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ABSTRACT

Nutrition plays a key role in many aspects of health, indeed epidemiological studies
provide evidence that diet can play essential roles in reducing the risk of chronic diseases.
Accumulating evidence indicates that dietary compounds (phytochemicals)frindanand
vegetables can modulate multiple carcdiammation pathwayswvhich are relevant for
chemoprevention and are commonly deregulated by epigenetic mechanisms in cancer cells,
including drug detoxification, cell cycle regulation, apoptosis inductiuigenetic refers to
heritablealterations in gene expression that do not involve modification of the underlying
genetic DNA sequencéAlthough epigenetic changes are heritable in somatic cells, these
modifications are also potentially reversible, whictakes them attractive and promising

avenues for tailoring cancer preventive and therapeutic strategies.

The aim of this study was to investigate the antiproliferative potential of a Cactus pear
pigment extract (Indicaxanthin) to assess the phenotypicteffe colorectal cancer cell lines
and to investigate the biological function

activity.

The antiproliferative effects of Indicaxanthin (Ind), were investigated on a number of
human cancer cell lines includj hepatocarcinoma cells (HepG2, Ha22T, HUH 7), breast
cancer cells (MCF7), cervix epithelial carcinoma (HeLa) and colorectal carcinoma cells
(Caco2, LOVO1, DLD1, HT29, HCT116). Ind caused a clear -diependent decrease in the
proliferation of Caco2, withminor effect on the other cell lines. Flow cytometric analysis
showed a prapoptotic effect of the pigment at 48h in Caco2 cells. Incubation of proliferating
Caco2 cells with Ind (10pul to 100ul ) remarkably reduced the global Dh#ethyl cytosine
methyhtion and caused a stable demethylation of the tumor suppnet@dikK4a gene
promoter, with reactivation of the silenced mRNA expression and accumulation of p16INK4a
protein. A decrease of the hyperphosphorylated retinoblastoma protein in favour of its
hypophospohrylated status was observed, with unaltered level of the ejepradent kinase
CDK4. Analysis of cell distribution in the cell cycle phases after Ind treatment showed arrest
of Caco2 cells in the-S52/M- phase.

The effect of Ind on LINEL mehylation levels in the other colorectal cancer cell lines
was therefore explored as well as the effect of Ind on promoter methylation status of other
genes implicated in colon carcinogenesis. Ind is able to alter the methylation status on global
and specit gene level. To rationalize the mechanism of DNA methylation changes induced



by Ind, the effect of the phytochemical on the activity and the level of DNA methyltransferase
(DNMT) was evaluated. Ind induced a datependent inhibition of DNMT activity o8aco2

cells, while did not affect DNMT1 and DNMT3b level. However a significant increment of
DNMT3a was evident in Caco2 cell line. Aberrant expression of DNMTs and their isoforms
has been found in many types of cancer and their contribution to aberranmetkylation

has been proposed. Following this hypothesis, the effect of Ind on the expression of DNMT
splice variant, was investigated. The expression of DNMT increased appreciably only in some
cell lines with respect to only some DNMT genes after ledtinent. DNA demethylation

may take place as an active mechanism by the activity of specific enzymes. In order to assess
whether Ind is able to induce an alteration in DNA demethylase expression, which may
explain the effects of Ind on DNA methylationtire tested cell lines, the effect of Ind on the

DNA demethylase expression was investigated. Ind induced an increased expression of some

enzymes with demethylating activity (TET2, MBD4) relatively only in some cell lines.

In this work it appears that thehytochemical Indicaxanthin induces different effects
(both epigenetic and biochemical) on colorectal cancer cell lines tested (reduction of
proliferation, induction of apoptosis, induction of cell cycle arrest, change in DNA
methylation, alteration of genexpression). The effects brought by Ind, are often variable
depending on the cell line used, such phenomenon can be attributed to the cell lines
themselves. Furthermore from in silico molecular imaging tests, in this study it was supposed
that epigenetieffects of Ind are not mediated by a direct alteration of DNMT expression,
rather by an influence of Ind on their activities. Then, Ind binding the DNMT and altering
their methyltransferase function could cause an imbalance of global DNA methylation.
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1. INTRODUCTION

Modemization and its resulting lityle trends have ushered in a new era of chronic
illness; one in which an unprecedented number of people amatedi to contract cancer and
other inflammatory disease®bservational studies have suggested that lifestyle factors such
as tobacco, obesity, alcohalnd asedentary lifestyle are major contributaescancerrisk.
Moreover it is well documented thatdividuals adhering to segetables/fruitslepleted diet
and a relatively sedentary lifestyle are more likely to develop obesity, contract chronic
conditions such as diabetes, cardiovascular disease, and ¢(@h¢2BOCAN Colorectal
Cancer Dat®2008. The importance of dietary habits in achieving and maintaining a healthy
status is widely acknowledgebhdeed eidemiological studies provide evidence that diet can
play essential roles in reducing the risk of chronic dise@sadiovascular disorders, tye
diabetes, various inflammatidmsed health problems, and caha®villett 1994; Lipkin et

al.,1999.

Plants are recognized to have a wide molecular basis of preventive mechanisms. Many
contain compounds that act as direct or indirect antioxidants, patédn detoxification and
elimination of waste, activate regulatorycé&ll responses, and modulate cgljnallingto
induce apoptosis in damaged cells while promoting differentiation in otS8ekolposky and
Wargovich2012) Studies on a wide spectrum piant secondary metabolites extractable as
natural products from fruits, vegetables, teas, spices, and traditional medicinal herbs have
identified various bioactive plambompounds ghytochemicalsthat regulate multiple cancer
inflammation pathways. Inddition they are cost effective, exhibit low toxicity, and are
readily availableln this contextdietarycomponents have appeared of critical importance and
the eventualroles of dietary phytochemicals itumour chemoprevention havattracted
considerablescientific interest in the latest two decad@éelloff et al., 2000. Indeed he
global demand for more affordable therapeutics and concerns about side effects of commonly
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used drugs has renewed interest in phytochemicals and traditional medicines Nawch a

chronic use (Harvey 2008; Li & Vederas, 2009; Singh 2007).

1.1. Cancerdisease andlietary chemoprevention

Cancer cells are distinguished by several distinct characteristics, such-adfgaédncy
in growth signal, resistance to growth inhibition, illess replicative potential, evasion of
apoptosis, sustained angiogenesis, tissue invasion and metaddtsdhgdnand Weinberg,
2017). In several familial cancer syndromes, genome instability develops due to inherited
mut ations i n t heenes ésEeNtial for BANAerd¢pairkoe thed BNA gamage
response(Kinzler and Vogelstein 1997)instead in sporadic tumorigenesig has bee
proposed that in early stageactivated oncogenes induce replication stress through
deregulation of cell cycle progressiocausing chromosomal instabiliforgoulis et al.,
2005).While oncogene activatiocan induce replication stre#salso activates DNA damage
response checkpoints and causes cellular senescence, forming a barrier tprogmnession
(Bartkovaet al, 2006). Without inactivating mutations in DNA damage response genes or
cell cycle checkpoints, transformation does not odecuany caséhe deregulatiorof multiple
genesand theiraccumulation lead tthe acquisition of thesgroperties drivingumorigenesis
Rationally designed drugs that target a single gene product are unlikely to be of use in
preventing or treating cancer. Moreovéargeted drugs can cause serious and even life
threatening side effects or therapy resistance (Hanahdeinberg,2011).Often, cancers
have along latency period20 years or more. By the time they are clinically detectable, the
system has degenerated idisorganized chaowhich point it may be beyond repdBporn,
2011). Therefore, there is an urgent need foresaind effectivechemaopreventive
multifunctional drugs that aobn entire networks in the body, rather than single targets

(Deocariset al.,2008).



Colorectal cancer (CRC) is one of the most common forms of malignancy and the second
leadingcause of canceelated death in the Westeworld (Centeret al.,2009) Most of the
knowledgeabout colon canceiprogressionis derived from the study of the inherited form,
familial adenomatous polyposis (FAP), an autosomal dominant CRC syndrome caused by the
Adenomabus Polyposis Coli (APC) gene mutation whimtcount forabout 10 % of cases
(Galiatsatos and Foulkes 20068)Jutant APC promotes/NV/NT signaling pathway activation,
resulting in transcription of several genes involved in cell proliferation, differentiation,
migration and apoptosi§Fearnheacdet al., 2001). This highlights the importance of this
pathway to carcinogenesis, whishexemplified by the fact that it is ovactive in > 90% of

CRC.

Increasing evidence recently claimed thatorectaltumorsconsi$ of a heterogeneous
population of cells hierarchically organized, withlarectal cancer stem cells ¢SCs) at the
top of this pyramid model. The concept that this subset of cells may arise from normal stem
cells, as a result of genetic and /or epigeneiutation(Barkeret al.,2009 is appealing for
several resons, such aghe possibility of reprogramming them or induciddferentiation by
therapy).Healthy stem cells (normally reside at the base of the intestinal crypt§)GHas
share many propees, including the selfenewal andnulti-lineage differentiation capacity.
CCSCs also possesdtered DNA repair machinery anligh expression levels of anti
apoptotic genes, whichay explain the failure of current antancertreatments (Todaret

al., 2007.

The intratumor cellular organization is influenced by several stimuli coming from the
contiguousmicroenvironment thadlso provides protection by shelteri@¢SCs from diverse

genotoxic insults, contributing to their enhanced therapy resist8aneafid Nelson 2032

Under physiological conditions, colon homeostasis is highly regulated, and it is the result

of a perfect balance between stem cells, differentiated cells and the microenwironme
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Sometimes, however, this lbace isdisruptedlaying the foundations for the emergence and
progression ofa tumor. Although the mechanisms that promote and sustain colon
carcinogenesis are not yet knovpmpgression from adenomas to colon cancer is a multistep
process, involving mutations in several gendsere is evidencehat a complex interaction
between environmental carcinogens and genetic alterations facilitateslebgve growth of
transformed cells, thus leading to the development of colonic dysplasia and (E&arenet

al., 1990)

Colonoscopy s@&ening, which is aimed at identifying and removing-gaacerous
lesions {.e. polyp9, represents the gold standard of the preventive strategies for CRC, even
though it is an invasivprocedure that reduces the compliance and participation of CRE high

risk subjects in the screenipgograms.

In light of the characteristics of this heterogeneous type of cancer, and theltgiffitu
finding an effective therapya key rol e i n the fAcureo of

prevention.

It is interesting to notéhat peopleexhibiting the lowest rates of colorectal cancer ése a
more likely to follow a pawral way of life reflecting reliance upon the natural world. The
reduced risks of cancer and other chronic diseases enjoyed by these individuals are
attribuable in some ways to genetic disposition, but also correlate largely with environmental
factors arising from their retentiaf preventive dietary and lifestyle practices (GLOBQACA
Colorectal Cancer Data, 2008)ereforefood is now also a conditioningnvironment that
may determinestress adaptive responsesgluencemetabolism, immunéomeostasis and the
physiology of the bodyTennantet al., 2010).In this respect ancerchemopreventiowith
naturalphytochemicatompounds is an emerging strategy tevent, impede, delay, or cure
cancer.Essentially the concept of cancer chemoprevention by dietary phytochemicals is to

arrest or reverse the progression of premalignant cells towards full malignancy using
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physiological mechanismsuch as thettenuatbn cancesinflammation pathwaysindeed
accordingto the chemical behaviour in either solution or biological environment; anti
carcinogenic effects of phytochemicals such as flavonoids andlaxammoid phenols have
long been ascribed to their redox propertidinally resulting in antioxidant and anti

inflammatory activities Eastwood 1999)

Chronic inflammation associated with infections or autoimmune dise@seprecede
tumor development and can contribute to it through induction of oncogenic mutatidns
genomic instability Prolonged exposure to environmenigitants may also result in low
grade chronic inflammation thgbromotestumor progresen through the mechanisms

mentioned above

1.2. A particular phytochemical: Indicaxanthin

The coloration of flowersand fruits is due to the accumulation of pigments such as
flavonoids (including anthocyanins), carotenoids, and betala{iignaka etal., 2008.
Anthocyanins and carotenoids are widely distributed in angiospevheseas betalains are
watersoluble nitrognous pigments found only in some plants in the o@yophyllales
andin some higher fung{Staffordet al.,1994) with beetoot (B. vulgaris), swiss chard B.
vulgaris var. cicla L.) and cactus pearOpuntia ficusindica) fruits as the main dietary

saurces.

