusceptikily to digestive

system cancefGuo et al 2012

While multiple oncogenic miRNAs were decreased in colorectal cell lines in response to
butyrate treatmendther miRNAs were shown to be inceelawith butyrate treatment.
miR-23a and miR3b have both been shown to be doggulated iICRC(Cummins

et al 2008Chen et al 2009There is evidendkat miR23bregulates a cohort of pro
metastatic targetsnd thusids in supressimgmour growth, invasion and angiogenesis
(Zhang et al 20).ITreatment of HT29 and HCT116 cells with 5 mM butyrate resulted
in increased expression of AFd ananiR-23b.Another miRNA shown to be

increased withutyrate treatment in both deles was mi2290, which has also been
shown to be decreaseddRC(Luo et al 20)2miR-210was also increased with
butyrate treatment in both cell limagR-210can be induced by hypod@awv oxygen)
which is a common feme in tumarigenesigHuang et al 2009VhilemiR-210 has

been shown to have multiple functiceseral studies haventified roles for m#210

in represmginitiation of tumar growth andinhibiting cancer cell survival and

proliferation(Huang et al 2009suchiya et al 20]L1

Also of note was the regulation of RRES by butyrate, which displayed cell line

specific action. In the microarray and subsequetitmre&®T-PCR validation in HT29

cells, miR215 was significantly decreased with butyrate treatment. In the HCT116 cell
line, however, miR15 was significantly increased with butyrate treatment, a finding
also presented in a studyHyet al (201 miR192 was also significantly increased

with butyrate treatmeirt the HCT116 cell line onfuch varian in thebutyrate

response of the HT29 and HCT116 cell lines may provide insight into mechanisms for
the increased sensitivity of the HCT116 cells to theppriotic effect of butyratieor
example e overexpression ahiR-192 andniR-215has been®wn tosignificantly
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reduce cell proliferatiom CRCcellsby targeting cell cycle progresgRyaun et al
2008 Boni et al 2000These two miRNAs are often decreased in(BRGn et al
2008 Schetter et al 200Bhen et al 200&arle et al 200

The reatime RFPCR generally confirmed the initial findings from the microarray, with
several exceptions. The microarray indicated, for example, tBa3amiés

significantly decreased and 8 and miRL275 were significantly increased in
butyratetreated HT29 cells, while subsequentimalRFPCR in the same cell line

did not show significant changes for these miRNAs. Previous studies have similarly
shown that while there is generally excelleredaioon letweermicroarray and real

time RTFPCR results, some miRNgVvels do not correlabetween the microarray and
realtime RFPCRmeasuremen(éch et al 20Q&it et al 2010 Microarrays are

typically used as a screening tool, and it is important to confirm resultsongth a m
accurate detection meth@dn Rooij 20)1While a micrasay screen followed by real
time RFPCR validation is a common experimental workflow, alternative detection
methods such as higjffiroughput sequencing are also emerging, and may have benefits
in terms of sensitivity, measurement of absolute abundanoeyelndiRNA

discoveryGit et al 2010san Rooij 2011In this Chapter, while the microarray was

only performed in one cell liestrengthof the work was thaeveraCRC cell lines

were used in the rdahe RFPCR analysis, to determine glemeratly of the findings.

This study made use of standard colorectal carcinoma cell linagaatdexreloped
by Fung et al (2009vhich were lesensitive to the apoptotic effects of butyFatag
et al (2009found that the apoptotic response to 48 h butyrate treatment was
consistently lower in the HT-BR cell line in comparison to the HT29 cells exposed to
the same concentrationtftyrate, but still identifiedsignificant apogptic response in
both HT29 and HT28BR cells at concentrations of 5 mM and grdate0(02). The
extent of differentiation, as measured by alkaline phosphatase activity, was less in the
HT29BR cell line compared with the HT29 cell line, but botlneslWere shown to
have significantly increased alkaline phosphatase activity upon 5 mM butyrate treatment
compared with the untreated control HT29 deks(.005)Fung et al (2009
identified a number of proteins that were differentially expressed between the HT29 and
HT29-BR cell lines, and which pdialty 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
studythe HT29BR and HCT16BRcelllines were shown to be slightly resistant to
the antiproliferative action dbw butyrateconcentrationsompared to their standard
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counterparts; however at higher butyrate concentrations (10 mM butyrate inthe HT29
BR cells and 5 mM butyratethe HCT11@R cells), proliferation was still significantly
reduced compared with the untreated controls. This was reflected in1A®MiR

cluster expression results, where a 5 mM butyrate concentration significantly reduced
miR-17-92 cluster miRNAi® both the standard and butyretsistat HT29 and

HCT116 cell linest would appear that the tyuateresistant cell lines are only

insensitive to butyrate treatment at lower concengatiarh as 1 mM; thus these cell

lines were not further utilisedsubsequent Chapters.

Following the completion of this miRNA microarray study examining butyrate
modulated miRNA expression, a similar study was publigHacebgl (2001 Rather

than using HT29 celldu et al (20)performed a miRNA microarray in the HCT116
human colorectal carcinoma cell linegusia miRCURY LNA microarrayl 4.0

(Exigon) that contained probes targeting all miRNAs for human, mouse, or rat
registered imiRBase vermn 13 at the Sanger Institubis present study also used
theExiqon v11 probesewhichofferedan opportunity focomparison between the

two studieswhile the present study used a 5 mM butyrate treatment fotul8thgl

(201) used only 1 mM butyrate for 248 h; however as shown in thimgter,

HCT116 cells are more sgistible to butyrate than HT29 cells, which could account
for the lower concentration used. The microarray perforniéa dtyal (2021

identifiedd4 miRNAs that demonstrated significant changes in expression in response
to butyrate treatmermmiRNAs with decreased expression include@@i®R*, miR

18a, miR92a, miR0a*, miR222*, miR7, miR1&, miR29a*, lef7b*, miR17, miR

196b, miR20a, miR20b, miR19a, miR34a, miRL06a, miR21, miR25, miR106b,
mMiR-19b, and miM3, and MIRNAs with increased expression inaitR@6, miR

320b, miR215, miR194, miR492, miRL84, miR202, miR381, miR424, and mifR5.
There was substantial overlap between the two studies for those miRNAs with
decreased expression upon butyrate treatmeatticular, miRNAs from thaiR-17-

92 cluster and the pamgduis cluster miR06a363, were significantpwnregulated

in both studies. Both this study andHioeet al (20D)Istudy used reime PCR to

validate the microarray resuiis et al (20])lalso 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 intpratetreated HCT116 cells were dramatically increased in
tumour tissues compared with normal controls, including miRiR20a, miR20Db,

miR-93, miR106a, and miR06b P < 0.05)(Hu et al 2011
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This present study and thatf et al (200)larethe first to systematically identify
changes in mMiRNA expression in response to butyf@RCcells Also of interst,
however, is an earlier savhat relatedtudy byBandres et al (200%hich treated
CRCderived cell lines with 1 or 3 mNpHenylbutyric acid every 24 hffee days, in
additionto treatment with a DNA methyltransferase inhifbtaza2 dioxycytidine.
Bandres et al (20060ked specifically at five miRNAs included within 1000 base pairs
of a CpG island, which were known to be dmgulated iI€RG and found that
combined treatment withphenylbutyric acid and the DNA mgthansferase inhibitor
restored expression of three of these miIRNAs@miRR129, and miR37) The
changes in these miRNAs were not replicated in the microarray anblysssaby
(201} and this present study; however, the stugabgres et al (2009 useful in
displaying how both DNA methylation and histone modifications alter miRNA
expression i€RCcells.

This Chapteidentified multiple miRNg#\that experienced altered expression with 5
mM butyrate treatment for 483ome miRNAs that have oncogenic potential and are
overexpressed IBRCG such as the miR~92 and miRL06a363 clustersyere shown

to be decreased with butyrate treatn@hers that are dowregulated iI€RCand

may play a protective role, such as2ilRand miR3b, were increased with butyrate
treatmentSimilar to the gene expression microarray studies, a limitation of this miRNA
microarray was that it could not distingbetiveen miRNAs that had their
transcription altered by direct butyrate aetidhe chromatin levelnd miRNAs that
experienced altered transcription due to buiypidieed changes in regulator gene
expressionncluding transcription factor activityvas also unclear to what extent the
butyrateinduced changes in miRNA expression mediated tpeaiféirative and pro

apoptotic effects of butyrate treatment. These issues will be addressed in later Chapters.
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5.1 Introduction

Butyrate is a knowHDI , whichis one mechanisthatallows the dieterived

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 growdilcerapoptosis. The
cellular pathwaysfiuenced by HDIs, such as ogltle control and apoptosis, are also
regulated by miRNAB Chapter 4, butyrate was shown to alter expression of multiple
mMiRNAs, including those in the riiRR92 cluster. The bugteinduced decrease in
miR-17-92 expression may mediate themnotiferative and prapoptotic effects of
butyrate treatmenthis Chapter explores this hypothesis, and examines the effect of
different HDIs on miRL7-92 miRNA levels

Histones are an important component of chromatin strueithiehe highly conserved
corehistone proteins H3, HA2A, andH2B actingvith linker histones H1/H®®
package eukaryotic DNA into repeating units that are folded intednagrer
chromatin(Strahl & Allis 20Q0Various combinations obgttranslationahistone
modifications allow regulation of gene expressitimsuchmodifications includg
acetylation, methylation, phosphorylation, ubiquitinatiodRPdibosylatior(Strahl
& Allis 2000Kouzarides 200.7Suchmodificationsnainly occualong the Nerminal
tails and to a lesser extémtoughoutther regions ahe histone proteifurner
1998 Strahl & Allis 20Q00Enzymes thagffectthese modifications include, among
othersHATs andHDACSs, which are responsible focreasing ancedreasing
acetylatioyrespectivelyncreasedhistone acetylation generally promotes a more
relaxed chromatin structure, allowragscriptional activation, while decreased
acetylation can lead to transcriptional repredsiamer 1998Strahl & Allis 2000

HDACSs catalys¢he deacetylation &facetyl lysine that rées within the Merminal
tail of core histonesvhich can lead tecreasktranscriptiorfThorne et al 199&trahl
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& Allis 2000. Eighteen HDACs have been charactems#dte human genome, and
these are grouped into class I, class Il, class Ill and class IV based on their sequence
homology their subcellular localization and their enzymatic ac{iMiggalingam et al
2003. Elevenclassical HDA€have been describ@dass I, Il and 1V(Table5.]), as

well aseversirtuins(class Ill), with thelassical HDACs and sirtuins differing in their
catalytic mechanisn@lassical HDACs are Zslependent enzymes, while sirtuins
requie NAD+ as a cofactofde Ruijter et al 20pBesides targeting histones, HDACs
candso target notistone proteinsncluding those that have regulatory roles in cell
proliferation, migration, and apopt@3msble5.1). HDACs can either decrease or
increase the function or stability of thesemstone protein€slozak et al 2005
Among the multiplaon-histone proteisitargeéd by HDACs arBNA binding
transcription factorsuch ap53andthe E2F fanmily (Magnaghdaulin et al 199Buo et

al 2000Robertson et al 20(@erreira et al 20010 et al 200R In addition to

mediating transcriptional repression through altered histone acatythtibromatin
structure by targeting nehistone proteins HDACs can aldaytherregulatory roles
including transcriptiemdependent regulatidADACs canoftenform subunits of
multiprotein nuclear complexes that are impoftargene repressigHuang et al

1999 Zhang et al 199WVitt et al 2009

Changes inormal patterns of histone modificatibave been reported in various
cancergOno et al 200ZFraga etl&2005hEnroth et al 20)1as havalterations in
expression of different HDAQs. CRG, over expression of HDAC HDAC?2, and

HDAC3 have been obsed/Zhu et al 2004Vilson et al 2008/Nilson et al (2006

found that HDAC3 and other class | HDAC proteirsugregulated 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 nadakatdrA. Zhu

et al (200¢found increased HDAC?2 expression in the majority of human colon cancers
sampled compared with normal matched tissue, and also identified HDAC2 to play a
rolein inhibiting apoptosis in colon cancer dellsontrast to the HDAC over

expression observedWison et al (200@ndZhu et al (2004Ropero et al (20D6
observed mutations in HDAC2 and loss of expressasubset df1IS CRCcell lines

and tumour samplds addition to altereHDAC expressiorin certain cancetise
interactiorbetween HDACs anohcogenic DNAbinding fusion proteidsads to

aberrant recruitment of HDACs to promot@slden et al 2006I'hese canceelated
changes iRIDAC activity make them targets for -aatncer therap§dolden et al

2006.
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Inhibitors of HDAGinclude both natural and synthetic compolarscan be

divided into four chemical classassisting othe SCFAs (aliphatic acids), hydaoxic
acids, cyclic peptides, and benzanfi@dsde5.2. The ter m OHDAC i nhik
generally reserved for compounds that target the classical class I, Il, and IV HDACs
(Witt et al 2009 with HDIsactingby binding to the HDAC active site dnldcking
substrat&Zn chelation athe base of the si(€innin et al 1999Certain HDIs may
preferentlly inhibit certain HDAGCXu et al 20070ne of he main anticancer

effects oHDIs iscell cycle arrest (at @ G, d M) (Mariadason et al 2Q00@hichis
associated with induction of cell cycle inhibitors sUcbBkN1A (Archer et al 1998

HDIs can induceell differentiation arell death througbariousapoptoticpathways

(Xu et al P07, andcan alsanhibit angiogeneqBeroanne et al 200Rellizzaro et al

2002 Gururaj et al 200&im et al 2007/fPrasanna Kumar et al 2paBd metastasis

(Liu et al 2003Joseph et al 2004 et al 200¢ and increase chemotherapy sensitivity
(Noro etal 2010lwahashi et al 20]/retzner et al 20}.1

While HDACs are distributed ubiquitously around chromatin, HDIs @mly alt
expression ad select proportion of genes, usually betag@oximately% and 256

inin vitrexperimentgv/an Lint et al 199&ray et al 20Q0Daly & ShirazBeechey

2006 Alvaro et al 2008This selective effect on genegsaaiption may be due to
alteredhcetylation of particular histone complexes and other proteins regulating gene
expressiofDokmanovic et al 20D Btudies iCRCcells, as in other cancers, have
shown that HDIsactivate some genmg repressthers withat least as many genes
downtregulated as uegulatedMariadason et al 20@xaly & ShirazBeeclky 2006
Thiscomplexity surrounding histone modifications and subsequent transcriptional
activation or repressiegdiscussed further in Chapter 7.

As summarised in Chapter 4, microarray stadiRC cellbave detected multiple
genesnodubted bythenaturaHDI butyrateincludinggenes associated with cedle
regulatiorand arrestifferentiation and apoptofidariadason et al 2Q@0&comino et

al 2001Daly& ShirazBeechey 2006/Vhi | e but yrateds ability
gene expression is often attributed todisation of histone hyperacetylation, it can

also induce acetylation of Azistone proteins, alteration of DNA methylation, and
selectiveegulatiorof histonemethylation anghosphorylatiofBoffa et al 198 Boffa

et al 1994Daly & ShirazBeechey 2008Jse of a more specific and potent inhibitor of
HDAC was deemed necessary to characterise tlie gffects of HDIs, which led to
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the development GfSA (Yoshida et al 199®riginally reported as a fungistatic
antibiotic byT'suji et al (1976TSAwas thertharacterexdas a HDI(Yoshida et al

1987 Yoshida & Bppu 1988Yoshida et al 199@t low (hanomolargoncentrations,
TSAwas shown to cause induction of Friemttaemiaell differentiation, inhibition of
the cell cycle of normal rat fibroblasts in both then@ G phases, accumulation of
highly acetylated histonewivoand stronghhibition ofHDAC activityin vitro

(Yoshida et al 198Yoshida & Beppu 1988oshida et al 1990 SA was deemed to

be an important tool in the analysis of the role of histone acetylation in regulation of

chromatin structureljfferentiation, and the cell cy@eshida et al 1990

Mariadason et al (2Q0@@reamong the first to comprehensively compare the response
of colonic epithelial cells to butyrate tedselective HDAC inhibitGiSA both of

which induceellcycle arrest and an apoptotic respdngearestructurally unrelated
Microarray analysis was used to determine gene expression changes in SW620 human
colorectal adenocarcinoma cell lireated with 5 mM butyrate oaXl TSA for0.5, 2,

