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ABSTRACT

Fusaric aid (FA), a mycotoxin produced by tl@isariumspecies, is a common contaminant of
maize and other agricultural products. FA is known to mediate toxicity in plants and animals;
however, its machanism of action is unknowp53 is a tumour suppressor protein that is
activated in response to cellular stress. Key functions of p53 include cell growth arrest,
senescence and apoptosis. The function of p53 is regulated by a variety-twhmpslational
modifications such as ubiquitition, ghosphorylation and acetylatiop53 is ubiquitinated by

the protein murine double minute IIPDM2) and degraded in the absence of cellular stress. The
phosphorylation and acetylation of p53 occur during cellular stress and increase p53 stability
and activity. The acetylation of p53 is regulated by histone acetyltransfe@Be#p300, and
histone deacetylases, HDAC1 and Sifthis studyinvestigated the effect of FA on DNA
integrity and the podransldional modifications of p53 indpatocellular arcinoma (Hepg

cells. Methods includedi) culture and treatment of Hep@ells (IGq 104ug/ml FA, 24hrs);

(i) comet assay (DNA damage); (iii) western blot (protein expression of pia3phorylated
Serl5p53 (p-Serl5p53), acetylatedK382-p53 (a-K382-p53), acetytCBP (K1535)/p300
(K1499) (a-CBP (K1535)/p300 (K1499) HDAC1, phosphorylatedser4 7-Sirtl (p-Serd #Sirtl)

and MDMZ2) and (v) Hoechst 33342 assay (cell cycle and apoptosis analysis). FA caused DNA
damage (89.98 10.36um vs. 33.92 6.76um,p<0.000) in HepG cells relative to the control.

FA significantly increased the pmin expression of Serl5p53 Q©.76fold, p=0.0003, &
K382-p53 (1.75fold, p=0.0329), p-Serd7-Sirtl (1.24fold, p=0.0127 and MDM2 (5.63fold,
p=0.0099 in HepG cells. The expression gi53 (0.73fold, p=0.0039, a-CBP (K1535)/p30
(K1499) (0.58fold, p=0.0043 andHDAC1 (0.84fold, p=0.0006§ weresignificantly decreased

in the FA treatedcells. Hoechst analysis of Hep@ells showed that FA inhibited cell

proliferationand induced apoptosis as evident by the absence of dividing cells and the presence

of apoptotic bodies. FA is a getoxic agent that increasedSpr15p53, decreasedhe

interaction baween MDM2 and p53 and increasdde interaction between B5and a
CBP/p300. This increasedithe acetylation of p53 (further achieved by the daegulation of
HDAC1 and inactiviion of p-Ser47-Sirtl) leading to cell growth arrest and apoptosis of HepG

cells.




INTRODUCTION

Mycotoxin contamination of foods and feeds is a serious problem occurring worldwide
(Mi | i T evi I). Aeeias nmdt often affe@tddy mycotoxins include developing countries
and poverty stricken areas where malnutrition isma@or concernand the consumption of
mycotoxin contaminated foodsrfa a staple diet for many peoplBennett and Klich, 2003

The application of modern agricultural practices as well as regular government screening helps
lower the risk of exposure to mycotosi however, it does not completely eliminate it. Hence,

mycotoxin contamination is a recurring probléiild and Gong, 2010

Mycotoxins are low molecular weight natural compasipdoduced as secondary metabolites of
toxigenic moulds(Bennett and Klich, 20QaVli | i | e v i [ ). Mycotoxns are corarfof O

contaminants of a wide variety of foods and feeds and the consumption of mycotoxin
contaminated foods may haseserious impact on human and animal hg@tnnett and Klich,

2003 Mi | i | evi I, Pertica atlal., 199@1i0, 1201). Several mycotoxins have been
identified; many of which are carcinogenic, mutagenic, nephrotoxic, hepatotoxic and rieuroto
(Mi | il evil,Pergicaatlal., 1999Expdsire to mycotoxins can occur via ingestion,
inhalation and dermal routes leading to several diseases known as mycotofBersedt and

Klich, 2003Mi | i | ev i I, Peraica e dl., 199940 2D1).

The Fusariumspecies are a grougf diverse and adaptable fungi that colonise plants causing
diseases on agricultural crops with major economic lodasarab, 2000 Fusaric aid (FA)

also known as -Butylpicolinic acid is a secondary metabolite and mycotoxin produced by the
Fusarium species(Bacon et al., 1996Fairchild et al., 2006 Fusaric acidis a fusariotoxin
commonly found in maize and other cereal grains, which form an essential part of human food

and animal feed§Mi | i | e v i [ ). @herefad,the ,consi@ptioh of FA contaminated

commoditiesmay have adverse effects in humans and animals.

Fusaric acids a Picolinic acid derivative and wddhown metal chelating agenthe structure
of FA is similar to that of Picolinic acid in that it caims the well conserved chelaistructure
of Picolinic acid as well as an additional fused aromatic ring sticiu 5butyl side chain
(Bochner et al., 1980 Fusaric acidbinds divalent cations and prevents thesesidrom

functioning in biological processéSwinburre, 2013.

Fusaric acidis known to affect both plant®'Alton and Etherton, 1984Diniz and Oliveira,
2009 Dong et al., 2012Li et al., 2013 and animalgAbdul et al., 2016Hidaka et al., 1969




Terasawa and Kameyama, 197However, little is known on the mechanism by which FA
exerts itstoxic effects. Previous studies have shown FA to cause changes in membrane
permeability(D'Alton and Etherton, 1984dysfunctions in mitochondrial activifAbdul et al.,

2016 Diniz and Oliveira, 2000 inhibition of respiration(D'Alton and Etherton, 1984
Pavlovkin et al., 2004TellesPupulin et al., 1996and ultimately cell deatfAbdul et al., 2016

Stack et al., 2004 Fusaric acidis also known to have artiypertensivgHidaka et al., 1969
Terasawa and Kameyama, 19&hd antitumour effectgStack et al., 2004 Synergistic effects

of FA with other mycotoxins produced by tHeusarium species such as Fumonisin, B
deoxynivalenol (DON) andidcetoxyscirpenol (DAS) have also been repof@dcon et al.,

1995 Bungo et al., 199%airchild et al., 20050gunbo et al., 20Q¥ oss et al., 1999

p53, often referred to as the guardian of the genome, is a tumour suppressor protein and
transcription factor that is activated in response to cellular s{Rrdges and Hall, 1999
Several stressors can actwap53 such as DNA damage, excessive oncogene activation,
hypoxia and oxidative stre¢Brives and Hall, 19990nce activated, p53 mediates a plethora of
functionsincluding cell growth arrest, DNA repair, seneace and apoptosi@Barlev et al.,

2001, Brooks and Gu, 20035eorge, 2011Reed andQuelle, 2014 Zhang et al., 2005 The
function of p53 is regulated by a variety of posinslational modificationfs/an Leeuwen et al.,

2013. These maodifications include ubiquitination, phosphorylation and/latien (Barlev et

al., 2001 Brooks and Gu, 20Q&Reed and Quelle, 2014an Leeuwen et al., 2012hang et al.,

2015.

The ubiquitination of p53 occurs in the absence of cellular stress and is mediated by the protein
murine double minute 2 (MDM2(Dai and Gu, 2010Brooks and Gu, 2003MDM?2 is the
predominant negative regulator of pooks and Gu, 20Q3It adds biquitin chains to the €

terminal lysine residues targeting p53 for degradation by the 26S proteéBmuks and Gu,
2003 Dai and Gu, 201,(Reed anduelle, 2013 In this way, MDM2 helps maintain low levels

of p53 in the absenax cellular stress.