Betalains, which includéwo classes of compoundthe redviolet betacyanins and the
yellow betaxanthins, are biosynthesized from d@n@no acid tyrosine by several enzymatic
and spontaneous chemicdéps Fig. 1) (Stracket al.,2003) Thefirst step is the conversion
of tyrosine to dihydroxyphenylalanine {ROPA). L-DOPA is converted to betalamic acid

(BA), which is an important poeirsor of betalain biosynthesiBA conjugates with an amino



acid or amindo form yellow betaxanthin®8A may also condense with cycldbOPA to form

betacyanins.
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Fig. 1- Betalain biosynthetic pathway. Dotted arrows show spontaneous reactions. Betalamic acid may

condense with cycl®OPA to form batacyanior BA may condense with proline to form Indicaxanthin

The antioxidantand antinflammatoryroperties of betains has been demonstrated in a
wide range ofissays (Kanneat al.,200]) and it was reported that enrichmefthumanlow-
density lipoproteindy betalains effectively increased resistance to oxiddfiesoriereet al.,

2003).

In addition betalainrich extracts from various sources have digen exploredor ther

antitumoral potentiaih bothanimal models and in cancerous cell lines. Tingoition of skin



and liver tumor formation has been demonstrated in mice following oral administration of
beetroot extractapadiaet al.,2003) anda protectiveeffectof red beabot juice against the
tumorigenic effect of gammeadiation has also beshownin these animald.(1 et al.,2009.

Other authors have reported thatctus peaextracts effectively inhibited cell growth in
several immortalized and cancer cell cultures, suppressed ovarian tumor gamath,

modulated the expression of tunrretated genes in nude micéqu et al.,2005.

With regards to purified betalains, betanin, the main betacyanin in the betalain foods, has
beenshown to inhibit the growth dfreast, colon, stomach, and lung carusls (Reddy et
al., 2005, induceapoptoss in humanK562 chronic myeloid leukemia ell lines (Sreekanth
et al., 2007) and has appeared a weak epigenetic regulator in-Ki®@Feast cancer cells
(Paluszczaket al.,2010. Activity of betaxanthins on transformed cells hasbesnreported

so far

Cactus QOpuntia ficusindica) has been used for many years as a common vegetable and
as a medicine by the Native Americarand Mexicans(Knishinsky 1996) In Chinese
medicine, cactus fruit is considered a weak poeat used as medicine ftire treatmentof
inflammation and painWang 1988).In recent yearghe properties and bioactivities of
Indicaxanthin (Ind)a betaxanthin highly concentrated in the edible fruits of cad¢tasrferet
al., 2001, have been researched. i$hmolecule can behave as a radlcscavenger and
antioxidant (Butera et al., 2002, possessephysicochemical characteristics allowing its
interaction with and location in membran@urco Liveri et al., 2009 and it may affect
redoxsensitive signaling pathways inside thells by prewenting alteration of the cell
oxidative balance and dysregulation of intracellular >*Céomeostasisin human
monocyte/macrophage THPcells(Tesoriereet al.,2013) On a nutritional perspective, Ind
has been showto bestableunderdigestive conditionslt infact undergoeonly a 20% loss

during the gastridike digestion, with no further loss in the postintestinal digkst.is not



metabolized byhe enterocytesand lecause of its stability and lsiility in the postintestinal
digestit is highly bioavailable in its native formTesoriereet al.,2004) In addition ithas
been shown that hasthe potential to act at the level of cells and tissUesdriere et al.,

20086.

1.3. Biological functionstargeted by phytochemicalchemoprevention

Chemoprevention comprises multiple intervention strategies, using either
pharmacological or dietary agentspmevent arrest or reverse the carcinogenesis process at
various stages. Conventional classificatainchemaepreventiveagentsas eitherblocking or
suppressin@ggens based on the underlying mechanisms by which they exert their protective
effectsat a specific stage of multistep carcinogenesis. Blocking agentkindarinitiation
either by inhibiting carcinogen formation from procarcinogens or by preventiag th
electrophilic and carcinogenic species from interacting with critical cellular target molecules
such as DNA, RNA, and proteirfSurh 2003) Suppressing agents, in turn, inhibit initiated

cells either in the promotion or progression stages.

One relevant spect of carcinogenesis is recognized to be the involvement of the
inflammatory response, which may be prevented by hindering oxidative stress conditions
through antioxidants phytochemicalfReactive oxygen/nitrogen species (ROS/RNS) are
formed as a consegnce of normal and abnormal metabokactions;ROS can damage
proteins, DNA and RNA, as well as oxidize fatty acids in cell membranes thus increasing the
risk of mutations Naturally occurring phenolic acids and analogs (e.g., caffeic and gallic
acids)are known to display a wide variety of lmgical functionswhich are mainly related to
modulation of carcinogenesis (Gonmetsal.,2003).0One of the chemoprevention mechanisms

of phytochemica such agphenolic compounds is associateith their scavengig properties



of deleterious reactive species (e.g., superoxide anion, hydroxyl radical, singlet oxygen, nitric

oxide, and peroxynitrite) D6 Al e ®txl320a8r o

One of the hallmarks of cancer cells is their ability to evade grewppressing signals.
Various genes affecting cell cycle progression have been identified as tumor suppressor
genes,such asp53 and pRB(Hanahan and Weinberg 201Brogression through the cell
cycle is regulated through activation and inactivation of cydépendent kinasgCdks) that
form sequentiatomplexes with cyclins A-E during the different phas€&1, S, G2, and
M) of the cell cycle. During G1 phase, Cdk¥clin E and Cdk4/ecyclin D1 complexes
promote entry into $hase by phosphorylation of pRB, thereby releasimggtranscription
factor E2HPan and Ho 2008)he activity of Cdks is controlled by binding of Cdk inhibitors
(CKiIs) to CdK cyclin complexes. CKls p21, p27, and p57 preferentially interact with iCdk2
and Cdk4cyclin complexes, whereas CKls p%“*® and p16™“** are more specific for
Cdk4i and Cdk®cyclin complexes and block their interaction with cyclinribibiting entry

into S phasé¢Fig. 2) (Pan and Ho 2008).

INK CDK inhibitors
(P15, p16, p18, p19)

Cyclin B:
CDK1_

— ~ Cyclin D:

MBT coka, coke!
KIF/CIP CDK inhibitors
(P21, p27, p57)

Cyclin E: }
CDK2

Fig. 2 - The complex ragatory and signaling pathways that regulate emltle progression are highly
conserved ineukaryotes. Two celtycle checkpoints control the order and timing of-cgttle transitions (GiS
and G4 M) and ensure that critical events such as DNA replicatind chromosome segregation are completed

correctly before allowing the cell to progress further through the cycle.



Cell cycle deregulation and overexpression of growth promotion kinasesyglen D1
andCDKs) are accepted to be associated with cagenesis. Recent studies have shown that
numerougphytochemica can inhibit various tumour cell lines at different cell phases: G1, S,
S/G2, and GAGusman etal., 2001) Nevertheless, the effects on cell cycle arrest can be
either direct or indirectorinstancegpigallocatechir3-gallate (EGCG) (phytochemical from
green teahas beershown to directly inhibit CDKslfang et al.,1999) or indirectly by
inducing the expression of p21 and p27 genes and inhibiting the expressimtiroDd and

Rb phospbrylation (Semczuket al.,2004)

Therefore, cell cycle arrest can represent a chemopreventive mechanism by subsequent
induction of apoptosisTissue homeostasis is balanced by cell proliferation and cell death.
Evading apoptosis (programmed cell deathy been recognized as one of the hallmarks of
cancer cellyHanahan and Weinberg 200®poptosis can be triggered when cells sense
abnormalities such as DNA damage, imbalance in signaling by aberrant activation of
oncogenes, lackfesurvival factors, or ypoxia (Hanahan an@einberg2000) Apoptosisis
regulated by several proteins, including p53, and the2Bahd caspase familig&ig. 3).
Activation of these cell death proteityy phytochemicas, may be benefiail if it occurs in
pre-neoplastic or tumor cells, but it may result in toxicity when taking place in normal cells.
Nevertheless, some phenolic compounds such as curgpigment fromCurcuma long#
EGCG, resveratrol(flavonoid from grape skins)seem toinduce apoptosis only in
immortalizedmalignantcells (Jiang et b, 1996 Kuo et al.,2002, Yang et al., 1998)
Furthermolecular mechanisms underlyimgluction of these pathwayssuling from chemeo

preventiveaction by phytochemicalare stillbeing researche
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Fig. 3 - Reactive oxygenitrogen specieROS/RNSand otherstress stimuli camterfere withthe cell
cycleregulation (increasingexpression of cell cycle regulatory genes such as p53, cyclins, and CDKs),
activaion of caspase cascades and inductioapdptosisThese pathways are also described as possible

targets for chemoprevention.

1.4. Epigenetics and Cancer

Genomewide association studies have identified hundreds of genatitations
associated with complex humaliseasesike cancer.Despite the success of genocmiee
association studies in identifying loci associated with cancer, a substantial proportion of the
causality remains unexplainednly a minority of cancers are caused by germline mutations,
whereashe vastmajorities (90%) ardéinked to somatic mutations and environmental factors
(Anandet al.,2008. It is nowwell knownthat @ncer initiation and progression are driven by
the concurrent changes in the expression of multiple genes thatveadwth genetic and

epigenetialterationgSzyf 2005)

Epigenetics pertains to heritable alterations in gene expression thabtdmvolve
modification of theunderlying geetic DNA sequenceln particular thet e r m fepi ge nc¢

refers to modifications in gerexpression caused by heritable changes in DNA methylation
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and chromatin structureMajor epigenetic mechanisms of gene regulation include DNA
methylation, modifications of the chromatin structure by histone tail acetylation and
methylation, and small necndingRNAs thataffect gene expression by targeted degradation
of MRNAs or inhibition oftheir translationKig. 4) (Choudhuri2011) Although catalyzed by
different enzymes and controlled by different protein plaxes, all the elements of the
epigenome influenceach other at the level of the chromatin struc{(8teahl and Alis, 2000;

Bergmann and Lan2003).

Chromosome

V. DNA
wrW

Histone tail

Chromatin modifications

p— e DNA
Me methylation
{ mRNA
. 1 t Transcription Translation
Me
- Inhibition of X
™ m translation ; Protein
non-coding RNAs m m
(microRNAs) - Degradation

of mMRNA

Fig. 4 - Overview of epigenetic mechanisms including DNA methylation, kissddinmodifications and nen
coding (micro) RNAs, targeting DNA;tdrminal histone tails and mRNA

Epigenetic mechanisms are essential to control normal cellular functions and they play an
important role during development. Distinct patterns of DNA metloylaregulate tissue
specific gene expression and are involved ichkxomosome inactivation and genomic
imprinting (Berdasco and Estell@010) Interesingly, epigenetic profiles can be modified to
adapt to changes in the environment (e.g., nutritionma@ exposure, smoking, radiatipn
(Suter andTillery 2009) underlininga mechanistic link between environmental risk factors

and the development of diseas®nsequently, alterations in DNA methylation and histone
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marks may eventually contribute to theedlelopment of ageelated and lifestylerelated
diseasegJones and Baylin 2007lndeed eigeneticderegulation has been associated with a
variety of human diseases, includicencey neurological disorders, and autoimmune diseases

(Jaenisclet al.,2003)

Epigenetic alterations have been identified as promising new targets for cancer prevention
strategies as they occur early during carcinogenesis and represent potentially initiating events
for cancer developmerBut the most important feature of epigeaehangs that m&e them
an important targebf cancer chemopreventienthat they ar@otentiallyreversible This has
led to various research efforts aimed &entifying dietary phytochemicals (nutri
epigenomicsps environment factorsyhich can reerse epimutations and/or prevent cancer

progression.