12, 16, 24, and 48 h. Extensive alterations in gene expression were detected in responst
to butyrate. More limited changes were induced by TSA, although the profiles of gene
expression induced by TSA and butyrate were sithitawas atiiouted to their

shared mechanism of action as HMariadason et al 2Q0Della Ragione et al (2001

also compared the genes modulated by butythteséoaltered by TSA, in HT29

colorectal adenocarcinon@lls. Cells were treated with 2 mM butyrate pMDTSA

for 5 h, in the presence of cycloheximide to indhgbitoywotein synthesis and observe
transcriptional effects onella Ragione et al (20@dentified a number of genes

induced by both butyrate and TSA, including cell cycle regulatorsGDEN&s,
transcription facter chemokine recepwtransduction naulators, stress responses,
detoxificatiorgenesandadhesion moleculéDella Ragione et al 20ah similar

studes Siavoshian et al (20@ddChen et al (20pdlso compared the molecular
mechanisms of butyrate and TSA action ©23dells, andlighlighted the ability of
butyrate and TSA to stimulate expressi@DiN1A, at both the mRNA and protein
levelWu et al (20QXound earlyncreasesn CDKN1A mRNA levelswith 5 mM

butyrate or 0.pM TSA

While there is overlap between the genes modulated by butyrate and TSA, there are alst
differences in the mechanssaf action of the two agentariadason et al (2000

found that the kinetics of atéion 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 slwet increase in Hitetylation that peaked at
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2 h(Mariadason et al 2Q08imilarlySiavehian et al (20Dalso found that exposure

to butyrate off SA 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 TS8iavoshian et al (20@hdlacomino et al (20p8howed that
butyratereatment bloadcells mainly in the @hase of the cell cycleherea3 SA

treatment blocked cells in bothaad G phasesWhile both substances have HDI

activity, butyrate and TSA appear to induce slightly different cell responses

Aside from TSAwhich was the firstatural hydroxamucididentifiedwith HDI
propertiessubstantial research has been conductedtoncturally simil&iDl,

SAHA (Vorinostat)SAHA isalso a hydroxamic acid, and was theofitato HDI sto
beapproved by the US Food and Drug AdministrgdE&&m) for thetreatment of
cutaneous -Eell lymphom&uvic et al 20QDlsen et al 200.7This approval in 2006
followed the completion of a pivotal phassrglearm opeHabeltrial that enrolled 74
patients with cutaneouscéll lymphoma whisad failed two systemic theraf@sen

et al 200)¢ Another phase Il trial in 33 patients with cutaneasd! lymphoma also
supported the approv@uvic et al 20Q7In both studies, the response rate (measured
using the Severityeighted Assessment Toot t he Physi ci ands Gl
Scalgto treatment with or&orinostat was approximately 3[@avic et al 20Q7

Olsen et al 200,Avhichwas comparable to response rates obtained with other FDA
approvectutaneous -tell lymphoméherapiegMann et al 200.7The most common
adverse events with the treatment were diarrhoea, fatigue, nausea, an@aaarexia
et al 200,lsen et al 20Q.7The other HDI to bd-DA approvedvasRomidepsin
(FK-228) alsdor cutaneous-Eell lymphom#Piekarz et al 200&/hittaker et al 20).0
SAHAIs also under investigation for usether cancer typesijth bothphasd and

phase lltrialsconducted in patients with solid tumours including SR @ral small

early phase Il trials of SAHA in tumours including CRC were mainly concerned with
safety and establishing appropriatagipand were unable to establishefficacy of

the tratment(Vansteenkiste et al 20@dlson et al 2010Other HDIshavealso
beenexamined mostly in hematopoietic malignancidsaveibeensed imainly

phasd trials in sbd tumoursincluding CRCTable5.9.

An in vitranicroarray profiling studhy LaBonte eal (200Pexaminedhe response of
CRC cellsreated withiheclinicalhydroxamic acid HDI SAHA, dranother
hydroxamic acid pbored in the clinical setting, LBH588ing HCT116 and HT29
CRC cell lineg,aBonte et al (20p®und that treatment with uMSAHA nduced
histone acetylation andll cycle arrest, withcreased Hdcetylatiomt 2 h (in HCT116
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cell3 or 4 h (in HT2%ellg posttreatmentand H3acetylatioms early as 0.5 h post
treatment in botkell lines. SAHA induced mainlyNbarrest in HCT11&ells and
mainly G arrest in HT2@ellsIn theHCT116 cells3566 genes (7% of total gene set
analysedyeremodulated by either LBH589 or SARWMth 3100 differentially
expressed with SAHM the HT29 cells2645 genes (5% of total gene set analysed)
weremodulated by either LBH589 or SAkVth 2448differentially expresseaath
SAHA.AnN IPA analysis identifidtve networks to be altered by the Hhased on
these networksossesng significantt more of the identified differentially expressed
genes than wadibe expected by random chance. These networksWeyele, 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 treatnvamiooisCRC cell
linesin vitroPortanova et al (200&howed thahiHT29 cells, SAHAaugsd apoposis
andinduced an accumulation of cells in thi®@hase ofthe cell cycle at#8 h, and
aprogressive increase in the percentage of cells confined te@y€sythase with
longer treatnmé. Another studyn 320 HSR colon cancer celso foundSAHAto
induce apoptosis and sBbarrestandreduceanttapoptosis proteir(Sun et al 20).0
Wilson et al (201Paxamined the effect of HDils multiple CRC cell lines including
HCT116 and HT29, and within a particular celthimapoptoticesponsevas
comparable with 2 SAHA, 1uM TSA,or 5 mM butyrateBressan et al (2010
found thatchronic exposure to SAHAduceda less aggressive phenotype in human
colon carcinoma ET116 cells, whileobjois et al (200@sedmulticellular tumour
spheroids of HCT11&llsto mimic arin vivbumour situation and shdthat SAHA
effectssuch as cellycle arrest and apoptosis are depedethie position of the cells
within the spheroiCombination treatmemtith SAHA and other chemotherapeutic
agents haalsobeen investigated in CRC cell lines, with SAHA shown to act in synergy
with other agentsidludings-fluorouracii Bortezomib andSelumetinibto decrease
proliferation and increase apopt{fsezzone et al 200®itts et al 20Q¥orelli et al
2013. Fazzone et al (2008so showed that SAHA may assist in overcaoesigjance
to 5-fluorouracilby repressinthymidylate syntha6ES) which when ovesxpressed

promotes-fluorouraciresistance.

CDKN1A (p2] is one of the most commonly reported genes to be induced in cells
treated with butyratd SA, SAHAand other HDIsand is important imediating the
cell cycle arrest observed in response to HDI treatda@sbn et al 199Nakano et al
1997 Siavoshian et al 19%#cher et al 1998iaroshian et al 200Robayashi et al
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2003 Orchel et al 200®aly & ShirazBeechey 200@ilson et al 2006Altered
CDKN1A expressioran be observenthin a few hours diiDI treatmen{Archer et

al 1998 Current literature presentsdlicting evidence, with some studies showang t
HDI -induced increase GDKN1A expressioto bep53 independerffrcher et al

1998 Kobayashi et al 200and others showing it be influenced by pg2hao et al
2006 Habold et al 2008The increase DKN1A expressiomay be associated with
modifications in acetylation and methylation patterns in histones H3 asgbtidted
with theCDKN1A promoter regionin a multiple myeloma cell licGyi et al (2004
found HDI treatment to inducespecific increase acetylation distone H3ysine 9
and 14, acetylation loistone H4ysine 5, 8, 12, and methylatiohisfone H3ysine 4
This wa associated withore open chromatimcreased DNase | sensitivity and
restriction enzyme accessibility inGB&KN1A promoter(Gui et al 2004Increased

H3 and H4acetylatiomt theCDKN1A promoter region has also been demonstrated in
CRC cells treated with HDO(Shen et al 200&ang et al 2004DlIs can alsanduce
alterations in components@DKN1A-associated proteinsading to activation of
CDKNZ1A expression. Alteratiomgluceda decrease in HDAGHhdMYC bound to

the CDKN1A promoterand an increase in RNA polymerase Il assowdtethe
promoter bound proteir(&ui et al R04. Changes in other promotssociated
proteinssuch as§PlandSP3may é&so lead t€DKN1A induction(Xiao et al 20Q0
Davie 2003Hammill et al 2005CDKN1A is known to indueG, cell cycle arrestnd

to affectdownstream regulators such as cydlxréher et al 2005Viultiple
mechanisms appedarregulate CDKN1A levels, and it has been suggested that direct
modification of histone acetylation alone is insufficiemitae CDKN1A expression
by butyrag (Kobayashi et al 2008obayashi et al 200€hanges in specific mMiRNA

levels may also play a regulatory role.
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Table 5.1: Classicalhistone deacetylases (HDACS)

Class Name Location Selected protein targets/ substrates

Class | HDAC1 N p53(Luo et al 2000 et al 2092
MYCD (Mal et al 20p1
E2RA (Magnaghiaulin et al 199obertson et al 20B6rreira et al
200)
STAB (Yuan et al 200®ay et al 20P8
AndrogereceptofGaughan et al 2005
SHP(Gobinet et al 2005
YY-1(Yang et al 1996a0 et al 20p1
GCM4dChuang et al 2006
SMAL (Simonsson et al 2P05
HDAC?2 N BCL6 (Bereshchenko et al 2002
STAB(Yuan et al 20Bang et al 2011
Gluocorticoid recepfo et al 2006
YY1 (Yang et al 1996a0 et al 20p1
HDAC3 N GATAL (Watamoto et al 2p03
GATA (Ozawa et al 2001
GCM4Chuang et al 2006
RelAChen et al 20)
MEF20Gregoire et al 2007
YY1 (Yang et al 1996a0 et al 2003ankar et al 2008
SHP(Gobinet etl 200p
SMALD (Simonsson et al 2p05
HDACS8 N -
Class lla HDAC4 N/C GCMdChuang et al 2006
GATAL (Watamoto et al 2P03
HR1 (Zhang et al 2002
HDAC5 N/C SMAD (Simonsson et al 2p05
HR1 (Zhang et al 2002
GCMdChuang et al 2006
GATAL (Watamoto et al 2P03

HDAC7 N/C PLAG1 and PLAGEZBeng & Yang 2005
HDAC9 N/C -
Class b HDAC6 C UTubulifHubbert et al 2002

HSP9@Bali et al 20p5
SHP(Gobinet et al 2005
SMAD (Simonsson et al 2p05
b-catenirfLi et al 2008
HDAC10 C HSP9@Park et al 2008
Class IV HDAC11 N/C -

C: cytoplasm; Nicleus: none identified
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Table 5.2: Known histone deacetylas€HDAC) inhibitors
Chemical class Selected compoun HDAC target Potency Clinicafriak in solid tumours,
includin@RC

Shorchain fattgcids/ Sodium butyrate  Class | and lla mM -
aliphatic acids

Phenylbutyrate Class | and lla mM Phase (Gilbert et al 2Q@amacho
et al 20QBung & Waxman 200
et al 2009

Valproate Class | and lla mM Phase (Atmacat al 20QMunster
et al 2007Phasel: (Munster et al
2009

AN9 (Pivanex) - UM Phase IPatnaik et al 2002

Hydroxamic acids TSA Class | and Il nM -
SAHA (Vorinostat) Class | and Il UM Phase IFakih et al 200@unster et

al 2009Fakih et al 2010
Ramalingam et al 2Ré€e et al
2010Dickson et al 2Q%tathis et al
201); Phasell: Wilson et al (20)0t
EarlyPhase INMansteenkiste et al

(2008
LAQR824 Class | and Il nM Phase (de Bono et al 2008
(Dacinostat)
PDX101 (Belinosta Class | and Il UM Phase (Steele et al 2QQ&ssen et
al 201p
LBH589 Class land Il nM Phase KJones et al 20Morita et a
(Panobinostat) 2011 Fukutomi et al 2012
CBHA - uM -
ITF2357 Class | and Il nM -
PCi24781 Class | and Il NR -
Cyclic peptides FK-228 Class | nM Phase I(Whitehead et al 2p09
(Romidepsin)
Benzamides MS275 (Entinostat HDAC1, HDAC2, uM Phase (Gore et al 20@8ili et al
HDAC3 2012
MGCB103 Class | UM Phase (Siu et al 20p8

(Mocetinostat)

NR: not reportednone identified
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In addition to its effects on gene exprestientHDI butyratewasshown inChapter 4
to decrease expressiomufltiple miRNAs, including thosethepolycistronieniR-
1792 clusteand its paralog clusteriR-106a363 The lumanmiR-17-92host genés
located at 13g31.3¢laromosomalegion amjified in several hematopoietic
malignancies and sdiionours(Ota et al 20040verexpression of miR7-92 has
been observed ipmphomas anehultiplesolidtumoursincludingcolon, breast, lung,
pancreas, prostate, and stontastours(Ota et al 20Q4ayashita et al 2Q®%e et al
2005aCummins et al 2008olinia et al 20Q®etrocca et al 20d8hen et al 2009
Diosdado et al 20pHe et al (2003averethe first to show that besidég bver
expression of mMiRNAsom thiscluster in tumours and tumour cell lima#R17-92
couldmodulate tumour formation aadt as an oncogeimevivoThe miR17-92 cluster
wasthereforedesignated oncordirdue to its oncogenic properfids et al 2005a

The host gene ohiR-17-92isknown asC13 open reading frame Z380RF2h or

more recently adIR17HG(Figure 5.1)with the miRL7-92 cluster located in the third
intron of the ~7 kb primary transcrigOta et al 2004The transcript of the miR7-92
cluster contains six stdoop hairpins that are processed to yield six mature miRNAs:
miR-17, miR18a, miRL9a, miR0a, miRL9b1, andmiR-92al (Tanzer & Stadler

2004. Complementary star form miRNAs (*) are also derived from thE/F8Rpre
MiRNAs. As shown in Figure 5.1, the six mature Iii&2 miRNAs candcategorised
into four miRNA families based on their seed sequeviteh are the regions
considered most important for target selectimnmiR17 family (miRL7, miR20a),

the miR18 family (miRL.8a), the miR9 family (miR9a, miRL9b 1), and the 92
family (miR92al) (Mendell 2008Gene duplication events have also resulted in two
miR-17-92 paralog clusters in mammEt&host gene abneparalog clustemiR-
106b25 isMCM70on Chromosome, &nd he primary transcripf another paralogous
clustermiR-106a363on Chromosome )has not beewellcharacterisedanzer &
Stadler 20Q4Poliseno et al 20L&ach paralog contains homologous miRNAs to a
subset of miR7-92 components (Figure 5.1).

ThemiR-17-92 clustehost gendas several known regulators (FigWyeHe et al
(2005aprovided some of the first evidence of the oncogenic activity of tHi§-88#R
cluster, andlso demonstrated the interaction betweerl&2 andC-MYC. Over
expression of the miRA92 cluster accelerateMygcinduced lymphomagenesis

mice, and tumours resultingm combined-@Myc and miRL7-92 expression also
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showed increased tumour inwasand reduced apopto@ie et al 2005aA study by
Tagawa et al (20(dso indicated that miR-92 is stablyp-regulated in the presence
of constitutive expressionMfYC, and that the deregulatiortioé miR-17-92 cluster
andMY C synergistically contribgte aggressive cancer developrhgnepressing
tumoaur suppressor gen@iagawa et al 2000'Donnell et al (2005letermined that
mMiR-17-92 host genéranscripion is directly activatéy C-MY C binding whileSchulte
et al (2008showed that A\MYC also activatesiR-17-92host genéranscriptionln
addition to regulation MY C, the E2Ffamily of transcription factors also regulate
mMiR-17-92, with E2F1 and E2F3 in particular known to bind to thelh&R?

promoter region and activate transcriptBytvestre et al 2Q@Woods et al 2007
Pickering et al 20D¥E2F family members are essential for cell cycle progression,
drive progression from,@ S phaseand can also induce apoptosis at high levels in
response to DNA damagen etal 200) Cycling cellarelikely to have elevated miR
17-92 due to increased E2F activity during S ((@&sge et al 20)0There also exists a
potential homeostatic feedback loop between E2F factors at@d9@RIuster
mMiRNAs; miR20 has been shown to tar§2£1, and miRL7 has been shown to target
E2F3(O'Donnell et al 2005Another feedback loop has also been suggestedGvhere
MYC and E2F members can transcriptionally activate eactOdiitoemell et al

2009. It has been postulated tha¢ teedbacketween E2F factors and rliR92acts
to damperhe apoptotic potential of E2F1, and assists thel #R cluster in exerting
its antiapoptotic effecfO'Donnell et al 200®live et al 20)0Figure 5.2 displays the
keyregulators of the miR7-92 cluster, and alselectedkey targetanes.