During DNA damage several protein kinases such as ataxia telangiectasia mutated (ATM),
ataxia telangiectasia and Rad 3 related (ATR) and fopendent protein kinase (DN2K)

are triggeredBarlev et al., 2001Brooks and Gu, 20Q3Reed and Quelle, 2014These protein
kinases phosphorylate p53 on several serine and threonine residues leading to the stabilization
of p53(Brooks and Gu, 200®ai and Gu, 2010

p53is alsoregulaed by acetylatiofGu and Roeder, 1997The acetylation of p53 occurs in

response to DNA damage and increases the transcriptamtiaity of p53 preventing the




propagation of cells with damaged DNBai and Gu, 201,Brooks and Gu, 2008arlev et al.,
2001, Reed andQuelle, 2014 Zhang et al., 2015 CREBbinding protein (CBP) and300 are
major histone acetyltransferases (HATS) involved in thegyéation of p53 whereas Sirtl and
HDAC1 are major deacetylases involved in teacetylation of p58Zhang et al., 201,3ai

and Gu, 2010Brooks and Gu, 2003The acetylation of p53 is associatedhaginhanced p53
activity (Blattner, 2008 whereas the deacetylation of p53 is associated with the inactivation of
p53 and cell survivglLee et al., 202).

This in vitro study investigatg a possible mechanism of FA inducegtotoxicity in the

hepatocellular carcinoma (HepCcell line by determining the effect of FA on DNA integrity

and the postranslational modifications of p53 over a period of 24 hre&/as hypothesized that

FA induced DNA damage drposttranslationally modifiedhe p53 protein in HepGells.




CHAPTER 1

LITERATURE REVIEW

1.1.Mycotoxins

Mycotoxins ae secondary metabolites produdeyl maulds, mostly belonging to the genera
Aspergillus Penicillium and Fusarium (Yiannikouris and Jouany, 20P2These toxinsare
produced in cereal grains and animal feeds before, during and after harvests, in various
environmental caditions (Yiannikouris and Jouany, 20p2Mycotoxins are capable of exerting
harmful effects in humans, animals and crops and are responsible for causgsge#l and

major economic lossé®eraica et al., 1999ain, 201). The worldwide contamination of foods

and feeds with mycotoxins is a significant problé#ain, 201). Aflatoxin, Fumonisins,
Tricothecenes and Ochratoxins are the most common food contaminating mycotoxins. These
mycotoxins are potent nephrotoxins, hepatotoxins and carcinogens that inducevarigiyeof

health problems iboth humans and animalBennett and Klich, 20Q3Peraica et al., 1999

Zain, 201).

The interest in mycotoxins was first sparked in 1960 following the outbreak of Turkey X
disease in which approximately 1@@0 turkey poults died as a result of consuming aflatoxin
(Aspergillus flavusfontaminated peanut me@eraica et al., 1998ennett and Klich, 2003

Since then, a large number of mycotoxins have been discovered and several outbreaks involving
mycotoxins have occurred and still continue to oggabally (Yiannikouris and Jouany, 2002
Peraica et al., 1999

Mycotoxins are low molecular weight natural products produced mainly by filamentous fungi
(Bennett and Klich, 2003 Mycotoxins have no biochemical significance in the growth and
development of the fungus and are often produced as an adaptive response to a change in the
availability of nutrients and other environmental conditi(@ein, 201). Mycotoxins are highly

toxic compounds usually produced for purposes of-defiénce or to dissolve celar
membranes as part of their fungal pathogeni@tyack Jr et al., 20)4The chemical structures

of mycotoxins vary considerably and account for their ed#fhces in biological effects
(Yiannikouris and Jouany, 200Peraica et al., 1999 While all mycdoxins are of fungal

origin, not all toxic compounds produced by fungi are called mycotoxingr Tdrget and




concentration are both importawtelicit a toxic effec{Bennett and Klich, 20Q3For example,
some fungal products such as penicillin are toxic to bacteria and are impan¢sntibed
antibiotics(Bennett and Klich, 2003

Mycotoxins are common contaminants of a wide variety of food sources. Human exposure to
mycotoxins may result from the consumption of contaminated foods as well as thevearof
mycotoxins and toxic metabolites in animal products such as milk, meaggs(Yiannikouris

and Jouany, 2002Zain, 201). However, skircontact with mald infested substrates and
inhalation of spordorne toxins are also important sources of expofBemnett and Klich,

2003.

Exposure to mycotoxins lead to several, often unrecognized, diseases known as mycotoxicoses
(Peraica et al., 199%ain, 201). Mycotoxicoses are common in areas where there are poor
methods of food handling and improper storage of food. It also frequently occurs in countries
such as South AfricéSA) where malnutritions aproblem and wherenaize and cereal grains

form a staple diet for many peoplBennett and Klich, 2003 The severity of mycotoxicoses

vary among individuals and are dependent on the type of mycotoxin, the dose and length of
exposure, route of exposure as well as the health and sex of the affected in(Beduaitt and

Klich, 2003 Peraica et al., 1999The ability of mycotoxins to act synergcstlly with other
chemicals to which the individual may have been exposed is also a major determinant of
toxicity (Peraica et al., 1999Mycotoxicoses, like all other toxicological syndromes, can be
categorized as acute or chroniBennett and Klich, 2003 Acute or shorterm toxicity

generally have a rapid onset with an o toxic response whereas chronic or Hemgn

toxicity usually occur at low doses and have irreversible ef{@asnett and Klich, 2003

Mycotoxins are natural contaminants of food aretefore, their production is often inevitable.
Several efforts to address mycotoxixposurdanvolve the removal of mycotoxioontaminated
commodities from the food supply by regular government screebiggpite efforts to control
fungal contamination, extensive mycotoxin contamination is continuously reported in foods and
feeds around the worl@Pinotti et al., 2016




1.2.Fusaric Acid: A Fusarium Mycotoxin

The genug-usariumcomprises of over 000 fungal species that cause diseases on agricultural
crops with severe economic consequences world(@dearab, 2000 The Fusariumspecies

are remarkably diverse and adaptable fungi found in glutsally (Bouarab, 200P They are

major plant pathogens and are capable of producing a widéyafiexic metabolites. A large
number of plants are symptomatically and asymptomatically infected Hyuaiumspecies
causing immense damage and major economic I{8seon et al., 1996 These fungi have

been identified on cereal crops in Western Europe and North America; wheat, cotton and barley
in China; and rice in Japan, Taiwan and ThaildBduarab, 2009 where they have been

implicated in causing head blights, ear rot and wil{ldguarab, 2000

Fusaric aid (FA ; Sbutylpicolinic acid or Bn-butyl-pyridine-2-carboxylic acid) $ a secondary
metabolite and mycotoxin produced by several members dfukariumspecieqFairchild et
al., 2005. These include, among othefsysarium moniliforme Fusarium oxysporunand
Fusarium heterosporur(Fairchild et al., 2005Bacon et al., 1996 Fusaric acids the most
widely distributed mycotoxin produced by th@isarium species and thus may serve as a

presumptive indicator dfusariumcontamination in foods and fee(Bacon et al.1996.

Fusaric acids a common contaminant of maize and other cereal grains such as barley, wheat
millets and sorghum (Figure 1.(Bacon et al., 1996Voss et al., 19990gunbo et al., 2007
Fusaric acids an often neglected mycotoxin and surveys to determine the concentration of FA
in feeds and other agricultural products are lim{}dédss et al., 1999 The concentration of FA
naturally occurring in foods igpproximately643ug/kg(Streit et al., 2013 However, Bacon et

al (1996) showed that tHeusariumspecies are capable of producing high lee¢lBA, ranging

from 20mg/ml to 1080 mg/ml, in autoclaved maiz@acon et al., 1996 Another study found

that corn and swine feeds were contaminated with up to 36 pprtSF#&h and Sousadias,

1993 andup to 12.4ppm was found in toxic poultry and livestock fe€dsss et al., 1999

The prevalence of mycotoxins in foods and feeds is a major focus of several daaveish et
al., 2014 Hawkins, 2013 Hawkins, 2013 A recent study determined the prevalence of
mycotoxins in corn and other cereal gra(fawkins, 2014 In particular,approximately 30%
of wheat and 79% of corn were contaminated with FA (Figure(H&ykins, 2014 This is of

great concern as maize and cereal grains f orffm
degree of contamination increases the possibility of animal and human exposure to FA, posing a

major healtthazard when consumed.
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Figure 1.1: Fusariumcontaninated maize (A) and wheat (Bjriessler, 2008Bergstrom,
2014
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1.2.1. Structure of Fusaric Acid