Accumulating evidence shows that natural compounds canegligeneticpatterns by
directly interacting with enzymes responsible &atding or removingepigenetic marks or
indirecty regulating the exmssionof genes that encode proteins implicated in the epigenetic

machinery(Stefanskaet al.,2012)

1.5. Chromatin states andEpigenomic landscape

Chromatin consists of DNA, histones and #iustone proteins, and plays a role in
compacting DNA, preventing WA damage, controlling gene expression and DNA
replication Kouzarides2007).In general, DNA is wrapped around nucleosomes, which are
arranged as regularly spaced beads (146 bp DNA/nucleosome) along the DNA. Typically,
nucleosomes consist of a histoneameer of histones (H)2A/B, H3 and H4. The DNA
bridging two adjacent nucleosomes is normally bounthbylinker histone H1 and is termed

linker DNA. The positively charged amino growgd amino acid residues on histones core
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interacts with the negatively cigeed phosphate groups of DNA, which results in the
compactionof chromatin and the formation of transcriptionally inactive heterochromatin
While the core histones are bound relatively tightly to DNA, chromatin is largely maintained
by the dynamic associah with its architectural proteindt is well established that pest
translational modifications of the histone tails regulate gene expression by determining
chromatin structurelThese modifications are dynamic and controlled by a variety of enzymes
(Histone(de)acetylases (HDAC/HAT)Histone(de)methylases (HMT/HDMT), ubiquitin
ligases, small ubiquitinelated modifier (SUMO) ligases) thaidd and remove specific
groupsand together establish specific chromatin states involvetranscription Emst &

Kellis 2010. Specific sets of histone modifications are associated with genes that are actively
transcribed or are repressed, a phenomenon definta dhistone code” (Clet al.,2010).In
analogy toallosteric control of enzyme¥histone code'may detemine specific gene activity

by spatialorganizationof a gene locus, by altering the higher order structure of chromatin

by generating a bindinglatform for effector protein@Nolis et al.,2009. The dynamic time
dependent combinations of histone nfiodtions or threalimensional locus configuratipas
nucleosome positioningfurther increasethe complexity of information contained in

chromatin (Van Steensé&l011).

Although still controversial, nenoding RNAs (ncRNA) have been included as a
comporent of the epigenomd&he term norcoding RNA is commonlhemployed for RNA
that does not encode a protemtRNAS and more specifically miccRNAs (miRNAS) are
involved in heritable changes in gene expressimiRNAS may regulate gene expression by
contolling translation of MRNANto proteinseither by imperfect basgairing to the mRNA
3 -@ntranslated regions to repress protein synthesis, or by affecting mRNA s{@v#gityand

Sidransky 2011).
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Each miRNA is expected to control several hundred geméact, miRNAs are involved
in the regulation of key biological processes, including development, differentiation,
apoptosis, and proliferation, and are known to be altered in a variety of chronic degenerative
diseases including cancg@talin and Croce aWB). Furthermore, Here is good evidence that
noncoding RNAs also regulate chromatin architectGugptaet al.,2010. More interestingly,
they are implicated in reciprocal interconnections between all the compookritse
epigenome. Aberrant miRNAeguhtion especially that associated with canc@&an be
influenced by DNAmethylation and histone covalentodifications (lorioet al., 2010).
mMiRNA may alsoaffect the epigenome by targeting enzymes of the epigenetic machinery

(Zhouet al.,2010).

1.6. DNA Methylation

DNA methylation is a covalent modification of DNA that in mammalian cells takes place
mainly atthe fifth position of the cytosine pyrimidine ring located predominantly within CpG
sequences (Gruenbauwen al.,1981). CG-rich regions, called CpG island€Gl), are mostly
unmethylated in normal cells and located in regulategyons of housekeeping genes, tissue
specific genes antumour suppressors (Hermanet al., 2004). CGI are also present in
promoters of some oncogenes, where thmathylated states involved in the formation of an
inactive chromatin structure leading to transcriptiosdencing (Szyfet al., 2004). Recent
data indicate that methylation can atsur in cytosinesvithin dinucleotide sequences other
thanCpG, although the role ofan-CpG methylation remains to be elucidated (Ligeal.,

2009).

DNA methylation in normal cells is implicated in oncogene repression, the control of

expression of genes crucial for cell proliferation, differentiation and normal development as
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well as inparental imprinting, X chromosonieactivation, and preservation of chromosomal
integrity by the silencingf transposons and repetitive elements (Sstydl.,2004). Several
mechanisms were proposed for DNA methylativediatedtranscriptional silencingrirstly,
sometranscription factors, such as CREB (CAMP response elebirding protein), E2F
(elongation 2 factor), NdkB (nuclear factor kapphght-chainenhancer of activated B cells)
and AR-2 (activator proteir2), are unable to recognize specifiequences when they are
methylated or methylation occuirs their proximity Paluszczak and Ba&ubowska, 2005).
Secondly, the binding of transcription factors to regulatory elemeititsn promoters and
enhancers can be hindered by meti@pG-binding donain proteins (MBDs) that bind with
high affinity to methylated DNA and cover recognitiefements (Reik and Dean, 2001). The
third mechanismis associated with the MBinediated recruitment of HDACand HDMT

that set up a compacted inactol@omatin stat@around thegene (Das and Singal, 2004).

The highly controlled pattern of DNA methylation is disrupted during ageing,

development of chronic diseases @adcinogenesis

Numerous data show that hallmark of cancer is globdDNA hypomethylation and
hypermelylation of specific regions, mainly within promoters tfmour suppressor genes.
The increase in promoter DNisethylation was reported as a common mechanistunodur
suppressor gene silencing observed in many typearafer (Baylinet al.,2001; Szyfet al.,
2004 and reversalof the aberrant DNAhypermethylation reactivated gene transcription
(Stefanskeet al.,2010. DNA hypermethylation at gene promoter regas responsible for
silencing more than 600 canemlated genes and this number is siging (Muleroet al.,
2008).Besideseffects on tumour suppressor genes, DNA methylation changes have also been
detected in oncogenes as well as genes involved in theycéd regulation, DNA repair,
angiogenesis, metastasis aapoptosis (Herceg 2007This show how changes in DNA

methylation contribute to the 6 hallmarks of a cancer cell i.e. limitless replicative potential,
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selfsufficiency in growth signals, insensitivity to growitthibitory signals, evasion of

programmed cell death, sustained angneges and tissue invasion and metastasis

1.6.1. DNA Methyltransferase (DNMTS)

DNA methylationin mammalsis an enzymatigrocess which is primdyi mediatedby
the three known active DNA cytosine methyltransferd&NT1, 3A, 3B), which catalyze
the transfer ofa methyl group from the ubiquitousethyl donor, SadenosylL-methionine

(SAM), to the fifth position of a cytosine pyrimidine rig@ruenbaurret al.,1981).

1.6.1.1. DNMT1

DNMT1 is the best known and studied member of the DNMT family. It is primarily a
maintenancenethyltransferase and plays an important role in cell division and development.
During cell division, methylation patterns in the parental strand of DNA are maintained in the
daughter strand by the action of DNMT1 which catalyses the transfer of a methglto the

cytosine residues, restoring tegmmetrically methylated CpG dinucleotide pair.

The humarDNMT1 gene is located at human chromosome 19p13.2 and encodes a 183
kDa protein DNMT1 comprises a large #rminal domain with regulatory functiormsd a
smaller 500 amino acid -@rminal catalytic domair(Yen et al., 1992) The Nterminal
regulatory domainharbors different motifs including different start codons, a nuclear
localization signal(NLS), a PCNA (proliferating cell nuclear antigen) interaxgi domain
(Chuanget al.,1997) a replication foci targeting regiofRFTS) involved in targeting the
enzyme to replication foci during S pha&eonhardt et al.,1992) and a CXXC domain (a
cysteinerich Zn2_-binding motif) implicated in binding DNA seguces containing CpG

dinucleotides Bestoret al.,1992) These specifidomains allow DNMT1 to directly interact
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with various transcriptional regulators such as DiAthyltransferase 1 associated protein 1
(DMAP1) andhistone deacetylases (HDACSs), therabffuencing gene regulation through
epigenetic signalingRountreeet al.,2000) The Gterminal domain of DNMT1 contains all

the conserved miis characteristic of cytosirR€5-methyltransferaseand shares a set @b
conserved amino acid motiffCheng 995 (Fig. 5). The catalytic process involves a
conserved mechanism that has bebest studied in the bacterial cytosin€S
methyltransferase (MTaseBriefly, this mechanism involves MTase binding to the DNA,
evesion oft he target nucl eotide so that it proj
into the catalytigpocket of the enzyme, covalent attack of a conserved cysteine nucleophile on
cytosine C6,transfer of the methyl group from-&lenosylmethionindo the activated
cytosine C5, and thearious release stepgloreover, base flipping plays an important role in
the enzymatic reaction bgroviding high accessibility of the target base to the enzyme,
thereby allowing for intricatehemical reactions to oar and for accurate recognition of the

flipped basd€Zhanget al.,2006)

DNMT1 is ubiquitously expressed in proliferating cells, localizes to replication foci, and

interacts with the proliferating cell nuclear antigen (PCN4&aophardtet al.,1992).

Homozygousknockout of DNMT1 is lethal to the embryo in mammals, suggesting a
crucial role for DNMT1 in embryonic development. However, studies on DNMT1
overexpression irembryonic stem dks also resulted in lethality tthe embryo suggesting
accurate expssion of DNMTL1 is a key factor in maintaining embryonic development

(Biniszkiewiczet al.,2002)

As expected for a maintenance methyltransferase, DNMT1 has- &o03@0fold
preference forhemimethylated sitegJeltsch 206). Further investigations provethat

DNMT1 activity is required fode novomethylation at notCpG cytosinegGrandjearet al.,

18



2007) However, increased DNMTéaxpressionoccursin the process of malignant genesis

leading tathe silencingof expression of tumor suppressor ge(iesbertet al.,2003)
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Fig. 5 - Schematic representation of DNMT structure, they carry a similear@inal part, but a different

N-terminal domain that determines the interaction with diferent proteins.

1.6.1.2. DNMT3 Family

The DNMT3 family indudes two major memberBNMT3A andDNMT3B, which play
an important role in mediatingle novomethylation processe3argeted disruption of both
DNMT3A and DNMT3B in mouse embryonic steeells blocled de novomethylation, but
had no effect on maintenancd an imprinted methylatiopattern(Okanoet al.,1999) The
DNMT3 enzymes have an equal preference for hanaunmethylated DNA substrates in
vitro (Aoki et al., 2001). The distinct biochemical properties and biological functions
exhibited by the de novand maintenance methyltransferaaes partly due to the structural
differences of these enzymeBoth theDNMT1 andDNMT3 families of methyltransferases
contain the highly conserved-& methyltransferase motifs #teir Gterminal domain but

they showa variable region aheir N-terminal regionsChenet al.,2004).

The DNMT3A and DNMT3B proteins are very similar in structural organization. Their
N-terminal regulatorydomains contain a variable region (280 amino aciddNMT3A and
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220 amino acids iDNMT3B) followed by twoconserved regions, a PWWP domain and a
cysteinerich domain that shardsomology with a region in ATRX (C&noet al.,1998) The
ATRX homology domains oDNMT3A and DNMT3B have been shown to interact with
HDACs andrepress transcrifn in reporter ssays (Flas et al.,2001). The PWWP domain is

a moderately conserved region of 100 to 150 amino atliseis evidence that the PWWP
domains of DNMT3A and DNMT3B are involved in functional specialization of these

enzymegChen efal., 2004).