ThemiR-17-92 clusteof miRNAshas been shown to target genes that are important in
cell cycleontrol (Fgureb.2. Studies in mainly lymphom@dels have shown that the
cellcycle inhibito€CDKN1A (p21) and the prapoptotic gendBTEN andBCL2L11
(Bim) are regulatéy miR17-92 (Ventura et al 200Biomata et al 200®1u et al 2009
Olive et al 20Q%ong et al 20)0The antapoptotic effect of MR 792 could be
mediated byhetargeting oPTEN andBCL2L11(Koralov et al 20Q0& entura et al
2008 Xiao et al 2008while he proliferative effect of mi-92 could be partially
attributed to its ability to repréS®KN1A translatior{Cloonan et al 200Bontana et

al 2008 In studies in CRC cells, HDIs including butyrate, TSA and SAHA also
regulateDKN1A andPTEN (Siavoshian et al 20@hen et al 200®aly & Shirazi
Beechey 2006t could be hypothesised that the butyirateced decrease in riRR

92 cluster expressishown in Chapterrhay mediate the ajtioliferative and pro
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apoptotic effects of butyrate treatment. Other HDIs may have similar effects on miR
17-92cluster geneand their targetand are investigated in this Chapter
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ran 17 mlR 18a ran 19a miR-20a miR-19b-1 miR-92a-1

(13q31 ¥ \ | -
SO0O0 )(\’/
C13o0rf25 (MIR17HG) \I j [

mlR 106a mlR 18b mlR 20b mlR 19b 2 miR-92a-2 miR-363

miR-106a-363
(Xg26.2)

miR-106b  miR-93 miR-25

miR-106b-25 — H H -
(7922.1)
OO0
7N e
McM7 Lu
B miR-17 family
[] miR-18 family
[ miR-19famiy B i1z CAARGUGCUUACAGUGCAGGUAG
[ miR-92famiy miR-20a UAAAGUGCUUAUAGUGCAGGUAG
miR-20b CAAAGUGCUCAUAGUGCAGGUAG
miR-106a ARAAGUGCUUACAGUGCAGGUAG
miR-106b UAAAGUGCUGACAGUGCAGAU
miR-93 CAAAGUGCUCUUCGUGCAGGUAG
miR-18a UAAGGUGCAUCUAGUGCAGAUAG
miR-18b UAAGGUGCAUCUAGUGCAGUUAG
miR-19a UGUGCAAAUCUAUGCAAAACUGA
miR-19b UGUGCAAAUCCAUGCAAAACUGA
miR-25 CAUUGCACUUGUCUCGGUCUGA
miR-92a UAUUGCACUUGUCCCEGCCURY
miR-363 AAUUGCACGGUAUCCAUCUGUA

Figure 5.1 Structure of the humamiR-17%92cluster and its paralogsmiR-106a
363 and miR106b25.

(A) Primary transcript organisation of the humi&hl7-92 cluster and its paralogs,
mMiR-106a363 and miR06b25.The host gene ohiR-17-92is MIR17HG
(C130RF2pon Chromosome 13and the host genemiR-106B25is MCM70n
Chromosomé@&. ThemiR-106a363transcrippn Chromosome Xas not been
characterisechiRNAs from the clusters can be categorised into separate miRNA
families based on their seed sequences (tHe/rfaRily, miRL8 family, miRL9

family, and mif®2 family). (B) Mature miRNA sequeradeése miR17-92 clusteand
its paralogs, with the seed sequences shaded.
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Figure 5.2: Transcriptional regulation and target mMRNAs of the miRL792
cluster

The miR17-92 cluster is a transcriptional targ&-dfYC and the E2F family of
transcription factors. miRNAs in the rRIIR92 cluster have multiple target geviasi
validated targeiscluce the celcycle inhibitoCDKN1A (p21) (target of miRs 17 and
20a) and the prapoptotic gendTEN (target of miRs 17, 19a, 19b, and 20a) and
BCL2L11(Bim) (target of miRs 17, 1&8a,20a,19band 92a).
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5.2 Aims

The aims of thisl@pter wereotcompareheeffect of butyrate and other HDIs on
mMiR-17-92 expresonin CRCcells, anda confirm the effect diDIs on miR17-92
target genexpression

5.3 Methods overview

Experiments were conducted accordingeéaeneral methods outlined magter 3,

with all experimental groups conducted in triplicate.

HT29 and HCT116ell lines were used to determine the effediferent HDIs on

cell growthmiRNA expressigrand expression of miR-92 target gene€ells were
treated with increasing doses of butyrate (0, 1, 5, 10, or 26 8AHA (0, 1, 2 or 3
pM) for 48 h, and proliferation was measured ifine@lusing the xCELLigence
RTCA DP instrument. In separate experimeatis, were treated for 48 h with 1, 5 or
10 mM butyrate, @M SAHA or 0.3, 0.5, or OuM TSA, or maintained in control
medium, antbtal RNA was extracted from treated cmiisg the TRIzol method.
Relative quantitation reshe RFPCR analysis was performedroR-17-92 miRNAs.
To confirm the effect of HDIs on milR7-92 target genes, relative quantitation real
time RFPCR analysis wased to determine mRNA levels of taggetesn 5 mM
butyratetreateccellsandcells incontrol medium. Western blots were used to determine
protein levels of miR7-92 target genes in 5 mM butytagdateccellsandcells in
control medium. The miR7-92 target genes examined VGD&N1A, PTEN, and
BCL2L11 mRNA levels of miR7-92 regulators, includi@gvYC andE2F1, were

also examined in 5 mM butyratmatedcellsandcells incontrol medium, using relative
guantitation reaglme RFPCR analysiReattime RFPCR analysis was also used to
compare levels of MiR-92 cluster miRNAand target gene transcriptshe
butyratetreated and control medium CRC cell lines, with Ievesmal human rectal

mucosa. This mucoges previoushytilisedby Michael et al (20D3

5.4 Results

As shown in Chapter 4, treatmendHdR9 and HCT116 CR¢ells withncreasing
concentrations of butyrdesl to decreased proliferation over a gértod when

measured with refaine cell growth analydis this Chapterthe antproliferative effect

116



CHAPTER 5

of butyratavas comparet that of a structurally unrelated HDI, SAHA (Figur&)5.3
By 48 h treatment wth 5 mM butyratsignificantlyeducedroliferationin HT29 cells
comparedvith theuntreated contralells(P = 0.0005), and IHCT116 cells compared
with the untreated control cePs<{0.000). The HCT116 cells were more susceptible
to the antproliferative effect of 5 mM butyrafd.48 h,SAHAtreatment a2 uM had

an equivalent effect on proliferation in HT29 cells as 5 mM bu@geeD07

compared with untreated controls), although the growth kaygieared to differ
between treatmentsidure 5.8). Treatment of HCT116 cells withi@ SAHA also

reduced proliferation compared with untreated corf@el.002).

HT29 and HCT116 CRC celids were treated for 48 h with 1, 5 or 10 mM butyrate, 2
UM SAHA or 0.3, 0.5, or QLM TSA, or maintained in control mediumgapare

the effect of these HDIs on expressiomd®-17-92cluster miRNAs and theiR-
106a363paralog miRNAg:-ollowing 5 mMbutyrate treatment)| af themiR-17-92
cluster miRNAs exhibited significant differential expression in the microarray analysis
(Bayesialog oddsvalue > 0)n thepreviousChapteywith the exception of miE9a

and miR92; however, these miRNA also stabwotential dowregulation and were
examined further. As shownGhapter4, realtime RFPCR analysis showed all of the
selectedniR-17-92andmiR-106a363cluster miRNAS to be significantly dewn
regulated by 5 mM butyrate, in both HT29 and HCT116R<€I3.05) In this
Chapterthe effects of various butyrate dogese comparet the effects of HDIs

from a different class, the hydroxamic acids TSA and SAHA, -d7-88RindniR-
106a363cluster miRNA level&xpression was dedependentwith inceasing

butyrate concentratiagenerallyeading to decreasing levelsd?®-17-92 cluster
membersn both the HT29 and HCT116 céfsgure5.4 and Figure 5.5imilar

results were achieved with SAHA and TSA, with all ofia&7-92 cluster miRNAs
signficantly dowrregulated by @M SAHA or 0.51M TSA, in both HT29 and

HCT116 cellsR< 0.05) Figure 5.4 and Figure b.As with butyrate, an increasing
TSA dose led to decreasing levels ofI82 miRNAsWith 5 mM butyrate, @V
SAHA or 0.5uM TSAtreatmentmiRNAs from the miR06a363clustemwere reduced
to a similar extent to miRNAs from the AiiR92 cluster (Table 5.3). The fold
decrease in mMR~92 and miRL06a363 tuster miRNAs levels in respotséiDI
treatment was greater in the HCTadl6line 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
SAHA treatment.

(A) Cell indexmeasurement 48 husing the xCELLigee RTCA DP instrument in
HT29 cells or HCT116 cells treated with increasing doses of butyrate or SAHA,
compared witleells incontrol medium (0) ®< 0.05).(B) xCELLigenceealtime
proliferation grapdemonstratindifferences in growth kinetics betwdenM
butyrate and @M SAHA treatments HT29 cellsThe mean + SEM of three cell

culture replicates is shown.
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Figure 5.4: Reattime RT-PCR validation of miR1792 cluster changes in HT29
cells after48 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 wihlls incontrol medium (0) @ < 0.05). The mean

+ SEM of three cell culture replicates is shanwd expression is normalised to

RNUG6B levels.
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Figure 5.5: Realtime RT-PCR validation of miR 1792 cluster changes in
HCT116cells after 48 h of butyrate, TSA or SAHA treatment

miR-17-92 cluster miRNAelels in cells treated with increasing doses of butyrate or
TSA, or with SAHA, compared witklls incontrol medium (0) @< 0.05). The mean
+ SEM of three cell culture replicates is shown, and expression is normalised to
RNUGB levels.
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Table 5.3: Changes in miR1792 and miR106a363 cluster mature miRNA levels
in HT29 and HCT116 cells treated with butyrate, TSA or SAHA for 48 h as
detected by realtime RT-PCR.

Values represent fold changes Rwalues) relative to untreated control cells.

Expression is normalised to RNU6B levels and the mean of three cell culture replicates

is shown.
Butyrate
1mM
mMiR17-92 cluster
HT29 cells
miR17 -1.13
(0.07)
miR18a -1.30
(0.006)
miR19a -1.18
(0.04)
miR20a -1.28
(0.008)
miR19b -1.25
(0.009)
miR92a -1.18
(0.02)
HCT116 cells
miR17 -2.04
(0.0005)
miR18a -2.32
(0.0003)
miR19a -1.91
(0.0007)
miR20a -1.92
(0.0002)
miR19b -2.00
(0.0001)
miR92a -1.69
(0.0004)
miR106a363 cluster
HT29 cells
miR106a -1.23
(0.02)
miR18b -1.52
(0.004)
miR20b -1.22
(0.03)
HCT116 cells
miR106a -2.13
(0.0007)
miR18b -1.68
(0.006)
miR20b -1.83
(0.002)

5mM

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

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

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

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

10 mM

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

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

-1.98
(<0.001)
217
(0.0002)
2.01
(<0.0001)

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

TSA
0.3 uM

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

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

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

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

0.5 uM

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

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

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

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

0.7 uM

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

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

2.27
(<0.001)
-2.30
(0.0004)
2,51
(<0.0001)

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

SAHA
2 uM

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

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

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

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

amiR19b2 and miR2a2 in the miR06a363 cluster have the same sequence-B8irhiéhd miR2al respectively the miR7-92
cluster, so the fold change results for thesedniRdiAkstinguish between th@&863 was not examined as it showed no change in

the microarray analysis.
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Elevated epression ofhe miR-17-92 clustepromotes proliferation and suppresses
apoptosisn cancer cel®lu et al 200Dlive et al 2009To understand how the
butyrateinduced decrease in rilRR92 miRNAsaffecedproliferation and apoptosis
the influence of these miRNAs on target geras studie@&xperimentally validated
targets whose expression maslulated by mi2792miRNAsin other, nainly
lymphomagell models were examined firstludng CDKN1A (target omiRs 17 and
203, PTEN (target of miR47, 19a, 19b and 20a)dBCL2L11(target of nRs 17,
18a,19a, 20a, 1%9nd 92a]Ventura et al 200Bomata et al 200Mu et al 200Dlive
et al 2009Vong et al 20)QFigure 2). Reatime RFPCR wa used to determine
MRNA level®f these target genesHT29and HCT11&ells with and withodt mM
butyratereatmenfor 48 h The decrease in miR-92leveldn response to butyrate
correlatd with an increase transcript levels @DKN1A (P=0.02 in HT29 cell® =
0004 in HCTL16 cellsPTEN (P=0.001 in HT29 cell®= 0.2 in HCT116 cells
andBCL2L11(P= 0.001 in HT29 cell®,= 0.0001 in HCT16 c#s) (Figure5.§.To
investigate the effect of butyratetranslation of these genegs®rn blot analysiss
used tadisplaychanges protein levelin target geneggain the decrease in miR-
92 in response to butyrate correlatigh an increase ®DKN1A (P = 0.006in HT29
cellsP=0.01 in HCTL16 cells PTEN(P= 0.0l in HT29 cellsP=0.001 in HCT16
cell, and BCL2L1{P=0.0® in HT29 cellsP < 00001 in HCT16 cellsproteins
(Figures.7 and Figure 5.8

The transcption factor€E2F1, E2F2andE2F3and CMYC andare known regulators
of theMIR17HG the host gene of the miR-92 clusterof MiIRNAs(O'Donnell et al
2005 Woods et al 200 Realtime RFPCR wa used tinvestigatenRNA levelof
thesdranscription factors HT29and HCT11&ells with and witho& mM butyrate
treatmentor 48 h, to determine whethadtered transcription of these genes may be
responsible fathedecrease in MER~92miRNAsobserved with butyrate treatment.
At the mRNA leveE2F1decreagkin response to butyrate treatm@ht 0.0002n
HT29 cellsP < 0.0001 in HCT16 cells wherea€-MYC was not significantly changed
in HT29 cellsR= 0.77), but was significantly increased in HCT116Rzel0008)
(Figures.9.
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Figure 5.6: Changes in miR1792 cluster target genenRNA levelsin HT29 and
HCT116 cells after 48 h of butyrate treatment: Retithe RT-PCR.

CDKNI1A, PTEN andBCL2L11mRNA levels in cells treated with butyrate (5 mM),
compared witleells incontrol medium (0) @< 0.05). The mean = SEM of three cell

culture replicates is shown and expression normalsSed Bdevels.
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A 5mM butyrate treatment:
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Figure 5.7: Changes in miR1792 cluster target gen@rotein levelsin HT29 cells
after 48 h of butyrate treatmentVestern blot

(A) CDKN1A, PTEN and BCL2L1 protein levels in cells treated with 5 mM butyrate
(+) compared witkells m control medium-{, as measured by Western blot analysis
using three cell culture replicai@sDensitometry results were normalised to ACTB
levels, and cells treated with butyrate (5 mM) were comparesllsviticontrol

medium (0) (P< 0.05). Thenean = SEM of three cell culture replicates is shown.
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A 5mM butyrate treatment:
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Figure 5.8: Changes in miR1792 cluster target gen@rotein levelsin HCT116
cells after 48 h of butyrate treatmenWestern blot

(A) CDKN1A, PTENand BCL2L1protein levels in cells treated with 5 mM butyrate
(+) compared witkells incontrol medium-§, as measured by Western blot analysis
using three cell culture replicai@sDensitometry results were normalised to ACTB
levels, and cells tted with butyrate (5 mM) were compared @étls incontrol

medium (0) (P< 0.05). The mean + SEM of three cell culture replicates is shown.
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Figure 5.9: Changes inmRNA levels of transcription factorghat regulate
MIR17HG (the miR-1792host gene)in HT29 and HCT116 cells after 48 h of
butyrate treatment: Reatime RT-PCR.

MRNA levels of the miR7-92 cluster regulatdE2 F1andC-MYCin cells treated with
butyrate (5 mM), compared wattlls incontrol medium (0) < 0.05). The mean +

SEM of three cell culture replicates is shown and expression normAlSEd lavels.
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To determine whether budye treatmerwas able to reston@iR-17-92 expression to a
more normal level,camparison of miL7-92 miRNA levels in untreated control
HT29 and HCT116ells, 5 mM butyratecated cellslT29 and HCT116 cellsnd
normal human rectal mucosa was perfedtiigure 5.10)n the HCT116 cells, 5 mM
butyrate treatment allowed riiR92 levels to fall to a level similar to that in normal
human rectal mucosa. In the HT29 cells; T#®2 levels also fell with 5 mM butyrate

treatment, but did not reach the lemels found in normal human rectal mucosa.

A similar comparison was performed for-hif®2 target genaRNA levels in
untreateatontrol and 5 mM butyrateeated HT29 and HCT116 cells, and normal
human rectal mucqsagain to determine whether butytra@tment restored target
gene expression to a more normal level (FigureExpigssion of the target genes
CDKNI1A, PTEN, andBCL2L11were increased in the context of a butymdteced
reduction in miRL7-92 levels. Particularly in the HCT116 ¢@D&N1A, PTEN, and
BCL2L11mRNA levelsn the butyratéreated cellwere restored to levels similar or
greater than those detecie normal human rectal mucosa. In the HT29 cells,
CDKNI1A, PTEN, andBCL2L11mRNA levels also increased with butyrate treatment,

but did not reach the levels found in normal human rectal mucosa.
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Figure 5.1Q Comparison of miR17#92 miRNA levels in untreated controCRC
cells, 5mM butyrate-treated CRC cells and normal human rectal mucosa

mMiR-17-92 cluster miRNA levelsaells incontrol medium, 5 mM butyréateated
cells, or normal rectal mucosa. The mean £ SEM of three cell culture replicates is
shown and expression is ndisg to RNU6B levels.