Fusaric acid is a product d&fusariumfungal fermentation and a physiologic metabolite of
tryptophan and Picolinic acibtack et al., 2004 Picolinic acid also known asacolinic acid

and 2pyridine carboxylic acid is a six membered ring structureismaher of nicotinic acid that
consists of the chemical formulaglzO,N (Grant et al., 2009 The ability to act as a metal
chelatingagent and induce&n antiproliferative effectis one of the most widely studied
characteristics of Picolinic aci@ernande#ol et al., 197/Grant et al., 2009 Picolinic acid is

a bidentate metal chelating agent known tocegfitly chelate copper, iron, zinc and cadmium
(Fernande#®ol et al., 197/Grant et al., 2009 These metal ions are essential forghewth of

cells and their chelatiohy Picolinic acid may provide a mechanism by which this compound
exers its antiproliferative effect (Grant et al., 2000 A previows study conducted by
Fernande®ol (1977), showed that Picolinic acid inhibits the growth of norraalkidney
(NRK) cells in a doselependent manner. This may occur by interfering with the specific metal
requirements for cell growth and by altering NAD-etabolism(Fernande®ol et al., 197).
Picolinic acid is a pyridine derivative that has the capacity to undergo exchange reactions with
the nicotinamide moiety of NAD+ and thus forms NAD+ analogiesnande#ol et al., 1977
Bochner ¢al., 1980.

Fusaric acids a Picolinic acid derivative and wddhown metal chelating agent consisting of
the chemical formula, @H1:0,N (Gr o B§r o V § )elt cordidhs.the wé&lcénServed

chelatingstructure of Picolinic acid and an additional fused aromatic ring structuréowatyb

side chain (Figure 1.3Bochner et al., 1980The butyl side chain is an important component

in the structure of FA a# increases the lipophilicityf FA, enabling it © penetrate cell
membranes whiclare mostly composed of lipid8ochner et al., 1980 The structure of FA
also contains a hydroxyl (OHgroup that acts as a proton donor and is responsible for most of

the weak acid properties of FA.

Fusaric acidis a pyridine derivative and chelator of divalent catifnset al., 2013. Like
Picolinic acid, 1 is capable of forming conjugates with zinc, iron, copper and manganese
thereby, forming chelates that make these ions inaccesgkitdeal., 2013. This occurs via the
N-atom of the pyridine ring of FA which binds with the carboxyl group of the metal thereby,

preventing these ions from functiogiim variousbiological processeg$Swinburne, 201
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Figure 1.3: Structural comparison between nicotinic acid (A), Picolinic acid (B) and Fusaric
acid (C)(May et al., 200D

1.2.2. Effects of Fusaric Acid

Fusaric acids a nonspecific fungal toxin known to have numerous effects in both plants and
animals(Gr o B§r oV § )e Howewdr,.the exad héchanism of action is yet to be
elucidatedFusaric acids a weltknown phytotoxin that causes wilisease symptoms (necrotic
spots on leaf blades, shrivelling and drying of leaves and shrinking of the stems and petioles) in
a variety of plant{Rani et al., 2009Pirayesh et al., 20)50ther effects of FA on plants
include alterations in membrane permeabi({Baviovkin et al., 2004D'Alton and Etherton,

1984, increasedectrolyte lealage(D'Alton and Etherton, 1984nd inhibition of respiration
(D'Alton and Etherton, 1984avlovkin et al., 2004




Fusaric acidis acell membrane permeating weak acid and is therefore, potentially toxic as a
proton conductofBochner et al., 1980It alters the mitochondrial membrane potential of cells
and decreases ATP produeti (Diniz and Oliveira, 2009 D'Alton and Etherton, 1984
Pavlovkin et al.,, 2004 This may occur by inhibiting cytochrome c oxidase and the
ATPase/ATP synthase punfpellesPupulin et al., 1996 Fusaric acidmpairs mitochondrial
function and biogenesis iHepG cells; and induces apoptosis by increasing the activity of
caspase8/7 (Abdul et al., 2018 Fusaric acidalso elevates the oxidative stress biomarker lipid
peroxidation and increases the activity of anidant enzymes: supexide dismutase (SOD),
catalase (CAT) and ascorbate peroxid&apko et al., 20)1

Fusaric acidis toxic to mice (intra peritoneal L80mg/kg and intravenous lsp100mg/kg)

and death caused by the lethal dose has been attributed to its hypotensiy¢liefééet et al.,

1969 Pirayesh et al., 20)5The ability of FA to causa significant decrease Irlood pressure

has also been observed in cats, dogs, rabbits anakratgsesult of thmhibition of dopamineb-
hydroxylase(Pirayesh eal., 2015 Hidaka et al., 1969 a key enzyme in the synthesis of the
neurotransmitter norepinephririairchild et al., 2006 Fusaric acidis a potent inHiitor of
dopamineb-hydroxylase and a decrease in the endogenous levels of norepinephrine has been
observed in the heart, spleen, brain and adrenal glands ¢T eassawa anameyama, 1971

Hidaka et al., 1969

The removal of essential metal ions by FA may serve as a mechanism by which this compound
exerts its toxicity(Stack et al., 2004 Studies onseveral human cancers (mainlgigermoid
cancers such as adenocarcinoma and hepatocellular carcineveajedthat FA has anti
tumaur activity (Rani et al., 200SStack Jr et al., 201&tack et al., 2004 Fusaric acichasantk

tumaur activity against head and neck squamous cell carcinoma (HNSCC) by increasing DNA
damage and preventing its synthesis and réfa#ck et al., 20Q4Stack Jr et al., 2034 This

may occur due to the chelation of divalent cations from catalytic DNA associated

metalloproteingStack et al., 2004and inactivation of zinc finger proteirf{Rani et al., 2009
Two HNSCC cell lineqUMSCGC1 and Cal27 cells)and a mouse model showed FA to have
both tumaristatic andtumauricidal effects respectivelyStack et al., 2004 The removal of
metal ions by FA inhibits metalontaining oxidative enzymd®ani et al., 200Pand alters the
conformation ofproteins that require metal ions in order to maintain structural stabilisarie
acid also increases cytokine production in Heghuman cervical carcinoma cellaihd Hep
DOC (dbcetaxelresistant Heg2 cells) cells and this may be responsible for thestgtic and
cytocidal effects of FAYe et al., 2013 Fusaric acidalso inhibits the proliferation of W38




fibroblasts ands a potent inhibitor of DNA synthesis in MBXB-468 cells and WB8
fibroblasts(Fernande#®ol et al., 1998

Another study showed FA to be toxic to mice by chelating calcium causing y idetne
ossification and affecting the growth of foetugBeddy et al., 1996 Fusaric acid was also
shown to be toxic to zebrafish by chelating copper and inhibiting the enzyme lysyl oxidase
resulting in notochord malformatidiYin et al., 201%.

Fusaric acids known to enhance the toxicity of other mycotoximdoth plans and animad
(Bacon et al., 1996 Fusaric acids not the only mycotoxin produced by tRasariumspecies.