Both DNMT3A andDNMT3B exhibit specialized roleF.-hese phenomena mag due to
the different distribution of these two enzymes, wher@byT3A is ubiquitouslyexpressed
butDNMT3B localizes its activity to the pericentromeric repeats carrying higlt@@ent In
fact DNMT3B appears to be critical for the methylation of a pattr compartment of the
genome, for instance, DNMT3B mutations are linked with a syndrome called ICF
(immunodeficiency, centromeric instability, facial abnormalitiesjare reessive autosomal
disordercharacterized by hypomethylation at pericentromeric satellite re¢@kenoet al.,
1999). DNMT3A cannot replaceDNMT3B in this function, possibly because of its
distributionmechanism, which is less efficientamethylating hignly CG rich DNA (Shirohzu

et al.,2002.

Overexpression ofDNMT3B has been shown in various human tumors, while the
expression level dDNMT3Ais only modestly increased in certain types of tunfBibertson
et al., 1999) indicatingthat DNMT3B plays amore important role in tumorigenesis than

DNMT3A.

DNMT3B contains 24 exons spanning 47kb of genomic DNA, mliket DNMT1 and
DNMT3A, DNMT3B is the only DNMT that is expressed as alternatively spliced varints
by alternative promoter usag€henet al., 2002. Several of theDNMT3B variants are

missing key regions of their-@rminal catalytic domain, rendering theatalitycally inactive
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(DNMT3B3; DNMT3B4; DNMT3B5). Two altenat i ve 506 e ONMISBl;ar e

DNMT3B2), but the same fullength DNMT3B pratein is expected from both trscripts

(Okano et al., 1999) qDNMT3B, consists of at least seven risariptional variants by

alternative pranRNA splicing laking 200 amino acids at the regulatoryt&minal domain

of DNMT3B. The predicted proteins frogDNMT3B5, gDNMT3B6, and gDNMT3B7

contain no enzymatic domain of the methyltransferase due to premature translational

termination (Wanget al.,2006)(Fig. 6)
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conserved betweemumans and mice, suggesting that these isoforms carry biological

significance(Okanoet al., 1998). Despite this conservation, their functions in normal and

disease states remain largely uncléacreased expression BNMT3B has been frequently

observedn human cancer cell linemnd primary tumorgOkanoet al.,1998). Someof the
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variants may compete with each otheerhapsresulting inDNA hypomethylation $aito et
al., 2002. This possibility suggests a compléiological role of theDNMT3B variants
Though the expressioof inactive DNMT3B variantsis associated with changes in DNA
methylation, little is known about the mechanisms that undéhiése changes at the

molecular level.

1.6.2. DNA Demethylation

DNA methylation has a profound impact on genontabifity, transcription and
development. Although enzymes that catalyse DNA methylation have been well
characterized, those that are involved in methyl greemoval have remained elusiuvatil

recently.

DNA methylation is relatively stable compared witiost hisone modificationsDNA
methylation has been considered as anmwersible reaction for decades. It was assumed that
demethylation can only occur in a passive way by blocking the activity of DNMTSs in dividing
cells. Nevertheless, loss of DNA matlation, or DNA demethylation, has been observed in
different biological contexts and this alteration can take place actively or pag$)eelgnd

Bestor 2008)

Active DNA demethylation refers to an enzymatic process that removes or modifies the
methyl goup from5-methylcytosine §mC). By contrast, passive DNA demethiytan refers
to loss of 5mC during successive rounds of replication in the absence of functional DNA
methylation maintenance machinery. Although passive DNA demethylation is generally
undestood and accepted, the evidence for active DNA demethylation and how it occurs has

been controversigWu and Zhang 2010).
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One if the most studied biological context which active DNA demethylation takes
place is mammalian embryogeneg®&uraniet al, 2010) In fact establishing and editing
genomic methylation patterns seems to be particularly relevant during development and
cellular differentiation. After fertilizatiorthe paternal genome, but not the maternal, goes
rapidly through a complex remoded of DNA methylation patterns suggesting an active

5mC editing proces@lenkinset al.,2012; Mayetet al.,2000)

Besides global loss of DNA methylation in zygotes, DNA demethylation has also been
observed at spdic loci in rapid response to environmtal stimuli or in posmmitotic cells,
supporting the relevance of active demethylation in variousdigal settings in the absence

of cellular replication(Kangaspeskat al.,2008).

The discovery of a family enzymg&$ET) that can modify 5mC throughxmlation sheds
light on DNA demethylation mechanisms, introducingyalroxymethylcytosine (5hmC) as a
key intermediate in active demethylation pathw#yahiliani et al., 2009) Even more
strikingly recent reports providing insights inEhmC genomic digtbution suggest it is

potentially highly relevant in gene regulatifvdlovu et al.,2011)

The TET enzyme family not only catalyze oxidation of 5mC to 5hmC, it is demonstrated
that they are capable of iterative oxidation, yieldingo@nylcytosine (5fC) ad 5
carboxylcytosine (5caCflto et al., 2011). Notably, 5hmC, 5fC and 5caC are chemically
distinct modifications of Ghat could be specifically regnized by different DNAdinding
proteinsto regenerate unmodified @though5hmC is significantly mor@revalent than 5fC
and 5ca( Song et al.,2012) Thus 5hmC has taken on a new central role in epigenetics. The
base sits at an important branch point, with at least three potential outcomes. 5hmC could
have an independent epigenetic role related tokthees e 6 s i nteraction
associated proteins, either through direct recruitment by 5hmC or through disruption-of 5mC

specific interactionsHowever other potential pathways for demethylation following 5mC
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oxidation to 5hmC have been proposeand hey could have a role in remodeling DNA

methylation pattern@ohli and Zhanget al.,2013.

Kohli and Zhang revisited the definitions of active and passive detagtnydescribing
the latter as the replicatiadependent dilution of 5mC onlinstead actie modification (AM)
of 5mC to generate 5hmC involving TET is best viewed as active demethylation. This base
(5hmC) can be further processed through either passive dilution (PD) to regenerate
unmodified C through DNA replication, or active restoration (ARpughfurther enzymatic

modification(Kohli and Zhan@013)(Fig. 7).
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Fig. 7 - Schematicepresentation of the pathways that drivBA demethylationActive modification and
Passive Dilition invohes the oxidation of 5mC to 5hna@d subsequent cycles of replicatiomduced baseloss
Alternativelythe activity of repair enzymes pides the modification of Shmfgeneratinghe Cin an active
restoration (AR).

A pathway for active restation of C could involve DNA repair enzymesghich remowe

an entire modified base witts subsequent repair to replace the residue with unmodified C

The involvement of base excision repair (BER) pathway in demethylatentified a

particular thymine DIA glycosylase (TDG}hat hasa role as a DNA repair enzyme that can
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remove a normal base, T, from a genomic T-Grmaich (Cortazaret al.,2007). Therefore
deamination of 5mC oshmC byDNA cytosine deaminases (AlDg¢adto T-G mismatches
that are substtes of TDG for which repair could regenerate unmodifiedGortellino et al.,
2011) These deaminatieomediated pathways for demethylation could also involve the DNA
damage responseqtein GADD45 or even MBD4 as glycosylase for excision of T-G

mismatcles(Barretoet al.,2007; Niehrs and Schafer 201(#)g. 8).
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Fig. 8 - Theindividual reactions in the pathwdgr dynamic modifications of &e shown with all
reactants depicted. The BERthway involves excision of the abasic site, replacement of the nucleotide using
unmodified deoxycytidine triphosphate (dCTP) by a DNA polymeraségation to repair the nick.

Interestinglya recent study shoed that DNMT enzymesin addition to conveing C to
5mC on DNA, can also demethylaten® on DNA under specific conditiongn vitro; in
particular inthe presencef C&* ion and inthe absence of reducing reagerits other words,
the covalentddition of the methyl group to thepmsition of cytsine onDNA, as catalyzed
by DNMTs, is reversible(Chenet al.,2013) FurthermoreMizuno et alshowedtheincrease
instead of reduction, of the levels DNMT1, DNMT3A, andDNMT3B in cancer cellghat
could not be easily correlated with thgical globd hypomethylation of cancer genomes
(Mizuno et al., 2001 Feinberg et al.,2004. The finding of the Cd dependent oxidation
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statefacilitated DNA demethylase activities of the three enzymes, in contrast to their DNA

methyltransferase activities, provgla plausible basis for the above correlation.

Oxidative modifications of 5mC and related repair mechanisms have expanded the
possibilities by which the genome can retain great flexibility while maintaining the integrity

of its coding information.

1.7. Interplay between chemepreventive and epigenetianechanismsand

the effects ofnatural compounds

Since epigenetic changes are reversible, developing drugs that control epigenetic
regulation now attracts substantial research investment, including the development
functional foods or supplements as nutrition based epigenetic modulators for cancer

chemoprevention (Arasaradnam et al., 200&asramka et al., 20/12

Over the last few years, evidence has accumulated that natural products and dietary
constituents withchemaopreventive potential have an impact on DNA methylatibig.(9),
histone modificationsKig. 10), and miRNA expression(Stefanskaet al., 2012; Druesne

Pecollo and.atino-Martel 2011; Liet al.,2010)
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As indicated inFig. 9, folate and Bvitamins have a potential impact on DNA

hypomet hyl ati on.-cdhlkegnamétealbol ihe mdigoomgsifoc h pr

methylation reactions. Folate is an important factor for the maintenance of DNA biosynthesis

and DNA repair, and folate deficiency leads to global DNA hypomethylation, genomic
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instability, and chromosomal damage. As an essential micronufoéate needs to be taken

up from dietary sources, such as citrus fruits, dark green vegetables, whole grains, and dried
beans.Epidemiological studies have indicated that low folate levels are associated with an
increased risk forcolorecta] breast, ovar, pancreas, brain, lung, and cervix cancer
(Lamprecht and Lipkin 2003; Duthie 201 Consequently, the relationship between folate
status, DNA methylation, and cancersk has been analgd in numerous rodent
carcinogenesis models and in human intervargiadies. Overall, the results are inconclusive
and depend on various parameters, for example dose and timing of the intervention, the
severity of folate deficiency, and health statkisrn( 2005).Excessive intake of synthetic folic

acid (from highdose spplements or fortified foods) may even increase human cancer risk by
accelerating growth of precancerous lesifibsthie 201). Therefore folate supplementation

cannot be generally recommended, and deficiencies should be prevented by dietary intake.

In this respect medical benefits of dietary compounds as epigenetic modulators, especially
with regard to their chronic use as nutraceutical agents in cancer chemoprevention (individual
targeted diet or diet supplementi®serve to be further investigated totéetinderstand their

epigenetiaole during enbryogenesis, early life, agings well agluring carcinogenesis.

1.8. Altered epigenetic mechanism anghytochemicaleffects

In the last decade, the aisancer activity of multiple bioactive food components with a
diverse range of molecular targets has been proven by intensive ressegumulating
evidence indicates that dietary composinchn alter pathways which are relevant for
chemoprevention and are commonly deregulated by epigenetic mechanisms in cascer cell
including drug detoxification, cell cycle regulation, apoptosis induction, DNA repair, tumor

associated inflammation, cell signaling that promotes cell growth, and cell differentiation
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Thereis nowa lot of evidence for phytochemicals that may induek @ycle arrest by
epigenetic alterations that leaddownstreanre-expression and reactivation kdy cell cycle

regulatos.

Remarkably, DNA methylations involved in the regulation of CKI expression, as

6" and p21°'"YWAFL Moreover in epidermoid carcinoma cells, EGCG

exemplifiedby pl
decreased global methylation and inhibited DNMT activity as well as expression of DNMT1,
DNMT3A, and DNMT3B, which led to the rexpression of pl6 mRNA and protein

(Nandakumaet al.,2011)

The tumor suppressor PTE{ghosphatase and tensin homolog deleted on chromosome
10) negatively regulates the phosphatidylinositekiriase (PI3KJAKT pathway that
transmits antapoptotic survival signals and regulates cell proliferation, growth and motility
(Vivanco Sawyers 2002)Downstream signaling is indirectly mediated via transcription
factors such as NkB (Hollanderet al.,2011) Epigeneticinactivations of PTEN by promoter
methylation or miRNA silencing areommon in multiple tumor types. Silencing through
epigenetic mdtanisms frequently occurs in breast, prostate, thyroid, and lung cglaer,

and melanoma.