HCT116 0: untreated control HCT116 cells; HCT116 5: 5 mM biryadtel
HCT116 celld4T29 0: untreated control HT29 cells; HT29 5: 5 mM butyeatied
HT29 cellsNRM: normal human rectal mucosa.
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Figure 5.11 Comparison of CDKN1A, PTEN, and BCL2L1ImRNA levelsin
untreated controlCRC cells, 5 mM butyratetreated CRC cells and normal
human rectal mucosa

CDKNI1A, PTEN andBCL2L11mRNA levels irells incontrol medium, 5 mM
butyratetreated cells, or normal rectal mucosa. The mean + SEM of three cell culture
replicates is shown, with each sample assayed in triplicate and expression normalised tc
ACTB.

HCT116 0O: untreated control HCT116 cells; HCT116 5: 5 mM bartyedéel
HCT116 cell#4T29 0O: untreated control HT29 cells; HT29 5: 5 mM butyeatted

HT29 cellsNRM: normal human rectal mucosa.
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5.5 Discussion

In this Chapter, the effects of the makiHDI butyrate were compared with those of
other HDIs,in particulathe hydroxamic acids TSA and SAHA. At the concentrations
used, these three HDIs were all showdetomease expression of h&-17-92 cluster

of mMIRNAs inCRCcell linesAs in the preious Gapter, the HCT116 cell line showed
greater susceptibility than the HT29 cell line to thpraliferative effectsf HDIs,

and he decrease in mIR-92 cluster expression in response to HDI treatment was also
greater in the HCT116 cell lilbedecrease in miR~92 cluster miRNAeves
corresponded with an increase in expression of genexitaydké cluster, including
CDKN1A, PTENandBCL2L11

ThemiR-17-92 clustehas been shown to hawecogeni@roperties and iacreased in
CRQG thus theeductiorof these miRNAwith butyrateand other HDISs potentially
protective against CR&s previously discusseddimapter 4multiplestudiesave
foundmiR-17-92 cluster miRNAs to bep-regulated in CR(Cummins et al 2006
Chen et al 200Compared to sonyaevious studiesracent studipy Diosdado et al
(2009 isolated pure epithelial cefither than whole normal mucosa biopsies, in order
to more accurately compare differences in expression-bv-82Rcluster miRNAs
between control afdRCsamples. The study fouad to 5-fold increase in miR7-92
cluster members in colored¢tahourscompared with control epitheliviend also
higher expression in adenocarcinomas than in adenomas, indicating a role in tumour
progressioiDiosdado et al 20PDf the six members of the cluster, all except miR
18a showed significantly iraged expression in coloretatourswith miR17-92
locus gain compared withmourswithout miR17-92 locus gai(Diosdado et al 20D9
The finding by this current study that 5 mM butyratiel SAHA or 0.5uM TSA
decreased levels of riiR92 cluster miRNAs approximatfpld in CRC cells
implies that these compounds restore B2 expression to a more normal level.
This was particularly true in the HCT116 cells, where 5 mM butyrate treldmwezht
miR-17-92 levels to fall to a level similar to that in normal human rectal ritucosa.
should be noted that in this Chapteritr@axamination othe effect of butyratevas
limited tocancer cell lines; a comparigbthe effect of butyrate treatmemprimary
non-cancerousolorectaépithelial cedlwould also be usefphrticularly in light o
vivdindingsdescribed latén ChapteBs.

This (hapterdemonstrated thautyrate and other HDIsad similar effects on miR

17-92 expression.dNother tudies havereviouslycompaed the effects of multiple
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HDIs on miRNA expression in CRRbweveseverabtherrecent studiaa CRC cells
showthe effect of individuaHDI son miRNA expressioAs discussed in Chapter 4,
one other studiyas examined tledfect ofbutyrateon miRNA levelsn HCT116CRC

cells, and found miRNAs from thmeR-17-92 cluster and the pamgdws cluster miR
106a363 to be significantly dowegulatedHu et al 2011 Another study byBandres

et al (2002examined the adulation of several miRNAs in CRC cell lines4with
phenylbutyric acideatment, budid notexamineniR-17-92 expression changékere
hasalsobeen one study which examined the effect of SAHA on miRNA expression in
CRCecells(Shin et al 2009i$5hin etal (2009pidentified mIRNA expression profiles
induced by SAHA in the HCT116 colorectal carcinoma egliiich contains wild

type p53and a nup53 derivative HCIL6 cell line. Cell lines were treated for 24 h
with 0 or 1.5uM SAHA, and a miRNA microarray was performed using a human
mMiRNA miaoarray kit (version 2, Agiléregchnologiegp examine 723 human

miRNAs Of the miRNAs studied, 144 showedfol2l changeni the presence of

SAHA or p53. In the wiltype p53 HCT116 celtsgatment with SAHA resulted in
altered expression of 51 miRNAs, and in theoBBIHCT116 cells, SAHA treatment
altered expression of 123 miRNAs; 31 of these miRNAs were common beltween cel
typesin the wildtype p53 HCT116 cells 32 miRNAs wereegpilated and 19 were
downregulated, while in the rp83 HCT116 cells 29 werenggulated and 94 were
downtregulated. Thidifferencan SAHAiInduced dowsiegulation of miRNASs in the

two HCT116 cellinesimplies that p53 is responsible for some regulation of miRNA
expressionNVhen the wildype p53 HCT116 cells and yp8B HCT116 cells were
compared in the absence of SAWAMIRNAs showed different expression levels due
to p53 statualone There was substantial overlap in the miRNAs that changed with p53
status and those that changed with SAHA trea{Btentet al 2009bin terms of the
specific miRNAs altered by SAHA or p53 status, the authomesdntethe

miRNAs that changetb-fold between groupand not all the miRNAs that changed
>2-fold. miRNAs in the miR7-92 cluster were nptesent in the list of miRNAlsat
changecd5-fold, but it is unclear whether any smaller changes in their expression w
observed with SAHA treatment in the studgHiy et al (2009dn this current study

for instancethe reduction in miR7-92 cluster miRNAs in response to SAHRA

HCT116 cellsvas approximate®sfold.

The effects of HDIs on miRNA expression in CRC cells have only been examined in
this presenstudyand in the twabove mentioned studjdhoweveisome additional

studies have ¢ted at the interaction betwe#Dl treatmenand miRNAexpression
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in other cancer types, includiyymphomalung, @ncreasand breast cancer ¢edisd
in cultured primarigepatocyteZhang et al 2008ee et al 20080lleyn et al 2011
Kretzner et al 201Rhodes et al 201 &Severabf thesestudies identified miIRNAs
from themiR-17-92 cluster to be among thagevnregulated by HDJsn lymphora,
lungand pancreatiancer celi&Zhang et al 2008ee et al 200&retzner et al 20).1

There are several potential mechanisms that exipjddatyrate and othétDlIs alter

the expression of tmeiR-17-92cluster in cancer ceMDIs canepgenetically regulate
gene expressidhroughinducton of histone hyperacetylatamd also through
acetylation of nehistone proteindn additionputyrate has been shoaffectDNA
methylatiorand histonenethylation anghosphorylatioBoffa et al 198 Boffa et al
1994 Daly & ShirazBeechey 200Mathew et al 201Bluang et al 201Marinova et

al 201} This study and otheeeent studies have confirmed that butgradeother

HDIs such as SAHBandres et al 2008hin et al 2009blu et al 201)Ican alter

MiRNA expression in colorectal ¢elish this Chapter showing the different Hto
havesimilar effects on expression of #iF92 cluster miRNASSenerally, increased
histone acetylation caused by HDIs is associated with increased gene transcription
(Mariadason et al 2Q0and by this method epigecally silenced antineoplastic genes,
or in this case miRNAs, can be reacti@&adalglesias et al 200For miRNAssuch
asthemiR-17-92clusterthat decreased following HDI treatment, histone modification
may still be involved, as butyrate action appears widresgecificHinnebusch et al
(2003 observedocalied changes in a butyraieated CRC cell line, with histone
acetylation increasing in some regions while remaining the gtirassRadalglesias

et al (200)/showed that butyrate may actually reduce histone H3 and H4 acetylation
close tasometranscription start sites, and by this meahamiay decrease

transcription.

Whilehistone modificatiomay account for thetered miRL7-92host gene
transcription in response to HDIs, additional mechanisms mayl esssettiption of
MIR17HG the miR17-92 cluster host gensg directly activated/Ie-MYC and by
E2F1 and E2F80'Donnell et al 2005Voods et al 20074n CRC sample§-MYC
and miR17-92 expression levélave been shown to bignificantly correlated,
illustrating tistranscriptional regulatidmy C-MY C on the miR17-92 cluster
(Diosdado et al 20p9n some studiedDIs reducedC-MYC expressiom CRC cells
(Daly & ShirazBeechey 200Baroqui & Augenlicht 20)L0vhile in others HDI
treatment had no effe@tang et al 2004liang et al (20PRave suggestdthat cancer
cells with deregulatdtly C might be more sensitive to treatmeitih HDIs. In this
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study no significa@-MYC decrease was observed at the mRNA |evetyrate
treatedHT29 cellswhereagn HCT116 cells there was an increase. In coirirdss
studyE2F1expression was significantly reduced with butyriat¢h cell lingsvhich

is in keeping with other studies that have shaetrease E2F in response to HDIs
(Bouitillier et al 2002bramova et al 2008bramova et al 2018oro et al 2010This

decrease ik2F1could play a role in the observed decrease ihA9iRIevels.

ThemiR-17-92host genés also a target for p53 mediated gene représaioet al

2009. Severdranscription factors, including p53, are regulatecetylation events

and their expression can be influenced by HDI trea{Rednter et al 199¥lurphy et

al 1999Zhao et al 20Q0®Roy & Tenniswood 20PP53is normallypresent in cells at

low levelsand is activated in response to DNA damage or cellulatcstezgdate cell
cycle arresDNA repairor apoptosi¢Baker et al 1990gastan et al 199H&ritsche et al
1993. Thisactivation is by postanslatioal modification, which leatdsprotein
stabilisation and increased-hidf(Kastan et al 199IMutation of he p53 genisa
commonlate stage eveint CRCdevelopmentwhich can promote oncoge
transformatioriBaker et al 199DiMultiple 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 treatmeCRC and prenalignant colonic
adenoma cel(&ope & Gope 199Heruth et al 1993arson et al 199Palmer et al
1997 Coradini et al 200Bmenaker et al 2000aniguchi et al 201D espite this
observedlecrease in overall p53 leirelsancer cellsith HDI treatmentit has been
hypothesised thiiw-leves of wild type p53roteinmayretainthe ability to be
activatedand thap53 levedarenot directly proportional to activigilliams et al

1999. It is even possible thdDI treatment could increase p53 stability and activity by
inhibiting HDAC targeting of pJBuo et al 20Q@Roy & Tenniswood 20PHDAC1I,

for example, has been showneigulate the transcription facaotivity ofp53, with
deacetylation by HDAC1 reducing p53 stability, repressing its interaction with DNA,
and its transactivation activity, and in turn modulatingnp8@iated cell growth arrest
and apoptosi&u & Roeder 199T.uo et aPO0Q Roy & Tenniswood 20D7

Acetylated p53 hagen shown to havdamger haHife (Zhao et al 20Q06which again
illustrates the complexity of p53 regulation by HDIs

Various Herations in p58xpression aractivity by HDIgnayin turnalter miRNA
expressiofShin et al 2009I5hin etal (2009pfoundboth p53 and the HDI SAHA
had effects on miRNA expressidhile thé study attempted to addréissrole of
p53 by using cancer celiffering in thegpresence or absencdlod p53 gene, there is
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added complexity in cancer cells that have accumulated various genetic miltations in
p53 gene. This current study udé@9 cells which have mutated p53, and HCT116
cells which hawsild-typep53(ATCC). Inthis study the HCT116 cells appeared to
respond to HDI treatment to a greater extent than the HT29Tb@lss consistent
with earlier findings Biyilliams et al (1983 almer et al (199 AndEmenaker et al
(200) showing thmutationsn p53 reduakresponse to butyratghis is also in
keeping with the study bgBonte et al (20p&hich highbhted 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 p53cielIsarzD
activatinglRASa n dcatdhin mutations in HCT1&6lls Whenmeasuring HDI
induced reductions in proliferation, the study found that the HCT116 cells
demonstrated a 16ld increase in sensitivity toriostat P= 0.027) over the HT29
cells(LaBonte et al 20p9rheHCT116cells were also significantly meessitiveo
onset of HDlinduced apoptositaBonte et al 2009 his was @nfirmed bywilson et
al (2010awhen30differentCRCcell linesvere treated with butyratiee HCT116 cell
line wasamong thdive CRC cell lines with the highestsitivity andpoptotic
responseo low-dose butyrate treatmetiite HT29 cell linevasin the middle of the
panel, anfive othercell linehadthegreatest resistance dmdest apoptotic response
to highdose butyrate treatme@blony formation wasignificantlyeduced in sensitive
compared with resistant linBs=(0.01), and ell lines sensitive and resistant to
butyrateinduced apoptosis were likewise differentiallitigeris other HDIs tesd,
including TSA an8AHA (Wilson et al 201Da

Further study is requiredetucidate the precise mechanismiB-17-92 regulation by
HDIs, but it would appear that dowegulation of miL7-92 mediated by a decrease in
regulator proteins such as E2F1 may be po3siideChapter was limited to examining
changes in severafuators ofthemiR-17-92 clusteat the mRNA levehowever,

further investigatioaf E2FL changeatthe protein leveinay be benefa, as would
exploration of potentighanges in other regulators such adpa8dition, the
possibility of a direct tmacriptional respons@& histone modificatiazannot be
discounted. Tik possible direcegulation of miRL7-92 expression is examined further

in Chapter 7.

The miR17-92 cluster functions during normal development and malignant
transformation to promotaroliferation and angiogenesis, inhibit differentiation, and
sustain cell surviv@dews et al 200®live et 82009. The celkycle inhibitor

CDKN1A and the preapoptotic gend3TEN andBCL2L11are regulated by miR-
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92 (Ventura et al 200Bomata et al 200Mu et al 200Dlive et al 20QMavrakis et

al 2010Wong et al 2@, and lityratecanalso regulate DKN1A andPTEN

expressiofDaly & ShirazBeechey 20D&Expression of these gersdecreasin

CRC, but in the context of a butyratguced reduction in miR-92 levels both
CDKN1AandPTEN 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 thi€hapter demonstratke high degree ofaenplexty surrounding
epigeneticegulatiorof cancecells by HDIsThe multiple genes modulated by HDIs
play distinct but complementary roles to facilitate the decreased proliferation and
increased apoptosis observed in4iBated CRC cell lines. For exampie,gene that
hasincreasedxpressiowith HDIs such as butyrateGO®KN1A, which camnduce
growth arrest, but catsoinhibit apoptosiand differentiatiomwhen ovesexpressed
(Izawa et al 2005un et al 20).However, othebutyrateinducedyenes such as
PTEN andBCL2L11promote apoptosis. As indicatedMariadason et al (2000ell
response to butyrate appears to be the result of interactions betygeamaers of
genesThisChapterasdisplaye@nadditional layer of complexity whereby the
butyrate response is also mediagadiRNA interactionwith regulator and target
genesButyratevas shown tdecreasmiR-17-92 cluster miRNA&nd increastarget
geneexpressiont remains to be confirmed in the subsequent Chapter wihether
effectof butyrateon target genes is, at least in gdagctlymediated bthemiR-17-92
cluster miRNAs.
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6.1 Introduction
Treatment of CRC cell lines with HDIs such as butyrate was shown in previous
Chapters to decrease proliferation, decrease levelsbFa@RIuster miRNAs and
increase expressiontioé miR-17-92 target gen€@DKN1A PTEN andBCL2L11
The effect of butyte onoverall cell proliferation, and on cell cycle inhibitors and pro
apoptotic genesould be mediated in part by the observed decreaseli#92iR

cluster miRNASThis hypothesis is addressed in this Chapfel 792 miRNAs may
also regulate othpredicted target genes to mediate changes in proliferation.