Other mycotoxins such as zearalengmishothecenes and fumonisins are also produced by the
Fusarium species(Bennett and Klich, 20Q3Peraica et al., 1999 These mycotoxins are
common contaminants of various food commodities and are often produced in combination with
FA. Therefore, the toxicity of FA may be ascribed to its gbtlh act synergistically with other
mycotoxins(Bacon et al., 1996

A study conducted opigs indicated thaFA increased he toxicity of- deox
trichothecene) by competing with tryptophan for binding to blood albumin anéfohe,
increasedhe concentration of free tryptophan in the blood. This leads to an increased uptake of

tryptophan in the brain and increased serotonin synt{@sigh et al., 1997

Exposure to FAenhanced vomiting, feed refusal and brain metabolism in pigs given
trichothecenegSmith and MacDonald, 1991 However, Ogunbo et al. (2007), showed no toxic

synergy between FA and Faxin in broiler chicks and young turkey poults. This ikéeping

with the findings of Fairchild et al. (2005) in which FA had no significant effect on body weight

and body weight gains in turkey ptaiwhen fed up to 30ppm of FA.Fusaric acidalso dose
dependently increased food intake in chi@Bango et al., 1999

Synergism between 4, Ihacetoxyscirpenol (DAS) (a type A trichothecene) and FA has been
demonstrated in insedf®owd, 1988. Fusaric acicenhanced the toxicity of DAS in insects it
increasednortality from 5% with DAS alone to over 20% with DAS and FA combifi2zolwd,
1988. However, FA antagonized the negative effects caused by DAS @aved, 1988.
Similar results were obtained by Fairchild et(aD05)in which tuikey poults fed a combination

of DAS and FA showed a recovery in body weight and body weight gains as oppa@sdibt

with FA and DAS alone.

Fumonisin B is another mycotoxin produced by tR@isarium species(Bennett and Kilich,
2003Mi | i | evi I,Perdica et &l., 1992&ir) 400). A study into the effect of FA and




Fumonisin B on chicken embryos revealed that the treatment of chicken embryos with FA and
Fumonisin B alone did not cause a toxic response. However, when combined a toxic response
was observe@Bacon et al., 1995 This suggests th&A may have a synergistic effect with
Fumonisin B (Bacon et al., 1995 Although, no synergistic effects wasbserved with FA and
FumonisinB; in rats(Voss et al., 1999

1.3. Apoptosis Programmed Cell Death

Apoptosis(programmed cell deatlg responsible for the deletion of cells in normal tissues as
well asin some pathological statéKerr et al., 1994 It is a sequential process involving cell
shrinkage, chromatin condensation, DNA fragmentation, membrane blebbing and the formation
of apoptotic bodies. The apoptotic bodies are phagoegtasnd digested by nearby resident
cells (macrophages and other phagocytesgventing the spillage of intracellular contents and
avoiding inflammatory change¢Kerr et al., 199 Apoptotic bodies not subjected to
phagocytosis are released into the adjacent lumen where they display progressive dilation and
degradation of cytoplasmic organelles in a process known as necrosis. Necrosis differs from
apoptosis in which the cell sv®land the plasma membrane ruptures releasing cytosolic
contents into the extracellular space where they produce an inflammatory re§fdondée and
Kulkarni, 199§.

1.3.1. Caspases

Caspases also known as death proteases group of cysteine proteases responsible for the
initiation and execution of apoptos{giengartner, 2000 Caspases consist of an actsite
cysteine and are known to cleave substrates after aspartic acid residuésXpfidengartner,

2000. In order to control the apoptotic process, caspases are initially synthesized as inactive
zymogens. These zymogens consist of three doniaiaa Nterminal predomain, a p20
domain and a p10 domain. Proteolytic cleavage of these zymogens betwge20tand pl10
domains as well as between the-gmomain and p20 domain leads to the activation of caspases
(Hengartner, 2000 Caspases act by inactivating or activating apopteticlatory proteins and

are responsible for most of the morphologiclahnges observed during apoptdsiengartner,

2000.




Initiator caspases such as casggs® and-9 are the apical caspases in apoptosis and their
activation is required for theleavage and activation of the downstreaxacutioner caspasés

-6 ard -7. The activation of executioner caspases usually ensures that apoptosis occurs
(Hengartner, 200Hongmei, 201

1.3.2. Pathways ofApoptosis

Apoptosis is triggered by a variety of physiological death signals as well as pathological cellular
insults (Hongmei, 2012 It occurs Ya several pathways of which the two most common
pathways involve caspase activation and are termed the intrinsic/mitochondrial pathway and the
extrinsic/death receptor pathway

1.3.2.1.The Intrinsic/Mitochondrial Apoptotic&hway

The intrinsic apoptotic pathway is initiated in response to radiation, viral infection, irreparable
DNA damage and oxidative stre@dongmei, 2012 The mitochondria are central components

of the intrinsic apoptotic pathway as it is the site where most of theapw antiapoptotic
molecules are locate@sross et al., 1999 Anti-apoptotic molecules such as BQLlare found

on mitochondrial membranes whereas-gpoptotic molecules such as BAX and cytochrome ¢
are found in the cytosol and within the mitochondria respect{@igss et al., 1999

BAX translocates from the cytosol to the mitochondria, following a death signal, where it
undergoes a conformational changmising it to become an integral membrane prdi@ioss

et al., 1999 BAX interacts with members of the permeability transition p&*€R; adenine
nucleotide translocator (ANT), voltagkpendent anion channel (VDAC) anperipheral
benzodiazepine receptor (PBR)) on the mitochondrial memlesodting in theopening of the

PTP and the release of cytochrome c¢ apolptosis inducing factor (AIF) from the mitochondria
(Gross et al., 199%Hongmei, 2012 The release of cytochrome ¢ enables bindisity the
apoptotic protease activatifigctorl (Apafl), procaspas® and ATP to form an apoptosome.
Apoptome formation activates caspa&econsequently activating executioner caspasé

resulting in apoptotic cell death (Figure 1(dengartner, 20Q0~ulda, 201}

BCL-2 is an antapoptotic molecule that plays an important role in maintaining the integrity of

the mitochondrial membrane. BEL inhibits cellular free radical formation, cytochrome c¢




release and the activation of caspases thergepting apoptosiéRego et al., 2001 Following
apoptotic stimuli, the BH8lomain-only molecule (BIM) translocates to the mitochondria where
it interacts with BCL2 to antagonize its ardéipoptotic activity and promote apoptofi&ross et
al., 1999.

1.3.2.2.The Extrinsic/Death Receptoakhway

The binding of death inducing ligands or soluble factors to death receptors on cell membranes
leads to the activation of the extrinsic apoptotic pathway. In this pathway, death kyahdss

tumour necrosis factor alpha (TNF) , tumour necrosis factor

(TRAIL) and Fas ligand (FasL) bind to their death receptors on the cells susfpeel TNF
receptor (TNFR1)death receptor 4/5 (DR4/5) and Faspedtely (Okada and Mak, 2004
Hongmei, 2012 These deatheceptors have an intracellular death domain that recruits adaptor
proteins such as TNFeceptor associated death domain (TRADD), Fas associated death domain
(FADD) and cysteine proteases such as caspa3ée binding of an adaptor protein to the
death lganddeath receptor complex results in the formation of a death inducing signalling
complex (DISC). DISC is responsible for the assgmdohd activation of precaspasé to
caspase8. Caspas® activatesaspasa/7 which leads to apoptosis (Figure 1(®ross et al.,

1999 Hongmei, 2012Fulda, 201).

The ativation of the extrinsic apoptotic pathway can leadh® activation of the intrinsic
apoptotic pathway via the BHBomairronly molecule, BidGross et al., 1999The activation

of caspase@ (via the extrinsic apoptotic pathway) results in the cleavage of cytosolic p22 Bid at
the amno terminusleadingto the generation of a pl5 carbeterminal fragment P Bid,
truncated pl15 Bid (tBid). tBidranslocates to the mitochondria and directly activates pro
apoptotic proteins to induce mitochondrial outer membrane permeabilizginpuk and
Green, 200p This leaddo the release of cytochrome ¢ and activatiothefintrinsic apoptotic
cascaddFigure 1.4)Gross et al., 1999
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Figure 1.4: Extrinsic and Intrinsic Pathways of Apoptoéivaloro et al., 2032