Studies reporthat vitamin D3 treatments able to reduce methylation and to enhance
concomitantly expression of PTENhis was associated with dowegulationof DNMT1
and upregulationof p21 after incubation with vitamin D3 and resvera(®ilefanskeet al.,

2012).

Furthermore, cancer, like multiptgherconditions such as diabetes, allergy, rheumatoid
arthritis and cardiovascular disease, has been linketramic inflammation and metabolic
stress. Studies have shown that epigenetics constitute the crossroads of cancer, inflammation

and metabolic stressvigntovaniet al., 2008. Signalling pathways responsive to chronic
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inflammation activate downstream media such as transcription factors @KB) that drive
changes in the expression of target genes. However, binding of the transcription factors to
DNA depends on the chromatin structure, which is regulatethégpigenetic machinery.

Thus, inflammatory geneexpression is dependent on epigenetic mechanifetary
phytochemicals that modulate epigenetic components, such as EGCG and gallic acid, can
thereby suppress the expression of inflammatory genesndande phenotypic alteration in

inflammationrelateddisordergChoi et al.,2009)

Normal cells do not proliferate without mitogenic stimulatory signals. Consequently,
Asesluff fi ciency in growth signalso was def i
(Hanahan, Weinberg 2000WWNT signalling is one ofthe most important pathways that
regulate proliferation asell as embryonic development, differentiation and cell migration.
Endogenoud®VNT antagonists that inhiblWNT signaling through direct binding ¥WNT are
frequently disrupted by DNA methylation various cancers. These include secreted frizzled
related proteingsFRP3$ and WNT inhibitory factor 1 (WIF1), as well ad3VNT5A (Klaus
Birchmeier 2008) Several recent studies indicate that the chemopreventive agents EGCG,
genistein,and black raspberige reactivate silence®VNT inhibitory genesby promoter
demethylation leading to a reduction of proliferation and apoptosis in lung and colorectal

cancer cell§Wang efal., 2011; Gacet al.,2009; Wanget al.,2010)

Thus rumerous data have shown thategdtions in epigenetic modifications produce
various effects on the phenotypgéatural @mpounds that directly affect DNA methylation
can induce changes in other components of the epigenome due to a trilateral relationship that
exists between DNA methylatn, histone covalent modifications and remding RNAs.This
increases theepigenetic modulatory potentialf dietary compounds, which attracts more
scientific interestgiven their advantageas costs their availability andtheir non-toxicity that

allowsalong periodof use
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Therefore natural chemicals can be efficacious in bo#mcer prevention andancer
therapy and are becoming potential targets of drug development. The main challenges in the
investigation of phytochemicals as epigenetic agentsawe strategiesor increasing their
bioavailability, as most of thenshow poor bioavailability in vivoStudyon a genomewide
level may help to better understarttle importance ofepigenetic mechanism& gene
regultion in cancer chemoprevention as vwadidetermining the role of natural compounds

alone or in combination with existirdyugs in improving cancer treatment.
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2. AIM OF STUDY

The aim of this study was to investigate the antiproliferative potential of a Cactus pear
pigment extract (Indicaanthin) and outline its features. In particular, to assess the phenotypic
effects ontumour cell lines and to investigate thegological functionand/or epigenetic
mechanismgor Indicaxanthid activity in order to determine the potential chepreventive

or therapeutic properties of this phytochemical towards cancer.

32



3. MATERIALS AND METHODS

The study was carried out at the Departm@hEBIFEC University of Palermdltaly),
both in the cytogeneticand cell biologylaboratory(Tutor: Dr Fabio Caradonnand in the
Biochemistry laboratoryRrof. Maria AntoniaLivrea). Part of thisresearchwas also carried

out at the Institute of Food Research (NorwidK) in Dr Nigel Belshaw Lab.

3.1. Indicaxanthin extraction and purification

Indicaxanthin(Ind) wasisolatedfrom cactus pear(puntia ficusindica) fruits (yellow
cultivar). The phytochemicalas separated from a methanol extract of the pulp by liquid
chromatography on Sephadex26 (Buteraet al.,2002). Fractions containing the pigment
were submitted to crydessiccationKreezone 4.5, Labconco, Kansas City, Mo, USAJ
purified according to Stintzing et ébtintzinget al.,2002). Briefly, the dessiccated material
was resuspended in 1% acetic acid in water and submitted te@@parative HPLC using a
Varian Pursuit C18 column (250 x 10 mm i.d.; 5mm; Varian, Palo Alto, CA), eluted with a 20
min linear gradient elution from solvent (1%acetic acid in water) to 20% solvent B(1% acetic
acid in acetonitrile) with a flowate of 3ml/min. The eluent was monitored
spectrophotometricallyat 482 nm. The elatl fractions containingndicaxanthin were
collected. Samples after crgmssiccation were yguspended in 5 mM phosphaiaffered
saline (PBS), pH 7.4, at a suitable concentration and used immediately or st8@Carlhe
concentration of the samples was evaluated spectrophotometrically in@®Beckman
spectrophotometer by using a molar coefficient at 482 nm of 42F8aad]li et al.,1964).
Indicaxanthin was filtered through a Millex HV Orfim filter (Millipore, Billerica, MA)

immediately before the use.
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3.2. Cell lines and reatment

All tumourcell lines used for the experiments, obtained from the American Type Culture
Coll ection (Rockvill e, MD) , were cultured
Gibco Life Technologies, Grand Island, NY) supplemented with 10% fetal bovine serum
(Gibco Life Technologies), 2 mmol/L-glutamine, 1% nowmssential amino acids, 10 mM
HEPES, 50 units/mL penicillin, 50 pg/mL streptomycin, and 100 pg/mL gentamicin and were
maintained at 37 °C in 5% CQand 95% humidity. The medium was changeti tines per

week.

Cell lines analysedvere Human Liver cell line (Chang Liver); tinan malignant liver
cell lines(HepG2, Ha22T, HUH7); Breast Cancer cells (MCF7); Ge@ancer cells (dLa);

Humanepithelialcolorectaladenocarcinomeells (Caco?2).

Caco2 cells are of particular interest for two reasons.|idtey are a modebf the
intestinal ephitelium which may be exposed to high conceoitrstof Ind from the diet.
Furthermore Caco2 cells are a model system for the study of cell differentiation of human
enterocytes of intestinal origin. Caco2 cells, in fact, are able to differentiate spontaneously
into polarized cells with morphological armochemical characteristics of normal intestinal
enterocytes. The differentiation process begins when the cells reach confluence, which means
when the firstcell-cell contacts are established, and it is considered complete after about 3
weeks instandarctulture condition (Pintet al.,1983). Therefore, these cells are of particular
interest not only for the study of various biological processes such as differentiation,
proliferation, but also because they are a tool for the study of how the intestisitdacedport

nutrientand metabolize substances of pharmacological interest.

In addition to these cell lines in the last partlos work spent abroad at the Lab Df.

Nigel Belshaw (Institute of Food Research, Norwich, UKgre also studied othetumou
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cell lines derived from colorectabncer(HCT116,LOVOL1, DLD1, HT29). This is to assess

whether Ind had a widespread effect on cell derived from the samedfssugn.

3.3. MTT Assay

Cell sensitivity to Ind was evaluated by MTT assay. This colorimessayaallows the
assessment of cell proliferation that is directly proportional to the metabolic activity of the
cell. MTT is awatersoluble tetrazolium sathat is metabolized by living cells and converted
into formaan by the action of dehydrogenasenegyme. The formazan is violet and is
typically viewed asinsoluble materialat the bottom of the culture plat€éormazanis
solubilized in DMSOto form apurple solutionthe intensity of which is proportional to cell

density.

In a typical experiment expentially growingtumour cells were seeded into 9¢ells
culture plates Corning Costar Inc, Corning, NYat a density of 2.0 x focells/cnf and
incubated for 24 h prioio treatment, with Ind fo24 hor 48 h. In some experiments C&co
cells were grown 3veeks after confluence, to allow differentiaticand thentreated with
either 50mMM or 100 MM Ind. Following treatmentthe medium was removed and the cells
were washed with PBS. Sertfiree mediumcontaining 5 mg/mL MTT was added and the
cells were incubated for 2 h at 37°C. Then, the medium was discarded, and the formazan blue
formedwas dissolved in DMS@200ul). The absorbance at 560 nm of Midrmazan was
measured in a microplate readdloMaxA®-Multi Microplate Reader (Promega
Corporation, Madison, WI, USAand the values were expressed as percentagcontrol

(untreated cells).
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3.4. Annexin-V apoptosis &say in Caco?2 cells

The externalization of phosphatidylserine to the cell surface was detected by flow
cytometry by double staining with Annexin V/propidium iodide (PI), using the Annexin V
apoptosis detection kit FITC, accordingteth manuf act ur er 6 s 8005,t r uct
eBiosciences Inc., San Diego, CA, USA). Cells were seeded in triplicatdeasity of 2.0 x
10* cells/cnf. After an overnight incubation, cells were washed with fresh medium and
incubated with 25nM to 100 MM Ind in DMEM. After 48 h, cells werédharvested by
trypsinization anddjustedo 1.0 x 10 cells/0.1 mL with combining buffer (50 mM TRIS, pH
7.4, 100 mM NacCl, 1% BSA). After addition off®. Annexin V provided byhekit and5 pL
of PI(2 0 ¢)gcelimvere incubated at room temperature, in the dark, for 15 min. After
incubation the volume was adjusterl0.5 mL PBS and samples of at leagix1d cellswere
subjected to fluoresceneect i vat ed cel | sorting (FACS)
cytometer usg Expo32 software (Beckman Coulter, Fullerton, CA), usingppropriate bi

dimensional gating method

3.5. Measurement ofmitochondrial trans-membrane potential

Mitochondrial transmembrane potentialDy ) was assayed by flow cytofluorometry,
using the catonic lipophilic dye3 , -Bilexyloxacarbocyanine iodide (DIOC6(3), Molecular
Probes Inc., Eugene, OR, USA) which accumulates in the mitochondrial matrix. Changes in
mitochondrial membrane potential are indicated by a reduction in the DBi@d6ed
fluorescece intensity. After treatment, 5x76ells wereincubated in 0.5 mL PB containing
40 nmol/L DIOC6(3)for 15 min at 37 °C. After centrifugation, cells were washed with PBS
andresuspended in 500L PBS. The fluorescent intensities warealysedn at least 1.0 x 1

cells for each sample.
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3.6. Measurementof Intracellular Reactive Oxygen Species (ROS) level

in Caco?2 cells.

ROS level wasdeterminedby measuring fluorescence changes which resulted from
intracellular oxidation of dichlorodihydrofluorescein diacetate (DCFDA). DCFDA, atM0
final concentration, was added into the cell medium 30 min before the end of treatment. After
trypsinizationthe cells were collected by a 5 min centrifugat@20® rpm at 4 °Cwashed,
resuspended in PBS and immediately subjected to FACS anafysisast 1.0 x 1fcells

wereanalysedor each sample.

3.7. Methylation-Sensitive  Arbitrarily -Primed  Polymerase  Chain

Reaction (MeSAP-PCR)

After treatment of Ca@® cells wih Ind or 5aza2 6 d e 0 x y ¢ ¥a}, DNAI ertractioh A
was performed using PureLink Genomic DNA Kit(Invitrogen, Life Technologies, Paisley,
UKlaccording to the manufacturerds instruct.i
were assessed using BanoDropl000 spectrophotometer (NanoDrop Technologies,
Wilmington, DE, USA).The methylated CpG islands were detected by MeBE&R, carred
out according to Liang et &Liang et al.,2002 with some modifications (Caradoneéaal.,

2007). Briefly, DNA from Caco2 cells (8g) was digested in a total volume of fiDfor at

least 16 h, at 37°C, with 10 U of Afal restriction endonuclease (single digested DNA, SDD).
Then one half of SDD digested was further treated with Hpallmethylatiorsensitive
restricton endonuclease unable to cut DNA if methylated cytosine is present in its recognition
site (CC*GG)at 37°C for 16 h(double digested DNA, DDD)SDD and DDD were heat
inactivated for 20 min at 65°C and separately amplified by Arbitriilgned PCR usingvo

subsequent amplification cycles, ARLand AP2M, in a T1 Plus Thermocycler (Biometria,

37



Gottingen, Germany)ln the APXM (low stringency cycle), a permissive annealing
temperature, a higlsalt and primers concentratiomere set to allow arbitrary prien
annealing to the best matches in the template with the highest preference for all the genomic
CpG sites since they are provided with a 3' tail complementary to these sites. The
reproducibility of the reactions was ensured as all experiments were ceadisatg the same

rates of buffers reaction.