In thisChapter, levels of individual riilR92 cluster miRNAs were manipulated to
determine their role in influencing the response of CRC cell kifelstdhe use of
mMiRNA minicsto reverse the butyrateduced reduction in mMiR~92 miRNA levels
assisted idetermimg theeffect of miRL7-92 clustemiRNAson proliferatiorand
gene expressiomiRNAmimicsare smallchemicalhgsynthetic and optingd nucleic
acids designed to mimic endogenous maiRi A molecules in cellEheycan
directly enter the miRNA processing pathamalyindergahe saméncorporation into
RISCasendogenous miRNAwithin the cel(Wang 201)1

The developmemtf miRNA mimics emerged froearlielRNA interferencéRNAI)
techniqus.Double stranded RNA (dsRNA) was first dse@®NAi experiments
where dsRNAs could induce the degradation of corresponding target (FRiRiN&tsal
1998 Svoboda et al 200ianny & Zernick&oetz 200§) howeveyintroducingong
dsRNA wagound to bdess than ideal most mammalian cells becaukad nor
specific inhibitory effects includinguction ofthe antivirainterferonresponsevhich
led to cell deatfStark et al 199Borsett & Tuschl 20Q4investigations of the
mechanisms guiding RNAI in different organisms revealeddhatpmrtant feature of
using log dsRNA folRNAIi was its processing by Dicardother proteingnto 219 23
nucledide smallinterfering RNAs (SiRNAsY defined structur@amore et al 2000
These siRNAs are integrated intoRIeC where they can bind and inhibit
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complementary mMRNAsIRNAscould be usetb silence genes in mammalian tissue
culturewithout triggering thenterferonresponséBernstein et al 200Qaplen et al
2001 Elbashiret al 20011 Subsequentlghort hairpin RNAgshRNA)have been
developedo evoke a specific RNAjiperesponseand tanduce sequenapecific
gene silencing in mammalian ¢eltdVanus et al 200Raddison et al 200Zhese
shiRNAsare similain structurgo precursor miRN# andwhen transfected into cells
were shownat be processed to smalledZB nucledidesize RNAs, consistent with
cleavages in the loop sequéhEManus et al 200X heyhave beeshown to
successfully target tB® TR oftargetgenemRNAs (McManus et al 20D he early
studies byvicManus et al (2002nd othergBrummelkamp et al 2QQ2e et al @02
Paddison et al 20@aul et al 2003ui et al 200X u et al 200dndicated thashRNAs
can be effective silencers, arallikely to be processed similar fashion farecursor
miRNAsthat occur naturally in cetlsrough cleavage by Bicand incorporation into
RISCsSynthesied hairpinsnay be transfected into cells for transient target gene
silencing, or transcribed from plasmid vectors for kbeigeor stable silencing
(Brummelkamp et al 20Q@2e et al 20Q0®1cManus et al 200Raddison et al 2002
Paul et al 2003hRNAexpressing transgenic ntiewe also been cregtexgenerate
widespread and sustaieag@ression of an shRNA with a structure that mamics
human miRNAXia et al 2006

A number otcommercial sources®jnthetigprecursor miRNAs that mimic miRNA
activity are now availalff®rd 200% ThesemiRNA mimicscan be used tntrol
specific miRNA cellular levedsdenable ugegulation of miRNA activity for miRNA
functional analysiShey can be used toreen for miRNAs thatgelate expression of
a gener affect a cellular processid can assistmiRNA target site identification and
validationSeveral studies have made use of mMiRNA mimics for Hig-82Rcluster
of miRNAs(Fontana et al 2008arraro et al 20PBakner et al 201Zao et al 2032
Besideshetransfection of miRNA mimicstable genetic modelsnofRNA overor
underexpressiogan also be creat8dhese genetic models have also been used to
explore functions dhemiR-17-92 clustefVentura et al 200B1u et al 200Dlive et

al 2009 Another common miRNA manipulation technique is the usERdIA
inhibitorssuch asintagomirs tsilence miRNAs and inhibit their regulation of
compdementary mRN#\(Krutzfeldt etal 2005

137



CHAPTER 6

miRNAsare known toegulée gene expression by cleaving complementary mRNA or
more frequently, where there is imperfect complemerigetingthrough

translational inhibition and transcript destabilizétiotvagner & Zamore 2002
Filipowicz et al 200&uo et al 20)0Each miRNA may have hundreds of

evolutionaty conserved targets and even morecoaserved targe@entwich et al

2008. Multiple methodareavailabléor identifyng miRNA target genes and
confirmingtheir biological efficagi{uhn et al 2008This Chapterdescribes an
examination ahniR-17-92 targetthat wergreviously validated other cell typeand
alsothevalidaton of novel targets of the mi-92 clustermember, miRL8a.

Commonly the first step in identifying miRNA targets is bioinformatic prediction.
Different bioinformatics algorithms uBstinct parameters to predict thelyability of
a functional miRNAinding #e within a given mRNA targ#dtuseah algoithm
variegn sensitivity anspecificityof target predictioand may predict distinct miRNA
binding siteKuhn et al 2008Commonly usebioinformaticsalgorithmghatpredict
mMiRNA target sitéaclude miRand@ohn et al 20Q04TargetScafLewis et al 2003
Lewis et al 2005PicTarKrek et al 2005and DIANA-microT (Kiriakidou et al 2004
All of thesealgorithms allow thavestigabn of aspecifiaqgyenedy predicing miRNA
target sites within that germainlywithin th e UTR@RNA sequenc&healgoithms
also abbw thedetermimtionof allthe putativemRNA targets of a given miRNAIs
generallyecommenddthatmore tharonealgorithmshouldpredict the same miRNA
binding site before additional validation experiments are corfuttect al 2003
Interfaces such as miRGamd miRWalkrovide access tbeunions andntersections
of severalvidely used target prediction programs, and experimentally supported targets
from TarBaséViegrawet al 200) Theseinterface can be used wompare and
combine algorithmallowing the uséo focus on genes common to two or more
prediction program®legraw et al 20PTn addition to bioinformatics prediction,
furtherin silicanalysis may be performed to mtesitcessility of miRNA binding
sitegKuhn et al 2008

Predicting candidate genes with computational algodémsado a large number of
falsepositivepredictiongNicolas 2011 Followingbioinformaticgprediction,
experimentalalidationof the miRNA/MRNA interactions requiredt has been
proposed that multiple criterisosld be met to confirm a miRNA tar@€thn et al
2008, which typicallgouldcomprise
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1 Confirmation ofmiRNA and target mRNA expressionwhich can be simply
demonstratedsingquantitative regime PCRusing total RNA isolated from
the cell type of interest and primers speoffih & given miRNA and mRNA
target Alternativédy, in sitthybridisation can be used to demonstrate ¢
expression.

1 Determination of a miRNA effect on target mMRNA and protein, wéidiec
demonstrated by transient cegpressioonf a given miRNA mimic in a cell
type known to express the target gene. The effect of the miRNA mimic on the
target mMRNA can lessayed, althougbmiRNAscanmodulate gene
expression by translationgpression rather thamRNA cleavage,decreasm
MRNA levels may not always be detdetatyagner & Zamore 2002
Filipowicz et al 200&uo et al 200)0ExaminingvhetheamiRNA mimic
decreasdbe target gene protein levels is therefore also of importance, and can
be assessed using Western blot anatyaddition to mimic experimenas)
antisenseniRNA inhibitorfor the specific endogenous mature miRNA of
interesttanalsobe usedo determinavhether there is an increastarget gene

expression

1 Validation of a direct rather than indirect miRNA/mMRNA interaci®n,

discussed further below.

1 Demonstratiothat hemiRNA-mediated regulation of target gene expression
equatseto altered biological function. Depending on the target protein of
interest, biological functions to be measured could include cell proliferation,
differentiationapoptosis, migration, or sagjimg(Kuhn et al 2008

Experimental approaches baseéxpression profiles can predict indirect taigets,
addition to the real direct targets for each miidNgolas 201)1 Such priminary
expression experiments require subsequent confirmadicecomMiRNA/MRNA
interactionA commonly usenhethod to validate a sequence as a direct nigRy

is areporter basesystenwh er e t h e candidhie Rrget fendishirserted int
a reporter plasmabwnstream of luciferase or gredlnorescent protein sequence.
The plasmid can then be transiently transfected into a host cell line, along with the
mMiRNA of interestif 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 interestnpared with the appropriate controls such as a
negative contravith a mutated binding seque(i¢ehn et al 20Q8Nicolas 2011
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While such a reporter pladmsistem is a useful screening tool to assesditheta

mMiRNA to repress translation of reporter geihesmains a surrogate amininghe

effects o miRNA onan endogenouarget gentranscrip{Kuhn et al 20080ne

experimental metdahat allowsnoredirect tengis theArgonaute

immunoprecifation (AgolP) method. The Argonaute family of protsisgciate with

miRNAs andbindtoc o mp|l ement ary sequences.Using the
specific antibodie8ygonaute protestan beco-immunoprecipitated with the bound

MRNAS andthe mRNAscan badentified This approachllows thedentiication of

functional miRNA targe(Beitzinger et al 20(Hasow etal 200but doesnodt e
allowthe specifiexamination of a selected miRNA/mMRNA interaction.

Target protector experiments arelatively recent alternatteehniqueo allow the
determination of direct miRNA/mRNisteractionTarget protectorare single

stranded, modified RNAs that specificalierferan the interactionetweera miRNA
anda single target, while leaving the regulation of other targets of the same miRNA
unaffectedQiagen) Target protectoromplementary to miRNA binding sites in target
mRNAswere first developday Choi et al (200,40 disrupt the interaction of specific
MiRNA-mRNA pairsand to determine thanction of a particular miRNAdditional
studies have since used target protdmbtingn vitr@andin vivéo explore how a

particular miRNA directly interaetith a specific target mMRN&ehrke et al 2010
GoljanekWhysall et al 201llong & Lahiri 201,1Staton & Giraldez 20111

Commercially synthesidadyet protectorare now availabl@ndcan be custom

designedor eachputative miRIA binding siteén thetarget gend & UsTtdrelucidate

the precissilencingole ofamiRNA on thstargetQiagen)When tansfeatd into

host cellsthetargetprotector binds to the miRNBinding site, blocking miRNA

access to the site and preventing gene-giguiation byhe specific miRNARISC
complexIncreased targgene expression after transfectiontafgetprotector

provides evidence that the miRISAlirectlytargeing the mRNA in question.

Experiments can purely consist of target protector transféttiemiRNA under

study is endogenously expressed in the celaligreatively the target protectan be
cotransfected with a miRNA miniiche miRNA isexpressed at low levelshot
endogenously expresgedutine controls should also be designed, including the use of
a negative control target proteethichhas no homology to any known marmemali
gengQiagen)in contrast tdhe reporter plasmid system with lucifesagieorescence
assay, this approach investigates regulation of the endogenous transcripts rather than

introduced reporter constructs, and is therefore of greater biologiaateclev
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6.2 Aims

The aims of thi€hapter were texaminehe roles omembers of the miR7-92
clusteiin the context of the arproliferative effects of HDIs, anddeterminghe
specific roles of these miRNAs in modulating target gene expression.

6.3 Methods overview

Experiments were conducted according to the general methods ouflivegaian 3.

All experimental groups were conducted in triplicate, with the exception oftiitne real
proliferation measures of transfected cells, where each experimgnitecysbu
replicates.

HT29 and HCT116 cell lines were used to determine the specific roled BOIR
cluster member$ransfectionsvereperformed usingipofectamine 200Cells were
reverse transfected with miRNA mimics of the taiRamilymiR-17 anl miR20a)
mMiR-18 familymiR-18a) miR19 familymiR-19a and miR9b) miR92 familymiR-

92a) entire miRL7-92 cluster, miR7-92 cluster minus miE8a, or mimic negative
control(NC), and therreatedvith 5 mM butyrate, @M SAHA, or control medium

for 48 h, and proliferation was measured istire@alusing the xCELLigence RTCA DP
instrument. In separate experiments, cells were transfected withaméhties)

treated for 48 h with mM butyrate or maintained in control medium, and either total
RNA or protein wabarvested from treated ceglative quantitation reéahe RTF

PCR analysis was used to determine mRNA levels-d7492Rargets in 5 mM
butyratetreateccellsandcells incontrol medium, upon transfection with different
mimics. Westerlots were used to determine protein levels cfli/R8R target genes
in 5 mM butyrat¢reatedcellsandcells incontrolmedium, upon transfection with
mMiRNA mimics. The miR7-92 target genes examined V@BD&N1A, PTEN, and
BCL2L11 Novel predicted taegs of miR18a were also investigated, following target
prediction using multiple algorithms through miR@kgraw et £#007.

Additional experimentgere performeth the HT29 and HCT116 ceitsconfirm
miR-18a predicted targe@ells were reverse-ttansfected with mi8a mimics and
also with miScript target protectorsgiesd for miRL8apredicted target genes
NEDD9 andCDK19 orwith a negative control miScript target proteCeliswere
then treated with 5 mM butyrate or control medium and grown for 48RI\NAnd
harvestedRelative quantitation reahe RFPCR anabis was used to determine
MRNA levels oNEDD9 andCDK19following the various manipulatioimsseparate
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experiments, two piaesigned siRNAs fONEDD9 or for CDK19or a negative control
siRNAwere reverse transfectedlls were also treated Vv&tinM buyrate or control
mediumand proliferation was recorded 48 husing the xCELLigence RTCA DP

instrument

6.4 Results

In Chapter 5, ivas shown that HDIs reduced CRC cell proliferation, and also
decreased miR7-92 miRNA levels. In this Chaptenédls of miRL7-92 cluster
miRNAswereraised using synthetic miRNA mimiosdetermine how they influence

the response of HT29 and HCTIIRCcellsto the HDIsbutyrate or SAHA. In an

initial screen, HT29 cells were transfected with mimics of the individual miRNA families
(categorised according to their similar sequences into theé faiRily (miRL7, miR

20a), the miRR8 family (miRL8a), theniR-19 family (miRL9a, miRL9b), and the miR

92 family (miF®2a))with the entire cluster, or with a mimégative controNC)

sequence that does not represent a human ngkids transfection), in order to

dissect how different cluster membersinftee t he cel | sOoWhem ol i f e
exanining cell proliferation at #8 ransfection with mi29 family mimics increased
proliferation compared with the NC transfectiortiquaarly in the 5 mM butyrate

treated cell$(= 0.0003) (Figuré.l). The miR19 family transfection in the 5 mM
butyratetreated cellwas shownto e v e r s e t-praiferbtileleBeégnda n t |
restoedgrowth closer to that of the corltroedium NGtransfected cellg contrast,
transfection with mi®28a mimics decredseroliferation compad with the NC

transfectionin the 5 mM butyrateeated cell@® = 0.04) (Figuré.]). Transfection

with the entire miR7-92 cluster did not increase proliferation to the same extent as
miR-19 family transfection algrand therevas no significant difference compared with
theNC transfedbn, in the 5 mM butyrateeated cell@ > 0.05 (Figure6.1).

A subsequent experimeaves designed farther investigatide specifiaoles of miR
19 (a and b) and miB8a in the context okdreased proliferation induced by HDIs.
HT29 and HCT116 cells were transfected with mimics ef9ni&and b), mik8a,
the entire miRL7-92 cluster, the miR7-92 cluster minus miE8a, or a mimic NC. In
theHT29 cells, transfection with mlR (a and r with miR17-92 (minus miR189
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significantly increased growth compared with the NC transfection at 48 h, in cells
treated with 5 mM butyrate (rilR familyP = 0.01; miRL7-92 fninus miRl8a)P =
0.049), 2 uM SAHA (miES familyP = 0.02; miRL7-92 (minus miR1L8a)P = 0.046),

or with control medium (m+R9 familyP = 0.007; miRL7-92 (minus miR18a)P =
0.007) (Figuré.?. Similarly to the initial screen experimarnhe HDHreated cells,
this transfection with miR9 (a and b) or miR7-92 (minus miR183 reversed the

HD 1 s &prokfemativie effect and restored growth closer to that of the control medium
NC-transfected cells. Transfection with418& significantly decreased growth
compared with the NC transfection at 48 h, in cells tre@itesl nvM butyrateR=

0.01) or control mediurR € 0.02) (Figuré.2. Transfection with miR7-92, including
miR-18a, led to proliferation levels similar to those afr&itSfected cells for each of
the control medium and HDI treatmeri®s>(0.05) (Figue6.2. A similar effect was
observed in the HCT116 cells, with h8R@ and b) or with miR-92 (minus miR

189 significantly increasing growth compared with the NC transfection at B8th
HDI -treated and untreated conii@k 0.05)Figure 6.2)Also in the HCT116 cells,
miR-18a or miRL7-92 (including miR8a) significantly decredgrowth compared

with the NC transfection, in both HEMeated and untreated control délks 0.05)
(Figuret.?.
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Figure 6.1 Proliferation of HT29 cells after transfection with miRL792 miRNAs
and treatment with butyrate or control medium for 48 h

Cell indexmeasurements using the xCELLigence RTCA DP instrument showing the
different effects of miR®7-92 cluster mmbers on proliferation, in thentrol medium

and 5 mM butyrateeated HT29 cells. The mean + SEM of six cell culture replicates is
shown.