1.4.DNA Damage

Irreparable DNA damage is the major initiating event in apoptosis. DNA damage is caused by
several endogenous (oxidative stress, replication errors) and exogenougadition,
chemicals, toxins) agents. Common types of DNA damage include covalent modifications of
bases (oxidation, hydrolysis, alkylation), breakshe DNA backbone occurring ione (single
strand) or both (doubistrand) DNA strands and crosslinks Weén bases on the same or
opposite DNA strands and between DNA and protein molediigsire 1.5)(Sancar et al.,
2004. Cells have evolved numerous mechanisms of halting cell division and repairing DNA
damage(Sancar et al., 2004However, sometimes DNA damage is so extensive it cannot be
repaired and thaffectedcell is removed via apoptos{$iongmei, 2012 In the event that
apoptosis does not ocgunormal functioning of the cell is digpted and base lesions

accumulate increasing the possibility of mutations and cancer development.
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Figure 1.5: Common types of DNA damage (Prepared by author)

1.5.The p53 Tumour Suppressor Rotein

DNA damage is the most common cause of p53 activationisp&3umour suppressor protein
and transcription factor involved in regulating the expression of genes critical faryctl
arrest and apoptosjBrooks and Gu, 200&eorge, 201,1Reed and Quelle, 2014t is encoded
by one of the most frequently mutated geie human cancers and more tha@% of cancers
have been reported to contain mutated or inactive (BaBlev et al., 2001George, 2011
O6Brate and GijZhanqeadt. 2606 u, 2003

p53 plays a major role in sevei@ll signalling pathways and activated in response to DNA
damage, hypoxiagxcessive oncogene activation and other stregsiogsre 1.9 (Prives and

Hall, 1999. Once activated, p53 acts as a critical regulator of cell proliferation by functioning
as a checkpoint protein to monitor DNA damage, arrest the cell cycle and initiate DNA repair
prior to cell division(Barlev et al., 2001 p53also mediates apoptosis in cells with irreparable
DNA damage. In this way, p53 functions to maintain genomic stability and is often referred to
as t he fAguar diBaooksantl Gu, 2068eqge 201iRedd and Quelle, 2014




p53 also activates the transcription of certain genes such as MDM2, p21 andlidétXare
involved in reaglating cell proliferation and apoptosis. It serves as a negative transcription factor
to downregulate the gene expression of BE[Kang et al., 201pand can bind directly to anti
apoptotic BCL2 proteins and activate papoptotic BCL2 proteins (eg. BAX). This enables
p53 to regulate mitochondrial outer membrane potential and apog@sigsuk and Green,
20089.
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Figure 1.6: Activation and function of p5&repared by author)

1.5.1. The Sructure of p53

The p53 geneTP53 is located on the short arm of human chromosome 17 (17p13.1) and
encodes a 53kDa nuclear phosphoprotein upon transl@@earge, 2010l The p53 protein
consists of 393 amino acids arsdmade up of three main regidnan acidic Nterminal region,

a central core region andoasicC-terminal region Figure 1.7. The Nterminal region includes

a transactivation domain and a proline rich domain. The transactivation domain consists of
aminoacids 1 to 42 and is involved in the activation of transcription fa¢teenrge, 2011
Lambert et al., 1998 It interacts with several proteins such as MDM2, TABiAding protein

(TBP) and protein kinases that regulate the stability and activity of(pbdo et al., 2003
Lambert et al., 1998 hakur et al., 2012 The proline rich domain consists of amino acids 63 to

97 and is required for pS3ediated apoptosis.




The central core region comprises of a DNiAding domain (amino acids 98 to 292) that
interacts with DNA in a sequenspecific manner. The DNA bindindomain consists of two
copies of the 10bp consensus sequegbideuPuPuC(A/T)(A/T)GPyPyRg' (Pu=A/G, Py=T/C)
separated by approximately 0 to 13Benchimol, 2001and it is the site where the majority of
cancer associated mutations are dete¢Braves and Hall, 1999 These mutations are usually
missense mutations that alter the conformation of the bhk#ing domain and prevent the
binding of p53 to DNA(Dai and Gu, 201(Prives and Hall, 1999This domain is stabilized by

the tetrahedral coordination of a zinc ion with cysteine 176, histidine 179, cysteine 238 and
cysteine 24ZJoerger and Fersht, 2010

The Cterminal region comprises of a tetramerization domain and a regulatory domain. The
tetramerization domain (amino acids 324 to 355) is involved in the oligomerization and
activation @ p53. The regulatory domain (amino acids 363 to 393) functions as a transcriptional
regulator and is involved in recognizing DNA damage. Thr@inal region also contains

three nuclear localization signals (NLS) and two nuclear export signals (NESarthat
responsible for the import and export of p53 to and from the nuq@uw Br at e an
Giannakakou, 2003
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Figure 1.7: Structure of p53Prepared by author)

1.5.2. Posttranslational Modifications of p53

p53 is synthesised in the cytoplasm where it remains latent in the absence of cellular stress
(George, 201106 Br at e and Gi).&xposar @ lsteessych a8 ®WNA3damage,

hypoxia and excessive oncogene activatanses p53 to translocate to the nucleus where it




exerts its transcriptional effec(®© 0 Br at e and Gi. g53 naa k@ fknation in & 0 0 3
transcriptionindependent manner in the cytoplasm to regulate processes such as autophagy an
apoptosigDai and Gu, 2010Green and Kroemer, 2009

The tight regulation of p53 function is essential for maintaining normal cell growth and
preventing tumarigenesis(Brooks and Gu, 2003 p53 is subjected to a variety of post
translational modifications that regulate its function as a tumour supprpsestain (van
Leeuwen et al., 2013 These modifications occur mainly in the &hd Gterminal regions of

the protein and include ubiquitination, phosphorylation and acetyl@Bariev et al., 2001
Reed and Quelle, 2014an Leeuwen et al., 20L30ther postranslational modifications of p53

include neddylation, sumoylation and methylatibai and Gu, 2010

1.5.2.1.Ubiquitination ofp53

In normalhealthycells, p53 is a shaotived protein (haHlife of approximately 10min) that is
maintained at very low levels due the continuous ubiquitination by the proteMDM2
(Thakur et al.,2012. MDM2 is synthesised in the cytoplasm and must translocate to the
nucleus where it functions to ubiquitinate p53. Thegphorylation of MDM2 on &iine 166
and 168 by hosphoinositol 3 kinase (PI3K) amgrotein kinase B (PKB)esult in the

translocation of MDM2 from the cytoplasmto the nucl@d®$ Br at e and G).annaka

Ubiquitination refers to the covalent cagation of one or more ubiquitin molecules to a protein
substrate. This process plays a key role in regulating p53 stability and localization. MDMZ2 is a
major E3 ubiquitin ligase and negative regulator of Bai and Gu, 201,0Brooks and Gu,
2003. It ubiquitinates p53 at lysine (K) residues (K370, K372, K373, K381, KB8&IK386)

within the Gterminal regulatory domaiDai and Gu, 2010 p53 can be monrabiquitinated or
poly-ubiquitinated depending on the level of MDM2. High levels of MDM2 pdiyquitinates

p53 whereas low levels of MDM2 mosutbiquitinates p53(Dai and Gu, 2010

The ubiquitination of p53 occurs in the nucleus and depending on the level of ubiquitination
p53 can undergo one of two fates. RPobjiquitinated p53 is generally degraded in the nucleus
by the 26S proteasome whereas mabmuitinated p53 inhibits DNA bindgand is exported
from the nucleus to the cytoplasfpai and Gu, 201,0Green and Kroemer, 200®eed and
Quelle, 2014 In the cytoplasm, monobiquitinated p53 can become further ubiquitinated by
ARF-BP1 and Pirh2 and then degraded by 268 proteasoméDai and Gu, 2010Green and

Kroemer, 2002 Mono-ubiquitinated p53 in the cytoplasm was also shown to travel to the




mitochondria where it becomes-dbiquitinated by the mitochondrial enzyme, Herpesvirus
Associated Ubigitin-Specific Protease(HAUSP). This leads to the generation of the
apoptotically active noabiquitinated p53 which induces mitochondrial outer membrane
permeabilization thus, triggering the release ofggoptotic factors and causing apoptosis in a

transcriptionindependenmanner(Figure 1.8 (Green and Kroemer, 200HAUSP is a direct

antagonist of MDM2 activity and functions by specifically removing ubiquitin molecules from
p53 when stimulated by DNA damage. Therefore, HAUSP protects p53 from Mb&tRated
degradation and allows the rapid accumulation of p53 upon DNA daBageks and Gu,
2003.