PCR was performed in a total volume of 25 ul under the following conditions:

Genomic DNA 250 ng

21-mer arbitrary primer

( 5AAC TGA AGC AGT GGC 10 uM
CTC GCG-3 6)
200 uM
Tag DNA polymerase (Roche
Diagnostics, Milano, Italy) in 10
mM Tris -HCI, pH 8.3, containing 0.8U
1.5 mM MgCl; and 50 mM KClI

Cycle profile was:

A Cycle 94°C 5 min
94°C 30 sec
4 Cycles at low
. - 40°C 60 sec
stringency conditions
72°C 90 sec
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AP2-M (high stringency cycle), runsmmediately after APAM. Reaction mixture

consisting of 75ul of:

wasadded to 25 pl of AP-M mix, immediately beforéAP2-M cycle

Cycle profile was:

A Cycle 94°C 60sec
29 Cycles at high 60°C 60 sec
stringency 72°C 2 min

conditions 72°C 90 sec

Amplified DNA was resolved by nedenaturating 6% acrylamid@sacrylamide (29:1
ratio) gel electrophoresis. DNA fingerprinting was obtained by Sybr safe staining, and
submitted to densitometric scanning and analysed by SigmaGel image analysis software

(Jandel Scientific, San Rafael, CA, USA).

3.8. Methylation-Sensitive  Restriction  Endonucleases  Multiplex

Polymerase Chain Reaction (MSREPCR).

In order toanalysethe methylatbn status of th€€pG island ofp16™ @ gene promoter
region, MSREPCR was performe@Longo et al., 2013)ln detail genomic DNA (0.251)
from Cac@ cells was digested with exces$ Cfol a MethylationSensitive Restriction
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Endonuclease (MSRE) (5U/ug DNAfor at least 16 h at 37°C, according to the
manufacturer 6s i nst,samplésiofeether ggndmic\oi MSREgeagtedn )
DNA were amplified by MultiplexPCR (MPCR) inthe presence of primers flanking the
CpG island ofp16M“*® gene promote M-PCR of MSREdigested DNA will give a product

only when MSREhas not cut the DNA, leaving the template intact and suitable for

amplification.

Reaction mixture of MPCR reaction contained:

Genomic DNA 250 ng
dNTP 0.2 mM
NK4

pl

0.2uM

(5 ACTCCCTCCCCATTTTCCTATCT -3

p16"“*? antisense

0.2uM

(5 €CGCGATACAACCTTCCTAACT -3p
MgCl, 1.2mM
Taq polymerase in 1X buffer provided by 2B

manufacturer (Invitrogen)

Amplification was carried out in a total volume of 100 ul using a T1 Plus Thermocycler

Cycle profile was:

A cycle 94°C 5 min
94°C 2 min

30 Cycles of 55°C 2 min
72°C 2 min

final extension 72°C for 10 min
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Co-amplification of IL-4 internal region (998p product) was concurrently carried out as

a control

IL4 -2A sense 5 &£&CCCAAGTGACTGACAATCTGG-3 6
IL4 -2B antisense 5 &STGAGAGTATTTGGTTTTTCAGAAAT-3 ©

These primersesult in aPCR product using either genomic or MSRiigested DNAas
template since the sequence to be amplified has no recognition site for the methylation

sensitive endaiclease used.

The M-PCR products were resolved by nt@naturing 6% acrylamideisacrylamide
(29:1, ratio) gel electrophoresis, stained with Sybr Safe by Imaging System. (ChemiDoc XRS,

Bio-Rad, Milano, Italy).

3.9. RealTime Polymerase Chain Reaction (RTPCR) of p16M“2

Total RNA was extracted from Ca2aells using Trizol according tihe manufacturer's
protocols (Invitrogen); the RNA was eluted in diethyl pyrocarbonate (DEPC) treated water
(0.01% DEPC) and stored «€80°C until RT-PCR analysis. Nucleic acitbncentrations were
measured by spectrophotometry (NanoDrop 1000 Spectrophotometensti@inst cDNA
was synthesized from total RNA (250 ng) using a SuperScript IlI-Strand Synthesis
System (Il nvitrogen) accor di m&NAterpredsibreleveisa n u f
were determined using first strand cDNA as the template by quantitativirmeaPCR
(gPCR), with Platinum SYBR Green qPCR SuperdiRG with Rox (Invitrogen) ira 7300

Real Time PCR system (Applied Biosystem, Philadelphia, PA, USA).
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6NK4a

The sequences of tipd primers used were:

pl6Forward 5 &GTGGACCTGGCTGAGGAG3 6
pl6 Reverse 5 &TTTCAA TCGGGGATGTCTG3 6

b-Actin was used as an internal control with the following primers:

Actin Forward 5-8BICCCACATAGGAATCCTTCTGAGS3 |
Actin Reverse 5-NGGCACCAGGGCGTGAT3 N;j

PCR data obtained by the instrument software were automatically analysed by the
Relative Quantificatio Study Software (Applied Biosystem) and expegb as

target/reference ratio.

3.10SDSPage and western lotting analysis

After treatment, Cac cells wererinsed twice with icecold PBS and harvested by
scraping with icecold hypotonic lysis buffer (10 mM Hes, 1.5 mM MgGl 10 mM KClI,
0.5 mM PMSF, 1.5 ug ml soya bean trypsin inhibitor, 7 pg/ml pepstatin A, 5 pg/ml leupeptin,
0.1 mM benzamidine and 0.5 mM DTT) and incubated for 15 min on ice. The lysates were
centrifuged at 13,000 g for 5 min and supernatgoytosolic fraction) weraliquotedand
stored at-80 °C for up to two weeks. Protein concentration was determined using the
Bradford protein assay reagent (BRA D , Mi | an, ltaly) and 30 ¢
8-12% SDSpolyacrylamide gel electrophesis and transferred to nitrocellulose membrane at
400 mA for 1h. The nitrocellulose membrane was incubated overnight at 4 °C with blocking
solution (5% skimedmilk), followed by incubation with an{16™““® monoclonal antibody
(cloneF-12, Cat No sd 661, Santa Cruz Biotechnology, Santa Cruz, CA, US#itrCDK4

monoclonal antibody(clone G22, Cat No s@60 Santa Cruz Biotechnology)antk
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retinoblastoma protein (RB, clone @35, Cat No 55413@D BiosciencesSan Jose, CA,
USA) or IgGanti DNMT1 (AbCam) for 1 h at room temperature. Blots were washed two
times with Tween 20/Tribuffered saline (TTBS) and incubated with a 1:2000 dilution of
horseradish peroxidase (HR&)njugated artigG antibody for 1 h at room temperature.
Blots were again washedivé times with TTBS and then developed by enhanced
chemiluminescence (Amersham Life Science, Arlington Heights, IL, UB#hunoreactions
were also performed usingntib-tubulin (clone H235, Cat no s©104, Santa Cruz
Biotechnologies) antibody asloadng control Immunoblots were submitted to densitometric

scanning and analysed by Sigma Gel Image Analysis software.

3.11Cell cycle analysis

Cell cycle stage waanalysedby flow cytometry using @ropidium iodidgPl) stain.
Propidium iodides anintercalating agerdand afluorescenimolecule that is widely used as a
DNA stain for bothflow cytometry toevaluate cell viabilityor DNA content incell cycle
analysis Pl is used to quantitatively assess DNA content, it binds to DNA by intercalating
betwea the nitrogenous bases with a stoichiometry of one dyeifebdse pairs of DNA,
this allows to distinguish the different phases of the cell cycle on the basicetifs DNA

content during the various stagegfod cell cycle.

Once the dye is bound twucleic acid, its fluorescence is enhanced t8030-fold, the
fluorescence excitation maximum is shifted =80nm to the red and the fluorescence
emission maximum is shifted ~Bn to the blue. Wen PI is bound to nucleic acithe

fluorescence excitattomaximum is 53%m and the emission maximum is Gim.

For cell cycle synchronization, cells were cultured in seftg® medium for 24 h. After

addition of Ind, cells were rstimulated with 10% FBS and incubdffor the indicated times.
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Cells were harvesd by trypsinization and washed with PBS. Aliquots of 5.0 %c&lls were
i ncubated in the dark inPLO,8 %mOrPB8Snc&Xntaai
RNase for 30 minutes at room temperatiBamples werethenimmediately subjected to

FACS analysis. At least 1.0 x 1€ells wereanalysedor each sample.

3.12Genomic DNA and RNA solation

Genomic DNA from all cell linesnalysed DLD1, HCT116, HT29, Lovol, Caco2yas
extracted followinga phenolcholoroform protocol.The mediawas removed from cultured
cells andDNA extraction buffer (50@l) (0.2 M TrisHCI ph8.8, 0.25 M NaCl, 25mM EDTA,
0.5% (w/v) SDS added After adding Proteinase K (Iig/ml), solutionswvereincubatel at
50 °C for 1h. A solution of phenol/chloroform/isoamyl alcold0ul) (Sigma), was added
mixedand centrifugeét 1300g for 5 minsThe pper agueous layer was collected and added
to chloroform (50Q1), mixed and centrifged. Tle upper aqueous layaras transferredo a
new eppendorf and 40 isopropanoladded mixedand centrifged for 30 min. e pellet
was waskd with ice-cold 70% etharol, and leftto air dry. DNA was resuspended in TE

buffer.

RNA was extracted from all cell lines using the RNeasy mini(®iagen)following the

manufacturerds instructions.

The NanoDrop spectrophotometer (Labtech International,UK) was used to quantify

DNA/RNA concentration and purity by absorbance measurement at 260 and 280 nm.
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3.13Bisulphite conversion and DNA recovery

All cell lines analysedDLD1, HCT116, HT29L. OVO1, Caco2) were seed in péwell
plates to perform three different biological replicates.n@mic DNA was extractetfom all
cell lines dter 48h treatment with 10uM, 50 uM and 100 pM indicaxanthin as welicas

no treated cell lines as controls

Genomic DNA, up to 2ug, in a i¥volume was addebNa OH t o a ynal co

of 0.3 M in a 20 pl volume, and the sample was incubated at 37°C for 15 min.

Sodium bisybhite solutions were prepared on the day of use by adding 1.9 g sodium
metabisybhite (Sigma) to 3ml of 0.46 M NaOH and heating at 508Cdissolve the
bisulphite. After additionof hydroquinone (0.7 ml of a 0.75 M solution)40ml of this

solutionwas mixed with each DNA sample and incubate80° C for 4.5 h.

Following bisuphite caversion, the DNA was recoveradd purified using th®iaquick
gel extraction kit (Qiagen) according to the manufacr er 6 s speci ycati ons
the sample, 3pof 10M NaOH was added and incubated for 15 min at 37°C, followed by
neutralization with 70l of 10 M Ammonium AcetateThe bisuphite-converted DNA was
precipitated with 525 pl Ethanol aR0°C overnitnt. The bisulphite-converted DNA was
pelletedby centrifugation at full speed at 4°C for 30 min, wedtvith 70% ethanol and air

dried. DNA was resuspended in Qiaquiekitionbuffer and storé at-20°C.
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3.14Quantitative methylation analysis of LINE-1.

Thereare half a million long interspersed nucleotide elem@fdE-1 elements)n the
human genome (Kazazian 2002) that are normally heavily methylated, and it is estimated that
more than on¢hird of DNA methylation occurs in repetitive elements (Bestor 199Bus,
analysingthe methylation of repetitive elements @rveas an alternative marker for global
genomic DNA methylation. There are several methods of detecting tobatltylcytosine
content in the genome, but most of them have the disadvantagangflabor intensive and/or

requiring large amounts of good quality DNA.