NC: mimic negative control transfection927entire miR 7-92 cluster transfection.
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Figure 6.2: Proliferation of HT29 and HCT116 cells after transfection withniR-
19 (a and b), miR18a,miR-17%92(minus miR-18a), or all miR17#92miRNAs and
treatment with butyrate, SAHA or control medium for 48 h

Cdl indexmeasurementssing the xCELLigence RTCA DP instrumerthe 5 mM
butyrate, 2 uM SAHA or control medium HT29 or HCT116 cells showing increased
growth in cells transfected with iR (a and b) or the entire #iiR92 cluster (minus
miR-18a), andetreased growth in cells transfected withl@@Rcompared with the

NC transfection (P< 0.05). The mean £ SEM of six cell culture replicates is shown.
NC: mimic negative control transfection927entire miRL7-92 cluster transfection;
17-92 ¢18a)miR-17-92 cluste(minus miRL83 transfection.
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Following transfection withiR-17-92 cluster mimics in the presence or absence of 5
mM butyrate, mRNA levels of predicted target genes were quantifieebitsing
RT-PCR to confirmhatindividuaimiR-17-92componentgontribute to their
regulationThe decreademiR-17-92expressiom response to butyrateas already
shownin Chapter %o correlate with increasganscript levels ohiR-17-92 validated
target<CDKN1A, PTEN, andBCL2L11(Figure5.9. In the 5 mM butyrateeated

HT29 cells, transfection with the predicted regulated (& and bP(= 0.02) or

with miR92a P = 0.0002) significantly dowegulatedPTEN mRNA levels compared
with the mimic NC transfection at 48 h, while transfection witi m#Rd miFR20a

did not significantly change levels (Fi§§eAlso in the 5 M butyratetreated cells,
transfection with mi27 and miRR0a P = 0.007) or with mif®2a P = 0.008) but not
miR-19 (a and b) significantly deregulate€DKN1A mRNA levels, and transfection
with miR19 (a and bP(= 0.006) or with mif®2a P = 0.0004put not miR17 and
miR-20a significantly dowegulatedCL2L11mRNA levels (Figui@3. Thesame
patterns of significant doweagulatiorwere replicated in the HCT116 g@lls 0.05)
(Figure 6.4)with the exception of mi®a transfection, which did not have a
significant effect oB6DKN1A or PTEN mRNA levels in this cell ligi@ > 0.05)
Interestingly, miR8a transfection was shown to incr€eN1A mRNA levels in
both cell lines treated withm®M butyrateR= 0.04 in HT29 cell®= 0.01 in HCT116
cells) with the magnitude of this change greater in the HT2@-@plie6.3 and 64
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Figure 6.3: Target gene expression in HT29 cells aftéransfection with miR-17
92 miRNAs and treatment with butyrate or control medium

CDKN1A, PTEN andBCL2L11mRNA levels itdT29 cells transfected with individual
mMiR-17-92 cluster members or NC, and treated withdiat{ mM) or control

mediumfor 48 h (*P < 0.05). The mean + SEM of three cell culture replicates is shown
and expression normalisedAOTB levelsNC: mimic negative control transfection
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Figure 6.4: Target gene expression in HCT16 cells after transfection with miR
1792 miRNAs and treatment with butyrate or control medium

CDKN1A, PTEN andBCL2L11mRNA levels itHCT116cells transfected with
individual miRL7-92 cluster members or NC, and treated withdiat{s mM) or
controlmediumfor 48 h (*P < 0.05). The mean + SEM of three cell culture replicates
is shown and expression normalise&ldB levelsNC: mimic negative control

transfection
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While transfection with miE9 (a and b), miR7, miR20a, and m#R2a mimics
confirmed several cellcle inhibitoandpro-apoptotic geness validated targefisw
validated target gerfes miR-18a hadbeen described in thiehaturePotential miR
18a targets were identified using miR@egraw et al 20D Focusing orthe
intersection ofjenes common to two or more prediction progladi® the
identification of 91 potential target gefggenuity Pathway Analy$iz4) detected
genes invlved in proliferation and cejicle control, and expressed in colorectal cells.
Details of the IPA analysis of potential th#ia target genes are presentégpendix
2. Such pedicted target genes of rii&a involved ioell cycle angroliferation
pahways and expressed in colorectal cells in€l@i2@88A(coiledcoil domain
containing 88ACDK19(cyclindependent kinase)18@ABland2 (GRB2associated
binding protein &nd 2, LIN28A (lin-28 homolog A)andNEDDS9 (neural precursor
cell expressededelopmentally dowregulated 9)ransfection with miR8a mimics
confirmed two of these genB&EDD9 andCDK19 to be likef targets. In the 5 mM
butyratetreated HT29 and HCT116 cells, transfection withL@aRsignificantly down
regulatedNEDD9 (P= 0.01 in HT29 cell®2=0.03 in HCT116 cells) a@DK19(P =
0.02 in HT29 cell®=0.01 in HCT116 cells) mRNA levels compared with the NC
transfection at 48 h (Figur&6and also decreas¢dDD9 protein levelsR= 0.04 in
HT29;P=0.Bin HCT116) (Figure.6 and 6./ A suitable antibody to detect CDK19
protein levels could not be obtainB@énsfection with miR8adid notsignificantly
alter transcript levels GCDC88AGABland2, or LIN28A (P> 0.05) and these

potential targets weenotstudiel further.
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Figure 6.5: Target genemRNA levelsin HT29 and HCT116 cells after
transfection with miR-18a and treatment with butyrate or control medium

MRNA levels of miRL8a predicted targets geNEDD9 andCDK19in cells
transfected with miR8a or NOmimics and treated with butyrgEemM) or control
mediumfor 48 h (*P < 0.05). The mean + SEM of three cell culture replicates is shown

and expressiamrmalised té&\CTB levelsNC: mimic negative control transfection.

150



CHAPTER 6

210° -

1.5x10°1 ‘

x10°|L

Mean nomalised expression

o

X

=)
>

2 &
——
5mM Butyrate

Figure 6.6: Target geneprotein levelsin HT29 cells after transfection with miR
18a and treatment wth butyrate

NEDD?9 protein levelsicells transfected with mi8a or NOmimics 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 miR18a wereompared with NC cells< 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 geneprotein levelsin HCT116 cells after transfection with
miR-18a and treatment vth butyrate

NEDD?9 protein levels in cells transfected with-f8R or NGmimics 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 miR18a were compared with NC celB €0.05). The mean = SEM of three cell

culture replicates is shown. NC: mimic negative control transfection.
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Based omultiple target prediction algorithimngludingTargetScafiLewis et al 2003
Lewis et al 200andmiRanddJohn et al 2004h e 3 0 MED®9 @oitans four
potential binding sites formiR8 a, wh i | eCDK19wmntaié thkdeRFigaré
6.8and 6.9

To confirm thatNEDD9 andCDK19are directly targeted by niiBa, miScript target
protectors were employed. These sstgided, modified RNAs specifically interfere
with the interaction of a miRNA with a single endogenous target, while leaving the
regulation of other targets of tlaen® miRNA unaffected. Target protectors were
designed for the four putative riiBa binding siteson thlDD93 6 UTR and t h
binding sites on theDK193 6 U (FiBures 6.8 and 6,9Table 3.6 and a co

transfection experiment was performed to elucidaf@ehbise functional role of miR
18a on these targefsNegative Control miScript Target Protewtas also usewth

no homology to any known mammalian gendT29 and HCT116 cultures treated
with 5 mM butyratdransfection witthe miR-18amimicsignficantly dowrregulated
NEDD9 (P=0.04 in HT29 cell®= 0.001 in HCT116 cells) aBDK19(P= 0.02 in
HT29 cellsP=0.03 in HCT116 cells) mRNA levels compared with the mimic NC
transfection at 48 h (Figueel(. Addition of genspecific target prettors shielded
NEDD9 andCDKZ1%transcripts from mi®8a binding and regulation, and resulted in
increased mMRNA levels which were not significantly different friv@ tinensfection
for bothNEDD9 (P= 0.42 in HT29 cellgndCDK19(P = 0.73 in HT29 cells, P =
0.22 in HCT116 cell®), were only slightly decreased compared with the NC
transfectionEDD9 in HCT116 butyrateeated cell$ = 0.01)(Figure6.1Q. In the
butyratetreated celldyEDD9 transcripts were significantly desedan the miR8a
transfected cells compared with the-&8R pluNEDDS9 target protector eo
transfected cel(®= 0.03 in HT29 cell&= 0.007 in HCT116 cellgndCDK19
transcripts were significantly decreased in thé8aiRansfected cells compasgth

the miR18a plu<DK19target protector etvansfected cel(® = 0.008 in HT29 cells;
P=0.01in HCT116 celldntroduction of a negative control target protector did not
protectNEDD9 andCDK19from miR18a binding and regulatighgures.10. This
supports the finding thAlEDD9 andCDK19transcripts are direct targetsniR-18a

mediated repression.
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A

Human NEDDS9 3'UTR length: 1860

(338-344) (350-356) (485-491) (1055-1061)

miR-18a: | 3'  GAUAGACGUGAU-CUACGUGGAAU

5' . ..AUUUAUUGCUAUCUUGCACCUUC. . .

3t

[N I (ARARREN
GAUAGA-CGUGAU-CUACGUGGAAL

5' .. .GAAGCACCUUAGUAAGCACCUUC. . .
[RRAREN
GAUCUA---CGUGGAAU

Target protectors were designed for the following putative miR-18a binding sites:

NEDDY TP1

Site 1: nucleotides 338 - 344

Site 2: nucleotides 350 - 356

5" AACCATGAATTACGAAGCACCTTAGTAAGCACCTTCTAAT 3/

NEDDS TPZ2
Site 3: nucleotides 485 - 491
5" AGTTTATTTGCAAGTGTTCACCTTCCAAATCATGAGGCAT 3/

NEDDS TP3
Site 4: nucleotides 1055 - 1061
5! GRATTTATTGCTATCTTGCACCTTCTTTARAARCTCACATA 3/

Figure 6.8: Schematic of the miR18a seed region that targethe NEDD9 3 6 UT R

at four sites, with designedarget protector details

(A) Predicted mi8a binding sites inthEDD93 6 UTR. Under

represent the miRNA seed sequencé.giBjetprotectorsvere designed to inhibit

miR-18a binding to four predictedhbing sites.
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A

Human CDK193'UTR length: 4521
(308-314)  (448-454)

(2816-2822)

5' . ..AACACAGGUARRAAUGCACCUUU. . .
[EEEARRAREN
miR-18a: GAUAGACGUGAUCUACGUGGART
5'. . GAAGGAUUU-C-CU-GGUGCACCUUU. .
(N AR RN
3! GAUAGACGUGAUCUACGUGGAAU

5

31

. . .GGCUCACUCCAAC CUCCACCUUC. . .
[AARNR
GAUAGACGUGAUC UACGUGGAA T

Target protectors were designed for the following putative miR-18a binding sites:

CDK19 TPL
Site 1: nucleotides 308 - 314
5" TTGAAGGATTTCCTGGTGCACCTTTCTCATGCTGTAGCAA 37

CDK19 TP2
Site 2: nucleotides 448 - 454
5¢ GCAACACAGGTAAAARATGCACCTTTTAAAGCACTACGTTT 3’

CDK19 TPE3
Site 3: nucleotides 2816 - 2822
5/ TTGGCTCACTCCAACCTCCACCTTCCAGGTTCAAGTGATT 37

Figure 6.9: Schematic of the miR18a seed region that targets th€DK793 6 UT R
at three sites, with designed target protector details

(A) Predicted miR8a binding sites intklOK©®3 6 UTR. Under |
represent the miRNA seed sequence. (B) Teiogettorsvere designed to inhibit

miR-18a binding to four predicted binding sites.
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Figure 6.1Q0 NEDD9 and CDK19expression inbutyrate-treated HT29 and
HCT116 cells after caransfection with miR-18aand specific target protectors.

MRNA levels of miR 8a target genBEDD9 (A) andCDK19(B)in cells co

transfected with miR8a or NOmimicsand with NCTP, NEDD9TP or CDK19TP
targetprotectors, and treated with batgr (5 mM) or control mediuior 48 h (*P <

0.05). The mean = SEM of three cell culture replicates is shown. CDK19TP: combined
CDK1%target protecta; NC: mimic negative contrllIEDD9TP: combinetNEDD9
targetprotectors; NCTP: nagjve control target protector.
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To confirmthat the miRL8a target genesutd affect biological functian CRC cells
the roles oNEDD9 andCDK19in alteringproliferation of HT29 and HCT116 cells
were examinedn RNA interference approach was used to kaotthe activity of
these genemd determine the resultant effect in cell behaViamsfection with
siRNAstargetingNEDD?9 significantly decreased groatimpared with a negative
control siRNA transfection at 4®bsttransfectionin cells treated with 5 mM
butyrate®= 0.004 in HT29P < 0.0001 in HCT116) or control mediuA+(0.002 in
HT29;P=0.02 in HCT116) (Figufel). Similarly, transfectiontiwsiRNAstargeting
CDK19significantly decreased growth compared with a negative control sSiRNA
transfection, in cells treated with 5 mM butyRste0(0002 in HT2% <0.0001 in
HCT116) or control mediur® € 0.006 in HT29P = 0.02 in HCT116) (Figufel).
Asinterference with these genes decreased prolifetaongicates thidEDD9 and
CDK19contribute tgproliferaton in these cell lines
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Figure 6.11 Effect of NEDD9 and CDK19RNA interference on proliferation of
HT29 and HCT116 cells

Cell indexmeasurements at 48 h using the XCELLigence RTCA DP instirument

control medium or 5 mM butyrate cells showing decreased growth in cells transfected
with siRNAs foNEDD9 or CDK19 compared with the NC siRNA transfectioR €

0.05). The mean + SEM of four cell culture replicates is.SHGERNA: sSiRNA

negative control
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6.5 Discussion

ThisChaptermprovided evidence to support the concept that miRNAs can mediate the
effects of HDIs on gene expression. Decreased HAR expression may be partly
responsible for the astioliferative effects of HDIs, as transfection with-imR2

MiRNAs reversed iheffectAs shown in the previo@hapter, in the context of a
butyrateinduced reduction in miR-92 levelSCDKN1A, PTEN, andBCL2L11

MRNA and protein levels were increased. lICHapter, reversal of this butyrate effect
through transfection withiR19 (a and b), 17, 20a or 92a mimics decreased transcript
levels ofCDKN1A, PTEN, andBCL2L11 with various cluster members targeting
different genes. The dowagulation of miR 792 and subsequent target gere de
repression is a plausible mechanismpiaie some of the asgroliferative and pro
apoptotic effects of HDIs, which may be additional to direct chremmadiiated

regulation of gene expressibinis Chapteralsoidentified competing roles of il

92 cluster members in CRC cells.-iRa ad b) were primarily responsible for
promoting proliferation, while miE8a acted against the other+hm®2 cluster

members to decrease proliferatiomo Targets for mi28awere confirmedNEDD9
andCDK19NEDD9 andCDK19were shown in thiShapterto promote cellular

proliferationwith repression of these genes by RNA interferencemggdraliferation.

The dfects of miR17-92 have been examined in muldlg@eelopment and disease
modelsandvariouscancer type®/entura et al 200B1u et al 200Dlive et al 2009A
close link exists between deregulation of developmental programs angenesis,
and sudies have identified miR-92 as both a potential oncogene, and a crucial
component of normal vertebrate developridetura et al 2008Vhile specific
functions of miRL7-92 clustemiRNAsmay balepeneént on cell type and
developmental contexttjs miRNA cluster has generally &ewn to functiomluring
both normal developmeahd oncogenic transformation to promote proliferation and
angiogenesis, and inhibit differentiationagoaoghtosigOlive et al 2000

Ventura et al (20D8ssisted in establishaink between the oncogenic properties of
miR-17-92 anl its functions during norma¢velopment, in particuBRdymphopoiesis

and lung developmefithdr study found thatedetion of miRL7-92 in mice k& to

neonatal lethality, and specific defects in the development of lungs (lung hypoplasia),
heart yentrcular septal defeahd Bcells(inhibited Bcell development at the gBato

pre-B transition) Absence of mi27-92 also led to increased levels of thepoptotic
proteinBCL2L11 BCL2L11was identified as a direct riR92 targetand this
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targeting was suggested ta Ipotential mechanism through which deletion or over
expression of miR7-92 affeadB-cell development and lymphomageifesistura et
al 2008 Additional evidence for the role of RiR92 in nornal development was
provded by atudy byde Pontual et al (201&hich identified hemizygous deletions of
the miR17-92 host gene in a grouphafman subjectsith microcephaly, short stature
and digital abnormalities. These features were replicated in a mouse model with targetec
deletions in the R17-92 clusterwith mice hemizygous for rilR92 smaller than
their wildtype littermates and bauring digital abnormaliti¢somozygous deletion of
the miR17-92 clustehost gended to perinatal lethaligndexamination of mouse
embryos with thideletion revealesvere growth and skeletal defdtisstudy
presented the first example of a miRNA gene, in this case thé98iRost gene
MIR17HG being responsible for a syndroneieatiopmental disorder in humées
Portual et al 2031In various tissueR)iR-17-92levelshave beefound to behigherin
early stages of developmdmén progressively decreased during later develgpment
et al 200,Monzo et al 20Q0&arraro et al 200®evnaker et al 2Q1These findings are
consistent with the concept thiae miR-17-92 cluster is fundamental to normal
embryonic developmefdevnaker et al 2Q1They are also consistent with the
observation that dysregulation of #hiF92 cluster miRNAs promotes abnormal
growth andncogenic transformation in mature cells. The roteR17-92 in normal
lung and Bell development can be linked with findingdebgt al (200%&n

lymphoma an#iayashita et al (2008 lungcancerHe et al (200%&ereamong the
first to describe oncogeniatpntial of miRL7-92 clusterhy finding that the mit7-92
cluster acted withrayc to accelerate tumour development in a mecsk [Bmphoma
model Hayashita et al (20@6und that miRL7-92 overexpressioalsoenhance lung
cancer cell growtiThe preproliferative capacity of the clusterdiasebeen showim
multiplecancers, including CR@onzo et al (2008for examplgound that the miR
17-92 cluster exhilgtla similar pattern diighexpression in human colon
devdopment and colonic carcinogenés@easig @Il proliferation in both cases.
Conversely, when differentiation of the epithelium occurred, expoéssiBil7-92
miRNAsdecrease®y regulating proliferatioe miR17-92 cluster playsparticular
role in both embryonic development and neoplastic transformation of the colonic
epitheliumMonzo et al 2008