MDMZ2 can also inhibit p53 transcriptional activity by binding directly to thefninal region

of p53 and blocking the access of transcription factors to the transactivation domain of p53
(George, 2011Brooks and Gu, 2003The MDM2 gene is an important transcriptional target of
p53 and the stresaduced increase in p53 levelsdaduce the expression of MDM2, which in

turn downregulates p53, creating a negative feedback(@aipand Gu, 201,0Gu et al., 2008
However, during apoptosis MDM2 is cleaveg baspas@ generating a 60kDa fragment
(molecular weight of MDMZ2 is normally 90kDa) that is capable of binding53 but lacks the
characteristic E3 ubiquitin ligase activifPochampally et al., 1998In this way, p53 is not
targeted for degradation and hence it accumulates within cells.

MDMZ2 has been established as an oncogene as its overexpression has been observed in several
human cancersuch asreast cancer, oesophageal cancer and ovarian ¢hoerand et al.,

1998. Overexpression of MDM2 conveys tumaenic potential by diminishing the ability of

p53 to induce cell cycle arrest and apoptosis in response to cellular(Bioebampally et al.,

1998. The importance of MDM2 in regulating p53 iaity was further determined by the
observation thaMDM2 null mice die as a result of p&pendent apoptos{®ochampally et

al., 1998.

1.5.2.2.Phosphorylation op53

p53 stabilization and transcriptional acti vdpti
genotoxic stresgBrooks and Gu, 2003 The p53 protein harbors an array of serine and
threonine residues in the-fdrminal transactivation domaiand the @erminal regulatory

domain that are phosphorylated or dephosphorylated in response to genotoxi(Bsteks

and Gu, 2003Dai and Gu, 2010



Following DNA damage, 53 is imported from the cytoplasm to the nucleus where it becomes

phosphorylated by several protein kinases such as ataxia telangiectasia mutated (ATM), ataxia

telangiectasia and R&related (ATR), DNAdependent protein kinase (DNAK), checkpoint

kinases 1 and 2 (chkl and chk2) and cydliependent kinase activating kinase (CAK) (Figure
1.8) (Barlev et al., 2001Brooks and Gu, 2003Dai and Gu, 2010Reed and Quelle, 2014
These kinases are activated by various forms of DNA damage and directly phosphorylate p53
on serine (8r-15, Sr-20, $r-33, $r-37 and 8r-46) and threonine (THE8) residueg¢Reed and
Quelle, 2013 Chkl and chk2 canlso phosphorylate -@rminal residues 313, $r-314,
Ser-315, The377 and $r-378) in response to DNA dama¢@eorge, 2011Reed and Quelle,
2014. The dephosphorylation of p53 at S&b and 8r-37 negatively regulates psipendent

cell death and promotes cell surviv@l et al., 200§. Several studies show that DNA damage
induced phosphorylation on S&b and SeB7 of p53 alleviates its inhibition by MDM2 and is
essential for the stabilization of p53 during cellular st{&seh et al., 1997 Howe\er, others

argue that the phosphorylation of p53 is necessary for its acetylation by increasing its
interaction with transcriptional coactivators and histone acetyltransfgidadeyv et al., 2001

Kang et al., 2013._ambert et al., 1998 ang et al.2008.

1.5.2.3 Acetylation 053

The role of histone acetylation and its involvement in the regulation of transcription has long

been a topic of interest. Histone acetylation, catalysed by histone acetyltransferases (HATS),

refers to the covalent linkage of an acetyl group from acetyheog me A t o t he elpsi
amino group of lysine residuéBelcuve et al., 201Zang et al., 2008 Histone deacetylation is

catalysed by histone deacetylases (HDACs) and involves the removal of acetyl groups from the

lysine residues of histonéBelcuve et al., 2002 There are four classes of histone deacetylases

T class | (HDACsl, 2, 3 and 8), class Il (HDAGS 5, 6, 7, 9 and 10), class Il (Sirtuins/L

and class IV (HDACL1). Histone acetylation and deacetylation modify chromatin structure and

are known to affect many DNA based events such as replication and transcijaionve et

al., 2013.

p53 was the first nehistone protein shown to be regulated by acetylation and deacetylation

(Gu and Roeder, 199 7Several studies have shown that p53 acetylation is a crucial event that

occurs in response to genotoxic stress and is essential for increasing p53 stability and
stimulating its transcriptional activityBarlev et al., 2001Zhang et al., 201550lomon et al.,

2006 Kang et al., 201p Acetylation of p53 was also shown to promote its ability to bind to

22



DNA in a sequencspecific manne(Sakaguchi et al., 1998uo et al., 2004Gu and Roeder,
1997 and recruit transcriptional eactivators to specific p53 responsenadmts(Barlev et al.,
2001).

Histone acetyltransferases such as CRRling protein (CBP)/p300 and p300/CBBsociated
factor (PCAF) mediateacetylation of the @erminal lysine residues of p53 through intéi@c

with its N-terminal region. Eight acetylation sites (K120, K320, K370, K372, K373, K381,
K382 and K386) have been identified for p53, six of which were found to occur in-the C
terminal regulatory domain of p53 (K370, K372, K373, K381, K382 and K@Béilev et al.,
2001, Dai and Gu, 201,(Reed and Quelle, 2014382 is the majonssineresidueacetylated in
response to DNA damage and an increase in the acetylation of K382 has been shown to
correlate with an increase in p53 phosphorylatf®eed and Quelle, 2014K320 in the
tetramerization domain of p58 acetylated by?CAF, which favourgell survival by promoting

p53 mediated activation of cell cycle arrest target gédasand Gu, 2010 The acetylation of
K120 in the DNAbinding domain of p53 was shown to be essential for-geg&ndent
apoptosis but has no effect on the induction of p21 and cell growth @rees} et al., 2008
Recently it was observed that another lysine residue, K164, in theliiiing domain of p53

is acetylated by CBP/p300 in response to DNA danfageg et al., 2008and the acetylation

of this lysine residue is involved in regulating a vast amount of p53 tgRgtand Gu, 2010

Histone deacetylation plays a major role in inhibiting &pendent transcriptional activity,
cell growth arrest anépoptosis(Reedand Quelle, 2014Zhang et al., 2005 The major
deacetylases involved in deacetylating p53 are HDAC1 and sirtuin (SiBjobks and Gu,
2003. HDAC1 is a zinedependent enzyme closely related to the yeast counteRRD3
(Delcuve et al.,, 2002 HDAC1 is found mainly in the nucleus and is responsible for
deacetylating p53 at-@rminal lysine residugd320, K373 and K382) therebinhibiting p53
dependent transcriptiqDai and Gu201Q Reed and Quelle, 2012Zhang et al., 2015

Sirtl is a class 1l NAD-dependent deacetylase closely related to the yeast count&ipart,

(silent mating type information regulation 2). Sirtl is predominantly localized in the nucleus
where it catalyses the deacetylation of aehfsine residues in a reaction that cleaves NAD
and generates-@cetyl ADRribose(Solomon et al., 2006 Sirtl has been shown to deacetylate
p53 specifically on K382, which isnportantfor inducing cellular senescence in cells with
minimal DNA damaggWang et al., 2008 In addition,Sirtl causes p53 hypacetylation and
inhibits p53mediated apoptosis. This is in accordance with a study by Cheng et al. (2003) in

which p53 hypr-acetylation and apoptosis we@served inSirtl-deficient mice. The




deacetylation of p53 by Sirtl has also been shown to promote p53 nuclear export resulting in its
accumulation within the cytoplasm. Increased cytoplasmic p53 may enhance its passage to the
mitochondria where it induces apoptosis. Hence, Sirtl may have & iaducing apoptosis in

a transcriptioindependent manng€¥i and Luo, 201D Deacetylation of p53 by Sirtl can also
promde its ubiquitination and subsequent degraddBarlev et al., 2001Tang et al., 2008