Global methylation assay by LINE was performed as described by lacopetta et al
(lacopetteet al.,2007). It involves two ReaiTime PCR. One, the unmethyladeeaction (U),
uses pmers to TpG containing sites to quantify the number of unmethylated -LINE
elements, whilst the other, the methylated reaction (M) uses primers containing CpG sites to

qguantify the number of methylated alleles.

Primers used were:

Unmethylated LINE-1 forward primer TGTGTGTGAGTTGAAGTAGGGT

Unmethylated LINE-1 reverse primer ACCCAATTTTCCAAATACAACCATCA
Methylated LINE -1 forward primer CGCGAGTCGAAGTAGGGC
Methylated LINE -1 reverse primer ACCCGATTTTCCAAATACGACCG

Methylated and unmethylated LINE sequence were quantitatively evaluated using

bisulphitetreated DNA as template.
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Reattime PCR was conducted using the ABRISM 7700 Sequence Detection System

(Applied Biosystems, Fsier, CA, USA) in the followingmplification conditions:

| mmomi x (B

_ 25ul
hotstart Tag master mix)

BSA (10mg/ml) 0.5ul

MgClI2 0.05ul
Sybr Green 1:100
- 0.125pl
diluition

Rox 0.1pl

Forward Primer (U/M) 2pmol
Reverse Primer (U/M) 2pmol

A plasmid containing both unmethylated and methylated EIN&nplicon was created
prior to measurements for use as a constant referBib®.from this plasmidwas used as a
standard for the measurement of both unmethylated and methylated1l IbBd serial

dilutions were used to obtain accurate and reproduciblétses

Bis-Mod DNA from DLD1, HCT116, HT29.OVO1 and Caco2, (each DNA performed
in three different biolog@l replicates) treated with 1060uM and 100uM Ind, as well as

control no treated cells, was addedb(l) to every well plate in triplicate.
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Real-time reactions for unmethylated anthylated LINEL sequenceand the standard,

were performed simultaneously in triplicate in one 384 well plate.

PCR conditions were:

1 Cycle 95°C 30 sec
95°C 30 sec

40 Cycles 60°C 30 sec
72°C 30 sec

The percentage of methylated LINEwas calculated using the equation:

PTG Q& & OO QQI
¢ A O ®e QQOQGa © ®e N QQi
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3.15Gene specific methylation analysis by mbined Bisulphite

Restriction Analysis (COBRA) assay

The COBRA assayhas been used as a quantitative neple for methylation analysis
(Xiong and Laird1997). The assay measures the methylation status of 1 CpG within the CpG
Island of interest;in fact the methylation status of any CpG within a CpG island tends to be
proportional to the methylation status afl | t he CpGO6s (Wongtahd Lairdt hat
1997) After bisulphite modification and PCR amplification, the PCR product is digested
with a restriction enzyme (whose recognition sequence is affecteidudphitemodification)

and quantitated usirggel electrophoresis and densitometry.

PCR was always carried out in 10 pl reaction mixture:

Hotstar Taq polymerase
_ 2.5ul
mix

MgCl, (50mM) 0.05ul

PCR conditions were:

95°C 15 min
95°C 30sec
T =optimum annealing
35 Cycles temperature for the 2 30 sec
primers
72°C 1 min
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pl6 Forward
pl6 Reverse
DNMT3B Forward
DNMT3B Reverse
ESR1 Forward
ESR1 Reverse
NOD?2 Forward
NOD?2 Reverse
GATA4 Forward
GATA4 Reverse
WNT Forward
WNT Revease
WNT5A Forward
WNT5A Reverse
SFRP1 Forward
SFRP1 Reverse
HPP1 Forward
HPP1 Reverse

GGTTTTTTTTAGAGGATTTGAGGGATA
CTACAAACCCTCTACCCACCTAA
GGGTGGAAGGAAGGGAGGAA
CCTAACCCCCTACCCTCCCAA
GGGATGGITTTATTGTATTAGATTTAAGGG
CTATTAAATAAAAAAAAACCCCCCAAAC
TGATGTAGTTGTTGGGAGGATA
TGATGTAGTTGTTGGGAGGGGATA
GAGTTTGGATTTTGTTTGTT
GTGATGTTTTAGGGGTTT
GTGGGGGAGGGTGTTTTAGG
CAATCTAACTTTAACAACCCTAAAAAC
ATTAGGTTTTGTTTTTGTTGT
CACTAAACACCTACCTTCATAA
GTTTTTTAAGGGGTGTTGAGT
CAAACTTCCAAAAACCTCC
TGTGTGTGAGTTGAAGTAGGGT
ACCCAATTTTCCAAATACAACCATCA

After amplification, the PCR products were precipiaby addng 3M sodium acetate

pH5.5(1/10 th volumepnd 25 vols cold absolute ethanol.

For di gest i oontainingspecifec enzymasadr eagho | u n

enzymati c
recognition siteanalsed in appropriatebuffer was added to each DNA and incubated at
specific temperature for 2fithe digested DNA was separated a% PAGE gels and stained

with SYBR green solution. Bands waaralysedising Totallab software.
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Different restrictionenzyme used are summarized in the following table

pl6 Sau3Al 37°C
DNMT3B BstUl 60° C
ESR1 Dpnl 37°C
NOD2 Tagl 65°C
GATA4 Rsal 37°C
WNT Tagl 65°C
WNT5A Dpnl 37°C

SFRP1 EcoRI 37°C
HPP1 Tagl 65°C

% Methylation was calculated using the formula:

AECABOAGI AT 00
P ST AECAOABRAMETR @OART AT 60

3.16Activity study of the DNA Methyl- Transferase ( DNMT)

DNMT activity wasanalysebyEpi Qui k E DNMT Activity [ |
This is a colorimetric assay that allows the study of DINattivity / inhibition in nuclear
extracts. A universal DNA substrate permanently conjulyi¢he bottom of a 96 well plate
should be methylated by nuclear extract samples. The methylated substrate is, then,
recognized by an antibody ant- methylcytsine. The amount of the methylated DNA,
which is proportional to the enzymaectivity, is subsequently measured by a
spectrophotometer plate read#r450nm. The DNMT enzymes activity will be proportional
to the intensity of measured optical density. Infoioi inducted by Ind was calculated

following the formula:

0¥ QY ® d NIIAR 6 a O T
= P TIT

s~ B e 7.0‘ o _ —— v w
00 0 "VENW QP NVEPE e mroe = NOACR 6 & & T
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In this regard, the nuclear proteins of control CaCo2 (10ug) cells were extracted through
Cell Extraction HRiffer (Invitrogen) and subsequently, the inhibitor (Ind) was added at
different concentrations directly to the appropriate wells containing the nuclear protein

extracts, accordingtogh manuf acturer 6s speciycations.

3.17Molecular modelling of Ind and DNMT int eractions

The crystallographic structure of human DNMTL1 in complex with DNA double helix and
adenosyindhomocysteine bound was extracted from Protein Data Bank (3PTA). The missing
residues (1480483) weremodelledusing Prime (Prime v2.1 2009). The mouls further
refined using the Protein Preparation Wizard implemented in Ma@d&estro 9.0 2009). H
bondnetworks were optimized and orientation/tautomeric states of GIn, Asn, and His sesidue
were flipped. At the end, a geometry optimization was perdrto a maximum RMSD of

0.3 A with OPLS2005 force field.

The refined model was used to perform a mixed Molecular Docking/Dynamics protocol,
called Induced Fit Docking (IFD) (Shtmanet al.,2006), with Indicaxanthin. In an interative
manner, this approaadombines liganaiocking techniques with those used to model receptor
conformational changes. The Glide docking software package (Glide v.5.5 2009) was used for
ligand flexibility, while the refinement module in the Prime program was used to account for
receptor flexibility: the degrees of freedom of side chains were mainly sampled, while minor
backbone movements were allowed through minimization. The strategy used was to first dock
ligands into a rigid receptor using a softened energy function such thatctshes do not
prevent at | east one pose from assuming a

sampling stepo). The degrees of freedom ol
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ligand/receptor energy minimization was performed for magand poses; this attempted to
identify low freee ner gy conf or mati ons of the whole ¢
After that, a second ligand docking step was performed on the refined protein structures,
using a hard potential functiontosampldne | i gandds conf ormati ona
protein environment (the #Aligand resampl i ng
applied to rank the complexes; this accounted for the receptor/ligand interaction energy as
well as strainand ol vati on energies (the fiscoring st

used to perform the final ranking of the compounds, was derived as follows:

IFScore = Glide Score + 0.05 Prime Energy

The validity of the wholgrocess was previously testedrf®ricoet al., 2012; Americo
et al.,2009). The best scored ligand/protein complex was submitted to a naneseatnd
(2ns) molecular dynamics (MD) simulation using Desmond [16]. The system was solvated
with a cubic box of water molecules (SPC water model)l was first relaxed using the
Desmond relaxation model. The completed equilibration run was followed by a production
run performed with NPT conditions using the Berendsen thermostat (Bered984) (300K

and 1.103 bar).
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3.18DNMT and Demethylase Reallime Pdymerase Chain Reaction

(RT-PCR)

RNA from different cell lines (Caco2,0V0O1, DLD1, HCT116, HT29) treated with @&
10uM Ind or wi t h  3-Azackidine was extracted using Qiagen RNeasy mirkit
according to the manufacturerds instructior

ng RNA toobtain cDNAusing gSCRIPT cDNA SuperMigQuanta Biosciencesjhrough a

single cyce:
25°C 5 min
42°C 30 min
85 °C 5 min

The cDNA wasused as template for the subsequent quantitative PCR-TRealPCR)
using Platinum SYBR Green gPCR St - UDG with Rox (Invitrogen, Life
TechnologiesPaisley, UK).The ribosomal sulnit 18s gene expressionhose expression is
constant,was used as reference gene. The latter was analyzed using a TagMan probe
hybridized to gene target sequence. The probetains two dyes FAM (6-carboxy
fluorescein) covalently fiked to the 5' end dnTAMRA (6-caboxy-tetramethyirhodaming
as a fluorescent quencher covalently linked to the 3 ' end. During the amplifitatveever,
the probe is destroyed by hydrolysis of Bxonuclease 3 ' activity associated witte
polymerase. During amplificath polymerase induces a detachment of the reporter that, no
longer sustained quencher inhibition, and emits fluorescefues fluorescence intensity

emittedduringPCR cycles is directly proportional to the amount of amplified cDNA.
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3.19 Statistical analysis

Calculations and graphs were obtained by INSTATBtatistical software (GraphPad
software Inc, San Diego, CA, USA). Results are given as meantSD. Three independent
observations were carried out for each experiment replicated three times. Comparison
betweeni ndi vi dual group means was -@s rMulopteme d
comparisons were made using a -ov&y analysis of variance (ANOVA) followed by
Bonferroni s test. I n all cases, significar

P<0.05 level.

In addition Pearson correlation was usednvestigate relationships of CGI methylation

within different genes ani identify differences between gene methylation and expression.
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4. RESULTS

4.1. Indicaxanthin stability and its anti-proliferative effectsin tumor cell

lines

Previous studies by other investigators hdemonstratethat purified betalains, betanin
in particular(red pigment of cactus peaihhibit the growth of breast, colosfomachand
lung cancer Reddyet al.,2005 cells. Howeve the activity of betaxanthins on transformed

cells hasot been reported

Herethe antiproliferative activity of Indbn differen cell lineswas investigatedn order

to evaluatany celitype specificity

A preliminary experimento assesshe stabilityof Ind in cell culture conditionsshowed
thatInd wasunstable at incubatiortonditions;with a 40% decreasea Ind concentratiomfter

48h Fig. 11)

100
S g0 \
c
£ 60 —
8 40 —e—50 uM
2 20 100 pM

0

0 24 48 72
Time (h)

Fig. 11 - Spectophotometric analysi$ indicaxanthin concentration after 2448h 72h of incubation at
37°C in 5% CGQ, and 95% humidity.