The six mature miRNAs that form the AiIR92 cluster likg act independently yet co
ordinately once cleaved from primary transcript, and different mMRNAs may be targeted

by a combination of miR7-92 components varying in the degree of binding affinity
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(Olive et al 2000miR-17-92 cluster members may perform specific yet overlapping
functions, and are unlikely to contribute equally to all tbgibalfunctions of the
cluster(Ventura et al 2008 hiscurrent studyvas the first tehow that individual
miR-17-92 cluster members have opposing effects on proliferation in CRC cells. The
HDI -mediated decrease in ARIR92 levels was associated with decrpasigeration,
whiletransfection with mi®29 (aand b) restored growth to a level closer to that of
untreatecatells incontrol medim. The study bilu et al (200)Jdemonstrated that miR
106b can al so -proliterative effect@na tay mhabtt lButyrate a n t i
inducedCDKN1A expressionn this present study, the proliferation increase was
similar inthe HDI-treatectells trarfeced with miRL9 (a and b) awith the entire
MiR-17-92 cluster (minus miB8a)miR-17, miR20a, and miR2ahad little additional
effect. When the endi miR17-92 cluster (includingiR-18a) was ansfected, in the
presence of DI, growth was dtiinhibited and similar to threspective NC
transfected cells, or even reducethérHCT116 cell experiment). rli8a appears
responsi bl e f or s ub daifecthand ttarsfectian withsitiB& r 6 s
alonereduced proliferation to ldgdowe thanthe NGtransfectedellsIn thecells in
control mediumwithout HDI treatmentsimilar trenslof increased proliferation with
miR-19(a and banddecreased proliferation with riiBawere apparenhoweverthis
reached significance in some but not all experitfesperiments are performed in
cells with high endogenous miRNA levels, the effects of MIRNA miméxpression
on the target gene may not be detectighlen et al 2008thus in these neDI -

treated cells théfect ofthemimics mayave beemasked by #hexisting high
endogenous levels of milR92 MIRNAs This was overcomdth the HDI treatment
which lowered endogenous RIR92 levelsand thalifferenteffects of thevarious
mMiRNA mimics could be more clearly obseriie use of HDI treatment as a
surrogate measure fkmockdownof miR-17-92 miRNAs is a limitation of the study.
Cell lines with lo®ndogenousiiR-18alevels ould have been useful the mimic
experimentsand omplete knockdown afidividuaimiRNASs inthe cluster using

miRNA inhibitorsmayhave provided further insight into their roles in proliferation.

Severalther studiebavedissead thefunctional roles of individual miIR-92 cluster
membersn variouscancer mode(akakura et al 200du et al 200PDlive et al 20Q9
Mavrakis et al 20L0n lymphoma cells, mMiE9 (a and)Yohave been shown to be
primarily responsible for promoting growth and suppressing aptosisal 2009
Olive et al 20Q9In thyroid cancer cellghibition ofmiR-17-3p, miR17-5p, miR19a,
miR-19b, and miR0a significantly reduceell growthwhereas suppressamiR-
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18a only modately reduced cell growt¥hich the authors suggestealy have been
due to the miRL8a inhibitor binding weakly to FiR5p or miR20a(Takakura et al
2008. Tsuchida et al (201fbund that miR9Zainhibitioninduced apoptosis of colon
canceiderived cell linesvhileBonauer et §2009 presented a differing theory that
miR-9Z2amay repress grangiogenic genes in endothelial aetlsschaemic tissue
Despite these somewhat conflicting theoegardinghe roles of miRL7-92 cluster
membersmiR-19is consistentlgiescribe@dsanoncogenigrowthpromoting miRNA

which is in line with théndings in this Chapter.

Several midiesare in agreemetitat among the six miR-92 cluster miRNAs, mif9

(a and b) are the primary oncogenic determinants, and are required and largely sufficien
for promoting the oncogenic properties of the clustgmphoma mode[1u et al

2009 Olive & al 200% In vivo, miR19 was required for promoting lymphomagenesis
in an Bi-myc mouse 8Bell lymphoma mod@u et al 200Plive et al 2009MiR19
overexpression led to highly malignant earbet B lymphomas, whereas disabling
miR-19 biogenesis resulted in delayetburonset, incomplete penetrance, and
extended life spd@live et al 20Q9Following miRL7-92 deletion in lymphoma cells,
reintroduction of miR9 alone restored growth and suppressed apdptoss al

2009. Overexpression of miR% (but not miRL7, miR18a, or mikR0a)in vitro
significantly downegulated PTEN mRNA and protein levels in mouse fibroblasts and
primary Bcells(Olive et al 2009Mavrakis et al (20/oresented a similar finding in
acute lymphoblastieukaemiaells where miRL% was sufficient to promote
leukaemogenesis, amals shown ttargetPTEN, BCL2L11 and other tumour
suppressorJ hiscurrent study showed that the butynadleiced decrease in #iR (a

and b) corresponded with increased expressiontafribarsuppressor gegéTEN
andBCL2L11 in CRC cells, while mi® (a and bjransfection partially reversed this

increase.

While gveral studidsave highlighted a key oncogenic role forlfia and b), there
has been little research to date on the role e1&afh canceOne study has

identified the alternapeoduct of the same precursor miRN#AR 18a*, as a potential
tumoursuppressor in CRC cdllsang & Kwok 20Q9Another study has indicated

that miR18a may potentially target genes associated with angiogenesis, including
connective tissue growth fad@iGF) which depending on cellular context can either
promote or inhibit angiogene@ews el 2005 Since the completion of research for
this Chapter, anloér studyn abladder cancer téhehas also used miRNA mimics to

show that miRL8a suppressed qaibliferation(Tao et al 20)2miR-18a was also
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shownto target Dicer in bladder cancer cells, which could indicate a potential feedback
loop where the regulation of Dicer by b controls miRNA output and pregent
overexpression. Kockdown of Dicer expression by siRNA mimickedell growth
suppressioinduced by miR8aoverexpressiom the bladder canceells(Tao et al

2013.

miR-18a may have a homeostatic function in helping to contain the oreibgenat

the entire miRL7-92 clustetWhile miR19 subduetumoursuppressor gene

expression, thus promoting proliferatroiik-18a was predicted to target and decrease
expression of prproliferative genes, with this study identifB®D9 as one such
targetTheNEDD9 protein(neural precursor cell expressed, developmentally down
regulated also known a@suman enhancer of filamentation 1 (HEF1)A8&C), is a
membeiof the ASfamilyof scaffolding proteinkaw et al 199®/4inegishi et al 1996
O'Neill et al 2007 NEDD?9 is a multdomain scaffolding protein aad important
integrin signalling adaptatlowingntegrindependeincelladhesionmigrationand
invasion, andso modulation of proliferation and apoptfss Seventer et al 2001
Natarajan et al 200&enomic amplification and/or transcmyptal upregulation of
NEDD9 havebeen obs®ed during cancer progression, and NEDD?9 is abundant in
epithelial deriverimourcells, lymphoma cells, and glioblast¢Aster et al 1997
Natarajan et al 200&levatedNEDD9 expression has been reported in CRC cell lines
and primaryumours withNEDD9 levels in human CRC found to increase with
tumourgradgLi et al 2011pLi et al (201 establisheMEDD9 asa mediator of the
canonical WNTA-cateiin signallingpathway. Two studies@RC cell lines have

shown thaNEDD9 downregulation reduced proliferation and in one study also
inhibited xenograft tunuo growth, whilNEDD9 overexpression incress

proliferation and migratidiXia et al 201,Qi et al 2011pNEDD9 haspreviousljpeen
reported to ba putativetarget of miRL45 and miR.25h both of which have potential
tumour suppressor functiofi@an et al 2008This Chapter hadentified miRL8a as a
novel regulator dIEDD9, and showNEDDS9 to be preproliferative, with SIRNA
knockout of its transcript decreasing proliferation in CRC cells. This finding is
consistent with current literatu@ell cycle control has been ingzggdnore

extensivelin another CAS proteilBCAR1, with this protein shown to act as a scaffold
for proteins necessary to support transitiavutyit G phaseand cell proliferation

(Hakak & Martin 1999NEDD?9, as another CAS protein, is dlsyto mediate

growth factoiinduced signa(lizumchenko et al 2008nd as demonstratéxy Li et &
(2011h, Xia et al (200@nd this current Chapter, is ablpriamote proliferation.
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The other identified mik8a targeCDK19(also known aSDC2L6§, has been less
characteresd, although it is a paralogd@K8with sequence homology and functional
similaritiegMalumbres et al 200€DK8has been identifies &CRConcogen¢hat
modulateg-catenin activity and promotes CRC cell proliferimestein et al 20P8
The kinase activity of CDK8 has been found to be necesgany u | -Gaterén A
dependent transcription and transformgfrarestein et al 20P&ike NEDD?9,
CDK19was also shown this Chapteto be preproliferative, with siRNA knockout of

its transcript decrang proliferation in CRC cells.

Knockdown oNEDD9 andCDK19induced growth arrest, suggesting a pro

proliferative role for these genes. Interestingly, in the butyrate treated cells which exhibit
decreased growtREDD9 andCDK19levels were actually iresed, possibly due to

the reduction in miR8a levels in these treated cells. This discrepancy requires further
investigation, but is likely to simply reflect the complexitiRINA/mMRNA

interactions, where multiple miRNAs are modulated by butyratetand-egulate

many different target genes. In this situation, while a decreasd &a mi&y allow an

increase in several gpwliferative genes, this may be outweighed by a decrease in

other miRNAgsuch as the other miRNAs in the fiFR92 clustérthat target anti

proliferative and prapoptotic genes

Besides targeting ppooliferative genes, the mimic transfection experiments revealed
that miR18a also appearsiharease expression of the ogtle inhibitoCDKN1A. It

is possible that this is andirect effect, and that mifa is targeting proteins which
regulateCDKN1A transcription or expression. It could even be hypothesised that the
miR-18ainduced decrease in NEDDOuld assist in this procas$ias been suggested
thatNEDD9 possiblyplays a role in the transcriptional repressioGIDKN1A

(Cabodi et al 20).0

This study confirmedEDD9 andCDK19as direct targets of Ril8a andfulfilled the
four criteriaproposed byKuhn et al (2008or targetvalidatbn. The miRNA/mRNA
target pagmiR-18a andNEDD9 and miR18a andCDK19werevalidated hyverifying
MIRNA/MRNA target interactionsingmiRNA mimics antarget protectorgnsuring
predicted miRNA and mRNA target gaemgeco-expressedietermining that the
MIiRNA decreasetirgetmRNA andprotein expressigoand showing that teiRNA-
mediated regulation of target gene expresgi@iedo altered biological functian,
this case proliferatioA.limitationof the study was that whilalidatedEDD9 and
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CDK19siRNAswere utilisedheirknockdown efficienayasnot specifically
determined.

An additionalimitation 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 GeNeral studies hameted differenes in
levels of expression okmbers of the miR7-92 cluste(Venturini et al 2007
Diosdado et al 2008haulk et al 24, Jevnaker et al 2Q1levnaker et al (20Xdund
that in a vady of cell types, miR8a levels were lower thavels osome other
members of the miR7-92 clusterin previous Chapters, mia levels also appeared
to be lower than levels of tbder miR17-92 cluster miRNAs in CRC cell liflegure
5.10; however as relative rather than absolute quantdaatios different amplicons
was used in threattime RFPCRanalysis, this can only be taken as a rough
comparisorf different miRNAsIn CRC celld)iosdado et al (20p8escribed that
DNA copy number gain of the mIR-92 locus was associated with increased
expression of all components of the4hM2 cluster except miBa.ln chronic
myeloid leukaeméellstransfeadwith a miR17-19b construcita( variant of the miR
1792 polycistrofacking miFd2a)to induce miRNAoverexpressionexpression of
MiR-17-5p, miR17-3p, miR19a, miR20a, and miR9b was increased dipo 5-fold,
whilemiR-18a expressiamas not changed compared \liacontrolcells(Venturini

et al 200) Monzo et al (2008sted miRL7, miR19, miR20, and mif2, but not
miR-18a, among the miRNAs differentially expressed in CRC versus normal tissue, and
also characteristic of early embryonic development in thdtdslpasdblethat
tumourprogression is associated with selection against the expressiet8af miR
(Diosdado et al 20Tombined with selection fine other miRNAs in the cluster;
thusin normal cells miR8amay playhomeostatic rolevhilein cancer celtbe
elevation of other members of théR-17-92 clustemaylead tancreasedncogenic
potential

Specific processing of individual miRNAs within the polycistromt#9iRcluster
can leado complex variations in miRNA expressionfandtion in different cell types
and context§Guil & Caceres 2003uarez et al 2008esides regulation of the miR
17-92 cluster by a network of transcriptional machineries, it is also further processed
and regulated by pdsanscriptional mechanisf@uil & Caceres 20D Following
transcription othe pri-miRNA transcript, the first major processing step in AiRN
biogenesis involves Droslaa part of the microprocessor compkdgasing miRNA
containing hairpins from the jpniRNA (Gregory et al 20Q4These preniRNAsare
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then exported frorthenucleus tahe cytoplasm where the next majargassing step
involves Dicer cleavage torh the mature miRNA, whichimcorporated into RISC
(Hutvagner & Zamore 20pZhomson et al (20p@ereamonghe first to show that

large fraction of mMiRNA genes are regulateetaosicriptionally, and thestpression
levels of a primary transcritribt always correlate with levels of the mature miRNA.
While many transcripts incorporate a singienfR&lA sterdoop that is processed

into apremiRNA andthenamature miRNA, the polycistronic riiR92 cluster
represents an additional layer of complexity where miRNAs that are part of the same
primary trascript are dfierentially processé@hakraborty et al 201Zhomson et al
(2006 postulated that the widespread doggulation of miRNAs observed in cancer
may be due to a failuretla@ Drosha processing step; however this finding is of less
relevance to the miR-92 cluster which, unlike many other miRNAs, is increased in
cancefCumminget al 200@Diosdado et al 20p% is known that accessory proteins in
addition to the microprocessor complex are sometimes required for processing of a
primary transcript; such accessaooyems may providemechanism fathe differential
processing of the miR~-92 cluster miRNAGuIil & Caceres 200Chakraborty et al
2012).

Guil and Caceres (20@uggestdthatan additional accessory protenequired
specificallyor processingf miR-18a from the primary transcriptvarety ofRNA-
binding proteins, collectively known as hnRNP protene been shown associate
with transcribed mRNA and assist in the-prasiscriptional control of gene
expressiorAmong these is hnRMR (heterogeneous nuclear ribonucleoprote)n Al
which is involved in RNA transport and metaboMghen examining direct hLnRNPA1
targets usingrosslinking and immunoprecipitatidduil and Caceres (20@dunda
singlemiRNA, miR18a, to be among theseg&ts. hLnRNPA1 was showenbind
specifically to human prniR-18a, the stem loop of miBa on the primary miR-92
transcript, antb facilitate its processing by DrodWhenhnRNPAlwas depleted
using RNA interferencthe production of prmiR-18a was nearly totally suppeels
while processing of the other-pnéRNAs in the niR-17-92 cluster was not depentle
on hnRNPAllevels and still occurred when hnRNPA1 was deplbéedecrease in
premiR-18a was concomitant with an accumulation-ofigl8aAs an assay for
miR-18a activitya luciferasbased reportavith a miR18a target site was used where
miR-18a expression decreased luciferase activity. This assay showed that depletion of
hnRNPA1 resulted in @epression of the luciferase MRNA awedeiased luciferase

activty, indicating that hnRNPA1 was required forb@& repression of a functional
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targetThe authorsypothesised that binding of hnRNRAIhe primiR-18a stem

loop structure could ensure the maintenance of an optimal secondary structure for
DGCRS (a sulnit 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 miBa bindingnlyin a context depenaiemanner,

where the pimiRNA sequences dine miR17-92 transcripsurrounding primiR-18a
were important in the requirementfioRNPAL It was proposed that the sequences
and structure of the entire mlR92 primary transcript may create a suboptimal
recognition site for DGCR8 and Drosha, and may make the processingR{8a

to premiR-18a depenaée on hnRNPALGuil & Caceres 20P7This was further
examined biichlewski et al (20p&ho identifiedwo hnRNPA1 binding regiares
primarysitecorresponding to the terminal loop ofrpiR-18a, and a secondaitg
corresponding to the bottom of the st&mnding of hLnRNPAL1 to the stem structure in
pri-miR-18alikelyadedto unwind or rearrange the structareating a more

favourable Drosha cleavage $lireding to the terminal loop was also shown to be

important for effective processiiMjchlewski et al 20D8

Conflicting evidencexistdor therole of hnRNPAL in canceégveral studies have

shown hnRNPAL1 to be increased in various cancer types, includiZgm@e et al

2004 Ushigome et al 200Pavid et al 20)0alternatively mecentstudyhas shown that
progression to breasincer is associated with decreased hnR(f#eAdch et al 20112
Likewise, some studies havéciaed a role for h(nRNPAL in increasing cell

proliferation, decreasing apoptosis, and ensuring cell viability in respons¢Ratstress
et al 2003He et al 2005I65uil et al 2006 while another study has shown hnRNPAL to
have a suppssive effect on cell growthprostatecanceYang et al 20Q.7~urther

study is required to determine hnRNPA1 activity in CRC, and the extent to which this
proteinimpacts ommiR-18a concentrations relative to othé®-av-92 cluster miRNAs

in cancer.