Recently, it has been shown that p53 can be deacetylated in the cytoplasm and the deacetylase
resposible for catalysing this reaction is the cytoplasmic Siwéh Leeuwen et al., 20L.3irt7

was also found to interact witnd deacetylate p58 vitro (Vakhrusheva et al., 20D8This is

in accordance with a study in whi&irt7-deficient cells were found to contain hygmaretylated
p53(Vakhrusheva et al., 2008

1.5.3. The Role of MDM2 inRegulatingp53 Acetylation

The role of MDM2 in regulating the acetylation of p53 has received much interest over recent
years. Some studies show that MDM2 can decrease the acetylation of p53 by ubiquitinating
CBP/p300 and mediating its export from the nucleus to the cytoplasm, Wwlaete as an E4
ubiquitin ligase to further ubiquitinate p53 and enable its degraddainand Gu, 201Reed

and Quelle, 2014zhang et al., 2075 Another study showed that p53 is ubiquitinated and
acetylated on the same-t€minal lysine residues and hence, MDM2 and CBP/p300 may
compete for the same binding si{@ooks and Gu, 20QReed and Quelle, 201Zhang et al.,

2015. Acetylation of p53 inhibits MDMznediated ubiquitination by blocking the recroént

of MDM2 to p53 responsive promoters awmite versa(Zhang et al., 2005 MDM2 also
promotes p53 deacetylation by recruiting HDACL to acetylated p53 corslexet al., 2002

The unmodified lysine residues then become substrates for MbdtRated ubiquitination
resulting in p53 degradatidito et al., 2002
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1.6.Problem Statement Aims and Objectives

Problem Statement

Mycotoxin contamination of foods and feeds is a serious problem occurring worldwide
(Mi | i I evi I). ®outh Arica is theRajod @oducer of maize and other cereal grains

such as barley, wheat millets and sorghum. It is responsible for producing large quantities of
agricultural crops each year. However, the lack of proper food storage methods accompanied
with the hot and hurdi weather ofSA provide ideal conditions for the growth of pathogenic
fungi and the production of mycotoxinBusaric acidis an often neglected mycotoxin that
contaminates a wide variety of food sources especially, maize which forms part of the staple
diet. Several studies have reported FA to be a toxic agent in both {@aNten and Etherton,

1984 Diniz and Oliveira, 2009Dong et al., 2012Li et al., 2A.3, Sapko et al., 201 ITelles

Pupulin et al., 1996and animalgTerasawa and Kameyama, 19%mith and Sousadias, 1993
Ogunbo et al., 20QHidaka et al., 196Dowd, 1988 Bungo et al., 199F-airchild et al., 2005

Voss et al., 1999 However, thexactmechanism by which this mycotoxin exerts its toxicity is

still unknown. p53is a major stress response protein that regulates a variety of cellular
processes and therefore, its activation may provide a possible mechanism by which FA induces
its toxicity. The ability of FA to induce DNA damage and activate p53 has notgregiosly

reported.
Aim
To determine the effect of FA on DNA integrity and the gomtslaional modifications

(phosphorylation and acetylatioof) p53 in lepatocellular carcinoma (HepGells

Null Hypothesis

Fusaric aciddoes not causeNA damage ad posttranslationally modify p5& HepG cells

Objectives

V To determine the effect of FA on DNA integrity in Hep&lls at 24hrs using the

single cell gel electrophoresis (SCGE)/comet assay




V To determine the effect of FA on the protein exprassiop53, phosphorylate8erl 5
p53, acetylatedk382-p53, MDM2, acetylate€€BP (K1535)/p300 (K499), HDAC1
and phosphorylate8erd7-Sirtl in HepG cells at 24hrs using western blot

V To determine the effect &fA on the cell cyclendapoptosis in Hep&cells at 24hrs
using the Hoechs33342assay




CHAPTER 2

MATERIALS AND METHODS

2.1.Materials

Fusaric aid (FA), isolated from the fungu&ibberella fujikuroi(F6513) was purchased from
SigmaAldrich (St. Louis, MO, USA).The human &patocellular arcinoma (Hepg cell line

was purchased from Highveld Biologicals (Johannesb8#), Cell culture equipment (cell
culture flasks etc.) and reagents (Eagl ebs
blue etc.) were purchased frobbnza Biotechnalgy Basel, Switzerland)Western Blot
equipment and reagents were purchased frorrRBio Hercules, CA, USA)AIl other reagents

were purchased from Merck (Darmstadt, Germany) unless otherwise stated

2.2.Cell Culture

2.2.1. Introduction

The HepG cell line, epithelial in morphology and congigt of 55 chromosome pairsvas

derived from the liver tissue of a iear oldCaucasian male possessing a well differentiated
hepatocellular carcinoma@hey are adherent cells that grow as monolayers ol siggiegates

in cell culture. Although often referred to asliger cancer cell line, the HepQells are a
common and reliable model for liver toxicity testing. These cells contain manyspeeific

genes, which produce plasma proteins, retain cellasarfreceptors, and can synthesise,
assemble and secrete many low and high density lipoproteins similar to those of normal human
hepatocytegDehn et al., 2004 HepG cells are also rich in Phase | (cytochrome P450 mono
oxygenases) and Phase Il (glucuronic and sulphate conjugation) biotransformation enzymes that
play a vital role in normal biotransformation reactions and are essential for the detoxification of
variouscompoundgDehn et al., 200450ldatow et al., 2013Vilkening et al., 2008




2.2.2. Cell Culture Conditions

HepG cells were allowed to grow (37°C, 5% ©Qin 25cni sterile cell culture flasks

containing complete ul t ur e medi a ( CCM; Eagl eds Mi ni mu
supplemented with 10% foetal calf serum, 1% peniedtreptomycirfungizone and 1% 1
glutamine). Cells were rinsed every two days in 0.1M phosphate buffered saline (PBS) and
reconstituted withCCM (5ml). Once approximately 90% confluent, the cells were rinsed in
0.1M PBS and incubated (37,6% CQ) with the relevant treatment for 24s. Thereafter, the

cells were detached by incubation in 1ml trypsin (378& CQ, 5 min) and used for the

relevant assays. Cells were counted using the trypan blue cell exclusion method.

2.3.Preparation of Fusaric Acid Treatment

A 1mg/ml FA stock solution was prepared by dissolving 1mg of FA in 1ml 0.1M PBS. An
inhibitory concentration of 50% (k& 104ug/ml) was obtained from literatu¢dbdul et al.,
2019 (Appendix A) and used in all subsequent assalseatment of Hepécells were
conducted oveR4 hrs (37°C, 5% Cg&) with 5ml of 104ug/ml FA (treatment). An untreated

control (CCM only) was also prepared.

2.4.Comet Assay

2.4.1. Introduction

The comet assay also known as the single cell gel electrophoresis (SCGE) is a simple and rapid
technique used to detect DNA strand breaks in individual 8b#lins, 2004 Fairbairn et al.,

1995 Tice et al., 200 It was first introduced b@stling and Johansen in 1984 and wasr late
modified by Singh et al. (183 to improve sensitivity.

Cells are embedded in agarose gel on a microscope slide. The cells are lysed with detergents
and high molarity sodium chloride to remove cellular proteind the DNA is allowed to

unwind in an alkaline medium. The cells are then electrophoresed at high pH resulting in
structures that resemble comets, with a distinct head comprising of intdeimage®NA and

a tail consisting ofragmented,damaged DNA, wén viewed using fluorescent microscopy




(Collins, 2004 Tice et al., 200D The length of the comet tail is directly proportional to the
amount of DNA damage.