56



The effect of Ind on cell proliferation was investigated by treating cells during the

exponential growth phase, as determined by a Trypan blue assay

The anttproliferative activity of Ind at 50M and 100mM was assayed in a number of

human cancer cell line¢Fig. 12). A 48 h treatment provided evidence that whereas

proliferation of HeLaHUH-7 and MCF-7 cells was not affected by the phytochemical, the

growth of HepG2Ha22T and Caco2 cells was inhibited by 30%, 35% and 48%, respectively,

with Ind at 100 uM Subsequent investigation, including mechanism of cytotoxicity and

epigenetic activity of Ind, washén carried out on Caco2 cellsecauseof their intestinal

origin, wherelnd may reach ahigh concentration at physiological conditions

100

Cell Proliferation
(% of control)

a1 ~

o (6)]

N
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Fig. 1271 (A) Cell Proliferation of HeLa MCF7 HUH7, HepG2, Ha22T and Caco2 after 48h treatment with
Ind 50uM and 100uM, compared to the control (B) (idbliferation of differentiatedCaco2 cells treated with
Ind 50uM and 100uM, for 24, 48, 72h

The response of differentiated Caco2 cells to Induks0100uM) treatment was also
investigated, in order tevaluaé potentialdifferences comparedith undifferentiatedCaco2
sensitivity. AsFig. 12B s hows I nd doesnodt m@dliferationtat amyi f f er

time or concentration used.

Since there was a highly sigmiéint impact of Ind on the colorectal cell line Caco2 and
the intestine may be exposed to h@incentrations of Ind from didhe effect of Ind on the
proliferation of other colorectal cancer cell lin@gLD1, HCT116, HT29 and. OVO1) was

investigated.
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Fig. 13- Cell proliferation of LOVO1, DLD1, HT29, HCT116 after 48h treatment with Ind 50uM and
100uM, compared to the contrgt.)pValue<0,05 (**) pValue<0,@2

Fig. 13 showscell proliferation after 48h treatment with Inat 50 andLOOuM compared

to controluntrated cellsWhereas HT2%roliferation wasnot affected by Ind treatment, the

other cell linesvereweaklybut significantly influenced by Ind.

4.2. Pro-apoptotic effects of Ind in Caca cdl line

Treatment of proliferating Caco?2 cells with Ind for 48 h resulted in a-degendent cell

growth inhibition. The calculated kg i.e. the Ind concentration that caused a 50% decrease

of cell proliferation, was 115 pM (n=9) (Fig. 14). No differences in trypan blue uptake

were observed when either untreated cells or CacoZ2 teefied with Ind were compared,

ruling out events leading to cell rupture. More importantly, no variation of cell viability was

observed when Ca@ocells grown20 days postonfluence, were treated with 281 to 250

MM Ind, indicatingabsence of toxicity even for differentiateells Fig. 14).
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Fig. 14 - Effect of Ind orviability of undifferentiated(closed symbol) or &erentiated (open symbol) Cazo
cells. Cells were incubated for 48 h with the phytochemical and cell viabilityn@asured bMTT test as

reported in Methods. Values atlee mean * SD of three triplicate experiments.

Induction of apoptosis by Ind was investigate@valuatehe mechanismfdhe pigment

induced effect on cell proliferation.

Phosphatidylserine externalization on cell surface is an early marker of progdaraln
death. AnnekV is a protein that binds phosphatidylserine exposed on cell membranes
surface, while the Pl is a DNA intercalating molecule, permeable only through damaged
plasma membrane cells, thus$ represerd an index of necrosis. Thereforasng both

compounds allowthe discrimination oéarly or late apoptotic cells from necrotic cells.

Flow cytometry analysis of annexin-MTC and Pl stained Caco2 cells, after a 48 h
treatment with 25 to 10@M Ind showed cells in early apoptosisith a dosedependent

relationship between Ind concentration d@he percenageof Annexin V-FITC positive cells

(Fig. 15).
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Fig. 15- Apoptotic effect ofind in Caco?2 cells. % ofAnnexin V/PI doublstained cellsCac® cells were
incubated for 48 h either in the absence (col) or in the presence of Ind hBsphatidylserinexternalization
wasmeasured using flow cytometry as reported in methRepgresentative images of three experiments with

similar results.

The apoptotic process includdbe release of mediator from the intermembrane
mitochondria space (mitochondrial outer membrane permeability MOMP). DiOC6(3), a
fluorescent mitochondrigpeciic and voltagedependent dye, was used to assess the

involvement of mitochondria in the Irdduced apoptosis.

CaCoz2 cells, incubated in the absence or in the presence of the phytochemical, were
subjected to flow cytomset analysis after reaction with Di@b (3), whosemitochondrial
permeability decreases with decreasing organelle -treembranepotential Treatment of
Caco?2 cells with Ind for 48 h, caused a marked dizgendent decrease of DiIOC6(3) uptake,

indicating dissipation oby , (Fig. 16)
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Fig. 16 - Apoptotic effect of indicaxanthin on Caco2 cells. Fluorescence intensity of Bi@&téd cellsas
determinedy flow cytometry. Ca@cells were incubated for 48dither in the absence (control) or in the
presence of Ind and mitochondrial dysfunction was measured using flow cytometry as reported in methods.

Representative images of three experiments with similar results.

Intracellular reactive oxygen species (RO&)resent important bisignalsinvolved in
many molecular pathways including apoptosis. As Ind is a radoxe compoundButeraet
al., 2002, the role of oxidativembalancen triggering preapoptotic death was investigated
Flow cytometricanalysiswas performed itheabsence or presence of the phytochemical after

reaction with DCFA, a cell permealrieagenthat emits fluorescence after ROS oxidation.

With respect to untreated celtbe level of intracellular ROSas a measure of the global
Cac@ cell redox state, appearet significantly modified in cells treated with 10fM Ind
within 6 h to 48 h of incubation, indicating thtae effects of Indlid not depend on oxidative

stresqFig. 17).
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Fig. 17 - Indicaxanthin does not alter ROS levels in CacoXcélhco?2 cells were incubated either in the
absence (control) or in the presence of 10 Ind at different time intervals. Cellular ROS was assayed using
flow cytometry (DCFDA staining) as reported in Methd&lspresentative images of three experimertts wi

similar results.

4.3. Epigenetic effects on genomic methylation gsatus by Ind in caca?

cells

It is known that phytochemicalsmay exert their protective action on human health
through several biological functions; antioxidant activity, modulation of detacdtfion
enzymes, or even regulatiggneexpressionChanges in genome methylatiomay beone of
the mechanisms through which phytochemicals aqjesee expressionregulators (Vanden
Berghe, 2010)The effect of Ind on DNA methylation patterns in the colct& cancer cell
line was therefore investigatekh. particularDNA isolated fromCac@ cells grownfor 48 h,
either in the absence or in the presence o0 50 MM Ind, and 100uMwas analysedoy
MeSARPCR, to investigate changes induced by the phytodatito global methylation of
genomic DNA. In accordance with this method, genomic DNA samples are either digested
with methylationinsensitive restriction enzyme (SDD), or digested with methylation
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insensitive followed by methylatiesensitive restrictiomnzymes (DDD). Comparison of the
products from multigx PCR amplification using mespecific primers allows screening for
regions of DNA that have altered methylation patterns. Fingerprints of the matchedn8DD a
DDD from eithe untreated or IndreatedCac@® cells are reported iRig. 18. Inspection of

the PCR fragments revealed that treatment withnd concentration as low as 1M was
effective in modifyinghe global DNA methylation pattern, as shown by thiéerent number,
intensity and size of the bands in the matched sangaegaredwith the samplesrém
untreated Cac cells. The DNA banding patterns of cells treated with Ind appeared quite
comparable with those obtained after treatment withi(6-azacytidine(Aza), a potent de

methylating agent, suggesting that Ind may induce DNA demethylation

It should be notedhat MeSARPCR gives o indicationof the genonic region affected

by mehylation / demethylation by an external agent.
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Fig. 18- Methylationsensitive fingerprints (A) and relevasensitometryprofiles (B) of the matched SDD
and DDD pairs from eitheuntreated or Inetreated Caca cells for 48 h. PCR was performed using arbitrary
primers after a 1 restriction engme digestion with 10 unit each of Afal (single digested DNA, SDD) or Afal+
Hpall (double digested DNA, DDD). Caco? cells treated #®h4with 10uM Aza were taken as positive control.
Bands that appeared to be differentially methylated between match2d8DDDD global DNA are indicated

by arrows.Representative images of three experiments with similar results.

6NK4a

4.4. Analysis onmethylation status of p1 gene promoter region

6" gene promoter region is the mbs

It is known thatabnormalmethylation ofpl
common cause of silencing of this gene in cotamcer cell lines, including Ca2 cells
(Herman et aJ 1999 becausef its role as cell cycleegulator In fact, the lack of this protein

may lead to uncontrolled proliferation in cancer cellse p16 potein, in effect, binds the

kinase 4/6 and interferes with their binding to cyclin igcking cell cycle progression
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(Rocco andsidransky 200} Thereforejt may beone of the criticafactorin colon epithelial

carcinogenesis.

To evalate the potentlainfluence of hd onthe methylation status op16™** gene
MSREPCR (MethylationSensitive Restriction endonucleasesas performedusing the
restriction enzyme Cfo Through multiplexPCR, the promoter region 0p16"<*® geneand
an inner regioof INTERLEUKIN4 gene(IL-4), as a contrglwere simultaneously amplified

using asgemplate DNA extracted fror@acoZ2cells treatedwith or without10uM 50uM and

10QuM Ind for 48h

Ind 100pM  Ind 50iM  Aza 10pM

Control Ind 10pM
Cfol - + - + - + - + - +
—
IL-4 . — — —
Pl IVKIG - — — Jra—
100 -+
80 -
xR
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=]
0
-
= 40 - m Cfol+/Cfol-
Y] L]
= *k
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10pM  50puM  100pM  10pM

Fig. 19- Effect of Ind on methylation pfl6"*® promoter region in Cacd cells.(A) Matched pairs of
multiplex specific PCR products from undigest&fgl) or Cfol methylation sensitive restriction enzyme
digested DNA(+Cfol) from either untreated or Ind treated Caco?2 cells for 48h.giéne promoter wsaused as
negative control(B) Data of the densitometric analysis are the mean #3Bignificantly different from the

untreated cells (control) (p<0.002
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Treatment of Caco2 cells with 16M Ind did not result in an apparent losd
methylation.Howeverdemethylation of the16"“** promoter region by treatment with 50
and 100nM Ind is indicated by its reduced PCR amplification, allowing digestion with. Cfol
The presence, in the same laokthe IL4-specific productused asontrol, shows ta PCR

reactionwasworked Negativecontrol consisten not digesteamplified DNA (Fig. 19).

The same MSRE experiment carried out on total DNA extracted @aco2 ceb treated
with or without 100 pM Ind for at least ®lays without media change, shows that
demethylation induced by Ind is stable, sincewi&s shown previously that the Ind
concentration decreaserapidly after 48hin culture €ig. 20). The observed DNA
demethylation effect of Ind in Caco2 cells may reflect an effect forwards DNA

methyltransferase (DNMTSs) enzyme activity.
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Fig. 20- Effect of Ind on methylation pfl6"*® promoter region in Caca cells. ) Matched pairs of
multiplex specific PCR products from undigesté&fdl) or Cfol methylation sensitive restriction enzyme
digested DNA(+Cfol) from either untreated or 100 Ind treated Caco?2 cells for 5 days-4Lgenepromaer
was used as negative control. (Bata of the densitometric analysis are the mean £3Bignificantly different
from the unteated cells (control) (p<0.002

6NK4a

4.5. Influence of Ind on the tumor-suppressorpl gene expressiolin

Caco?2 cells

In order to validate that demethylation of the16“**® promoter gene leads to a
reactivation of gene expressiarReal Time PCR was carried odtis techniqueutilisesthe
fluorophore, Sybr Greerwhich intercalates in a nonsgific manner intahe DNA double

helix, that is formedduring the PCR. Sybr Green when excited emits a green light whose
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