Examination of thetructureof the miR17-92 primary transcript may offer additional
mechanisms for the differential processificjenciesf individuaimiR-17-92 cluster
miRNAsdespite their cranscription(Chakraborty et al 2012l six miRNAs contain
the canonical secondary structure features for Drosha processing, and hairpins have
similar levels of conservation. Thus tertiary structure could provide an expdanation
the differential processing of individual miRNAs within the c{G$taulk et al 20).1
WhileGuil and Caceres (20@ndMichlewski et al (2008lluded to a role of ¢miR
17-92 transcript structure in the differential processimiRsi 83 the folding of the
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pri-miR-17-92 transcript into a tertiary structure was further explo@dbyaborty et

al (201pandChaulk et al (20LXhakraborty et al (201®/pothesised th#te gimary
mMIiRNA cluster transcript may saithestrate the binding of accessory proteins
associated with processing different miRNA domains, allowing their differential
regulation. The studygedvarious biochemical and biophysical methods coupled with
mutationabktudiesto showthat primiR-17-92 adopts definedhigherorder tertiary
structure. Folding of the RNA transcript into its tertiary structure may be facilitated by
the conservettrminal loop sequences in MiIRNA domains (especialhendhd
miR-18a)and also by intervening regions between the distin@RMA domains.

Shuffling of the discrete pmiRNA domains led to perturbed tertiary structure, and
altered the relative abundance of the processedRIASs. The tertiary structusé
pri-miR-17-92poses a kinetic barrier to its own processiitig suboptimal display of
recognition sites for the microprocessor compleg.may provide the opportunity for
different proteins to bind and remotis structureand mediate an alternative
processinfate for the primary miRNsAFor example, for theceamined primiR-18a
regionthe authorgound thatthis hairpin loopncluding hnRNPAbinding sitess

buried in the course of priR-17-92a adopting its tertiary structure; specific protein
binding tothe tertiary structure may be required to unmask the hnRNPAL1 binding sites
and allow furtheremodellindChakraborty et al 2012

Chaulk et al (20)dlso reportd that primiR-17-92 adopts a higher order compact
structurewher e the 506 region of tTheemiRi9bandt er
miR-92adomainsve e wi t hi n t h endihe mR1&domaEndas 8s® cor e
protected inside the structuréjlethe other miRNAlomainsvere more exposed.
Internalised miRNA hairpingre processed less efficiently than those on the surface of
the structureChaulk et al (20)discussethe tertiary structure in relation to FiiR

92 cluster roles specifically in angiogemdssemiR-92a hasthe opposite biological
function to other miRL7-92 miRNAs, through a mi#2amediated reprdss of some
pro-angiogenic MRNAH. is pausible that the suppressed expression eé@ZaiR

through its sequestration witkie cluster tertiary structure facilitates the ovemall pr
angiogenic effects of expression of-ari#R2 (Chaulk et al 20)1.I'hese inferences

could similarly apply to miEa in the context of proliferation in cancer cells, where
tertiary structure and specific protein bindingtseim miR18a being processed less
efficiently, and facilitates the jproliferative effects of the other FiiR92 cluster

members.
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ThisChapter identified competing roles of #hil92 cluster members in CRC cells,

with miR-18a adhgin opposition to other members of the oncogenicIeR

cluster to suppress proliferationR-18a may play a potentially homeostatic role in
containing thencogenic effects of the entire cluster, but may be selectively decreased
in CRC compared with other miR92 cluster members. This imbalance is likely to
promotetheincreased proliferatidhat ischaracteristic of cancer cells, and provides
potentiaktherapeutic opportunities
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7.1 Introduction

In previouhaptersmiR-17-92 clustemiRNA leve$ wereshown todecreasmn
HT29 and HCT116 CRC cells when treafi¢the HDI butyrateAlso siownin
Chaptei5 wasonepotentiaimechanisnfor thisregulationviaHDI -induced dereasge
in regulatory protesrsuch as the transcription factor EAFik. dso possible that
HDIs like butyratéavea direct regulatory effect on traigon of themiR-17-92

host gengviathe epigenetic mechanism of histone modification

Histone modificatioginfluencechromatin remodelling, which regudateessibility of
thegenetic sequen(®trahl & Allis 2000The fundamentainit of chromatirconsists

of genomidNA wrapped aund hstone proteins to form nucleosontesch

nucleosome consistsagproximatel§47 base pairs of DNA, wrapped arcamdre

histone octamer composedwb copies of each core histone protein (H2A, HZB,

andH4) (Luger et al 199Davey et al 20Q2Zonsecutive nucleosonagsjoined bya

linker histon€H1), which protects the intaucleosomal linker DNANnd contributes

to chromatin structur@ednar et al 1998 heN-terminaldomainsand in some cases

the C-terminaldomainsof core histones protrude from the chromatin Tihése tails

are rich in basic residues and are subject to multipteapskitionainodifications

(Luger et al 199Campos & Reinberg 2Q00Bhey @n contact adjacent nucleosomes in
higher chromatiorder structure, artirough various modifications cter

chromatin structur@.uger et al 199%trahl & Allis 20Q@Hake et al 2004There are

two broadforms of chromatinthese arbeterochromatin which is tightly compacted

and associated with transcriptionally silent genomic regions, and euchromatin which has
a more open conformatidmat is accessible to factors that bind Dilawing
transcriptionWhile euchromatin is less condensed, it still remains relatively nucleosome
dense, and nucleosome remodelling and displacement is feqiuileatcess to the

DNA (loshikhes et al 2008egal et al 200&/orkman 2006Multiple levels of

chromatin emodellingpccur, and includ@NA modification histone modificatign
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exchange of core histones with variant histanddisruption of basic nucleosome
structure and histone DNA contagiske et al 2004

The predominant form of DNA modificatiommethylationwhichis a covalent
modificationinvolvingthe addition of a methyl group to cytosine residues at adjacent
cytosine and guanine nucleot{@sG di-nucleotides The transfer of a methyl group
iscatalysetly DNA methyltransferase enzymesludingNMT1 which maintains
existing DNA methylation patterns, and DNMT3A and DNMW8BEh mainly target
previously unmethylated ar@isd 2002RodriguezParedes & Esteller 201CpG di
nucleotides, 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 areaxf approximatel000 lase pairarereferred to as CpG islds. CpG

i sl ands are often f oundanda#ounti6i% of gebes pr o mo
have a CpG island at their prom@Bird 2002 DNA methylation of a CpG island at a
gene promotesanleal to silencing of tkigengby directly inhibiting binding of
transcription factors and by recruiting metimding domain proteins, which are
present in transcription-tepressor complex@oyes & Bird 199Cross et al 1997

Nan et al 199'Nan et al 1998These complexes can cause chromatin reconfiguration
and gene silencifigan et al 1998DNA methylatiorpatterns are relatively stable in
adult cells, with methylatiaeedm normal cells for gene silencing, in such cases as
silencing ofarge repetitive sequenagsdpgenous repeatentromeresand
retrotransposon elementgiactivation of an X chromosome in women, or tissue
specific repression of germ-sekcific gengBird 2002RodrigueParedes & Esteller
201). In cancer, DNA methylation is an alternative mechanism to genetic mutations for
the silencing of tumour suppressor geanas is likely an early event in tungenesis
(Toyota et al 199&steller et al 20R1In CRC promoterspecifichypermethylatiooan
bemore frequent than genetic char{§ebuebel et al 2Q0Example®f akerrant
methylation in CR@nd other cancehave been observed fnes with tumour
suppressor function, suchcgslindependent kinase inhibitor Z2DKN2A), the

DNA mismatch repair proteMutL homolog XMLH1), andthe DNA repair protein
O-6-methylguanin®NA methyltransferag®GMT) (Toyota et al 1998hen et al

2005. A subset of CR&Hisplay a CpG island methylator phenotype (CIMP), and
includesthe majority of sporadi€RG wth MSl related taVILH1 methylation and
silencingToyota et al 1998lawkins et al 200®/eisenberger et al 2R06 contrast to

the high levels of gene promoter methylgiesentn many tumoursglobal DNA
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hypomethylatiohasalsobeenobserved in various cancersludingCRC which may
predispose to genomic instabditgl disruption of normal gene expression patterns
(Matsuzaki et al 2008odriguez et al 200@nd has also been linked to poorer
prognosis in CR@gino et al 2008RegionaDNA hypermethylation and global
hypomethylation are associated with altered chromatin conformaadsoanmith
alterechistone adglation inCRC(Deng et al 2006

Histone modification occurs largely at the tail domains that protrude from the
chromatin unitCovalent modification of tail domains of histones can include
acetylation ofysine residues, methylation of lysine and arginine résidoesd, or
tri-methylatia of lysine and moror dimethylation of argining)hosphorylatio of
serine and threonine regduADPribosylation, ubiquitination, sumolation, and others
(Figure 7.1(Hake et al 2004ANumerous ezymesre involved ihistone modifications
(Allis et aR007 Kouzarides 200.7Levels ohistonemethylation, for example, are
controlled byHMTsandHDMs. Levels ohistoneacetylatiomrecontrolled by

opposing activities fATsandHDACSs (Chapter Joresents enore detailed HDAC
descriptiolh Acetylation of lysine residues directly relieves positive charges on histone
N-terminal domas{Campos & Reinberg 2Q008enerally, decreased acetylation
(hypoacetylation) distoneN-terminals is a characteristic of more condensed
heterochromatin, while increased acetylation (hyperacetylatiorg ia fooe relaxed
euchromatirfStrahl & Allis 20Q0Additional layers of complexity exist, howewvitn
distinctpatterns of specific histone modifications showatatoparticular roles in gene

activation or silencing.

This compl exi ty g ahyothesisgsheh wasinitially propéskd s t o
by Strahl and Allis (20P0 he basis of thigpigenetic marking systesthat one

modification or combination of histone nimations canletermine a particular

functional outputStrahl & Allis 20Q@enuwein & Allis 20DThe gttern of histone
modificationsn a given cellular and developmental coisteedulatedyy histone
modfyingenzymeshat can carry out((Chheval2000mgd or
enzymehat catalyses a chemical modification of histoae®siduspecific manner

such as BIMT or HAT, can be referred to as a writehnile an enzyntbat removes a
chemical modification from histonsschas aHDM or HDAC can be referred to as

an erasgStrahl & Allis 200QJenuwein & Allis 200Chi et al 2010
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The subsequerdffects of histone modifications can then be categoristecasr
mediated, intrinsior extrinsigCampos & Reinberg 200 the histone code
hypothesis, histone modificationsload r e a d @ an efiebtonetiatecvent
where #ectorproteinsspecifically bind to oree a combinatio of histone
modificatios (Chi et al 200)0This binding can leaddtieedintra and inter
nucleosomal damics and chromatin structureere are numerous examples of
effectorproteins thatecognise specific histone modifications, for example, effectors
with chromodomains and PHDmhains recognise methylated residues, and effectors
with bromodomains recognise acetylated regCaepos & Reinberg 200Bhe
Polycombgroup(PcG)proteincomplexs anexample oaweltstudied effectowyith a
chromodomain hat can 0r gtlasgidteimompldralsd comeans k s
domains that can modtistone markg-ischle et al 200Bao & Zhang 2004
Flanagan et al 2Q0BcGproteincomplexeand their marks aotassically associated
with repressed tramgational statesyhileTrithorax Group TrxG) proteins counteract
the function oPcGproteins and thereby activate géBeBuettengruber et al 2007
Hublitz et al 2009In addition to effectemediated eventsistone modification can
also directly modulate chromatin structure or altemntteosomal and inter
nucleosomal contacts through steric or charge inter@ticet al 2010
Modificationspr other intranucleosomal component variaighatdirectly alter
physical nucleosome properties such as DNA contacts and motility, size and
confirmation, or stabiligre intrinsic effects, whiteodificationghatdirectly alter
internucleosomal contacts and chromatin strucaneesxtrinsicfiects(Campos &
Reinberg 2009A simpleexample of direct modulati@theaforementioned
neutralization ohie positive charges of histdferminal domainsy lysine
acetylaon, leading to perturbation of histeDBIA contactgStrahl & Allis 20Q0
Jenuwein & Allis 20p1

The outcomeof histone modificatiorsan beo initiate transcriptional activation,
silencing or thher cellular respong@irahl & Allis 20Q@enuwein & Allis 20p1
Initiation of transcriptiors clearly affected by chromatin remodelling that promotes
accessibility to underlying DN&nd micleosome placentecan be predictive of
transcriptior{loshikhes et al 2006egal et al 200Bzsolak el 2007Schones et al
2009. The open reading framafsgenesre nucleosome dense, but in actively
transcribed genes a short area flankintgathgcription start sitd $3 may bepartly
histonedepletedcompared to noexpressed ges(Koch et al 200/0zsolak et al

2007 Schones et al 2008he same may apply to miRNA gé@esolak et al 20D8
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TSSs of active gertesmse been shown to haveharacteristic s@ture of histone
modificatiorthatis highly distinct from inactive geriesexamplédi3K4me3 and

H3ac nearthe TSSKoch et al 20071t is generally agreed that correlations exist
between several histone goahslational modifications and th@sriptional state of
chromatin(Strahl & Allis 20Q0Studies have observed that gene activation is correlated
with tri-methylation of lysines 36 or 79 on H3 (H3K4me3, H3K36me3 and
H3K79me3), monmethylation ofysines 20 on H4 and 5 on H@B'K20me and
H2BK5me), andcetiation oflysines 9, 14, and 27 on H3 (H3K&#K14acand
HI9K27ag, as well as other modificatiptiiese may be referred to as activating histone
marks Converselygene repression is associateddithr tri-methylation ofysine 9

on H3(H3K9me2 antH3K9me3) and tnethylation ofysine27on H3and 20 on H4
(H3K27me3and H4K20me3pas well as other modificatiotiese may be referred to

as silencing histone maf&tahl & Allis 20Q@enuwein & Allis 200Rarski et al 2007
Bhaumik et al 200Mikkelsen et al 200RodriguezParedes & Esteller 2011

In recent yeatthere has been acknowledgementtiediistone code hypothesis
requiresefinemen{Berger 200TTampos & Reinberg 200Bhe oducome of a certain
histone mark may to some extent égeti@nt on the biological contexthe

numerous combinations of histone modifications and complexity of the chromatin
structure will also impact on the outcofmeexample of this complexityhet
existence of histone variamichcan contribute to the intrinsic and extrinsic
properties of chromatin structure. While histones H4 ancieBgely invariant, H3
and H2Avariantdhave been shown to affect nucleosome stability and chromatin
folding(Suto et al 20QGHake et al 2004variants oflinker histong can also be
presentAnother example of the complexity surrounding the outcome of histone
modifications is the presencemisstalk mechanisms between histone acetylation and
histone methylation networfk$uang et al 20},Jandlinksbetween DNA methylation
and histone modificationechanism@an et al 1998

Controlled egulabn of histone modificatiomketermines cell fate diugin
embryogenesis and developimandin adult cells allows fitening ofgene
transcriptional output at geloei during DNA damage repairothercellular functions
(Mikkelsen et al 200Zhi et al 210. In tumaurigenesis, alteration in the homeostasis
betveen activating versus silencing chromatin states leads to inappropriate expression o
silencing ofjenes andltereccellularoutcomesfor exampleproliferation ather than
senescence or differentiat{@mi et aR010. In addition to DNA methylatiochanges
certaindisuptiorsto normal patterns of histone modificatiansalso characteristic of
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cancer development. An example observed in many primary tumours is global reduction
of H4K20me3 and H4K164Eraga et al 200bln CRC,changes in expression of

active genes positive for H3K4me4, and repressed genes positive for HBlK2&me3
been observeEnroth et al 20)1There arelso may instances of alterations in
Owriter & an dandddgsreguateom d effectorzroteirs3RC for
exampleHAT andHDAC mutations and expression chamge® been observed, with
HDAC changes in CRC exploredCimapter 5Changes in expressior activity of

HMTs and HDMsamay also occuA HMT subunitof the PcG proteicomplex for

example, rebeenfound to be oveexpressed in a variety of different turgo

including CR@Mimori et al 20Q3Richly et al 20).IThe 3D organisation athromatin

has also beeshown to be importaim the formation of chromosomal alteratiand

in cancer developmentisiant genomic loci that dmought 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 posttranslational histone modificatiors on N-terminal and
C-terminal regions of the four core histones.

Possible @tylation, methylation, phosphorylation and ubiquitination of residues on
corehistones H2A, H2B, H3, and H4. lysine; R: arginine; S: serin&hréonine.

176






















































































































































































































































































































