The comet assay is based or thrinciple that the structure of DNA is a highly organised
supercoil tightly packed with matrix proteins and chromatin in the nucleus. However, when
DNA becomes damaged this highly organised structure is disrupted causing the individual DNA
strands to relx. During electrophoresis, the applied electric field causes the negatively charged
DNA (due to the phosphate backbone) to migrate towards the positively charged anode.
Undamaged DNA is too large and does not migrate and hence do not producdikeomet
images. However, the small fragments of damaged DNA migrates faster producingikemet
images when viewed using fluorescent microsad@ullins, 2004 Fairbairn et al., 1995 ice et

al., 2000.

2.4.2. Protocol

The comet assay was used to deternfiealegree of DNA damage in Hep@ells. Following
incubation of HepGcells with FA for 24hrs, the supernatants were remqvie cells were
rinsed three times in 0.1M PBS atigipsinised. Theeafter, thecells were prepared in 0.1M
PBS (20000 cells in 25uD.1M PBS).

Three frosted slides psample(control and FA) were prepared by adding three layers of low
melting wint agarose gel (LMPA, 37°C) with each layer beallpwed to solidify (4°C, 10
min). The first layer consistedf 700ul 2% LMPA.The secondayer consisted of 25ul cell
suspension (2@00 cellsin 0.1M PBS, 0.5ul Gel Red(catalogue no41003, Biotium Inc.,
Hayward, CA)and 175ul 1% LMPAand the third layer consisted of 200ul 1% LMPA.

Thereafter, allslides were immersed ifreshly prepared dd lysing solution [2.5M NacCl,
100mM EDTA, 1% Triton X100, 10mM Tris (pHLO) and 10% DMSO] and incubatéd hr,

4°C) to remove all cellular proteins. Following incubation, the slides were placed in
electrophoresis buffer [300mM NaOH, 1ImMJE®TA; pH 13] for 20min at RT to allow DNA
unwinding. The slides were then electrophoresed (25V (300mAmiIB5RT) using the Bio

Rad compact power supply. Following electrophoresis, the slides were washed three times with
neutralisation buffer [0.4M Tris; pH.4] for 5 min each in order to remove excess detergents
and alkali. Slides were viewed using the Olympus 1X51 inverted fluorescent microscope with
510560nm excitation and 590nm emission filtéiFgure 2.). Images of at least 50 cells and

comets were captured pgampleat 20x magnification and the comet tail lengths were measured




using the Soft Imaging System (Life Sciefic®lympus Soft Imaging Solutions version 5) and

reported as pm.

EQUILIBRATION AND ELECTROPHORESIS CELL LYSIS

NEUTRALISATION

Figure 2.1 Overview of the comet assgfPrepared by author)
2.5.Hoechst33342 Assay

2.5.1. Introduction

Hoechst J43ethdxgphen(]-3-[@-methyt1-piperazinyl}2, 5 di-1H-benzimidazole
trihydrochloride trihydrate) is a cell permeable fluorescent dye that binds specifically to the
adeninethymine @-T) rich regions in the minor groove of DNA and emits an intense blue
fluorescence at 35890nm(Chazotte, 2011




The Hoechst 33342 assay is a simple and rapid technique that allows easy visualization of the
nucleus in interphase cells and chromosomes in mitotic (€&tlazotte, 201)1 This allows one
to observe cells at different phases of the cell cycle as well as those undergoing apoptosis.

2.5.2. Protocol

The Hoechst 33342 assay was used to determine the effect of FA @ tyele and apoptosis

in HepG cells.HepG cells (500000 cells/well) were seeded into awll plate and allowed to
adhere overnight. Thereafter, the CCM wasioved;cells were rinsethree timesusing 0.1M
PBS and treated with FA for 2Wrs. Three technical replicates were prepared. Following
treatmat, the cells were rinsed thrice 0.1M PBS and fixed using 10% paraformaldehyde
(500ul/well, 5min, RT) to preserve the morphologynd viability of the cells Once fixed, the
paraformaldehyde was removed and the cells were rinsed thrice in 0.1M PBS to renesse e
paraformaldehyde. The Hoechst 333d@king solution ¢atalogue no. B2261, Sigasddrich;
500ul/well, 5pg/ml)was added and the plate was incubatedr{ith 37°C). Thereafter, the cells
were rinsed thrice in 0.1M PBS to remove any unbound stain iamgkd using the Olympus

IX51 inverted fluorescent microscope with 350nm excitation and 450nm emission Tilkees

images per sampleplicate were captured at 20x magnificat{bigure 2.2.
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Figure 2.2 Overview of the Hoechst 33342 Ass@reparedy author)

2.6.Western Blot

Western Blot is an analytical technique that utilises the principle of ardigiivody binding to
detect and quantify specific proteins in a given sarfpgami and Lujan, 2010ahmood and

Yang, 2012. First, proteins are separated according to their molecular weights in a process
known as sodium dodecyl sulphate polyacrylamide gel electrophoresisR80GE). In SDS

PAGE, a voltage is applied causing the negatively charged proteins to migrate tdveards t
positively charged electrode through a gel matrix. This migration separates proteins according
to their size with the higher molecular weight proteins migrating slower through the matrix and
the lower molecular weight proteins migrating fasf®tahmood and Yang, 2012 Once
electrophoresis is complete, the proteins are eldrsferred to a nitrocellulose membrane
and incubaté in blocking buffer to prevent the napecific binding of proteins. The
membranes are then immunoblotted with a specific primary and erzymegated secondary

antibody to yield bands that are representative of protein expression. This enables target




proteins to be detected and quantified from a sample containing several different proteins
(Mahmood and Yang, 20).2

2.6.1. Protein Isolation

2.6.1.1.Introduction

Total protein was isolated fromHep@ e | | s using the CytobusterE

(catalogue no. 71009, Novagen, Bloemfontein, S)A Cytobuster is a gentle ndonic reagent

that consists of a variety of detergents thilaen combined with the mechanical scraping of cells
disrupts cell membranes allowing for the efficient extraction of soluble proteins that are
functionally active and expressed within cells. Loss of cell compartmentalization during protein
isolation resuli in the release of several tightly regulated proteases and phosphatases that
degrade and damage cellular proteins. In order to prevent the degrading properties of these
enzymes, the lysis reagent ssipplemented with protease and phosphatase inhibitats th
inactivate endogenous proteolytic and phospholytic enzymes. This enables proteins to maintain

their integrity and avoid becoming denatured.

2.6.1.2.Protocol

HepG cells were treated with FA for 2#s. The supernatants were removed from the flask and
the cels were rinsed three times i0.1M PBS. Thereafter, Cytobuster reagent (200ul)
(Novagen, catalogue no. 71009) supplemented with a cocktail of protease inhibitors (Roche,
catalogue no. 05892791001) and phosphatase inhibitors (Roche, catalo@4®0&837001)

was added to the flask and the cells were kept on ice fonil30Theprotein from the untreated

and treatecatells was further extractedsing a cell scraper. The lyseells were transferred to
1.5ml micracentrifuge tubes and centrifuged (D00xg, 10min, 4°C). The supernatants
containing the crude protein extract was aspirated into fresh 1.5ml-cs@ntofuge tubes and

kept on iceuntil further quantification and standardisatighigure 2.4. The pellet was

discarded.




2.6.2. Quantification and Sandardisation of Proteins

2.6.2.1.Introduction

The total crude protein was quantified using the Bicinchoninic Acid (BCA) Assay. The BCA
assay was first invented by Paul K. Smith in 1985. It is a colorimetric assay based on the biuret
reaction in which cupric (CU) ions are converted to cuprous {Tions in an alkaline medium
(Walker, 1998. First, the C&' ions react with the peptide bonds in proteins and are reduced to
form Cu ions. The Cliions then react with two molecules of BCA to form a BCA
complex that has an imee purple colour and maximalpbsorbslight at a wavelength of
562nm (Figure2.3 and Figure 2.4). The intensity of the purple colour produced is directly
proportional to the number of peptide bonds participating in the reaction and is an indication of

the amount of protein present in the sémfjvalker, 1996.

STEP 1 (BIURET REACTION)

R —
STEP 2

(0) (0)
El + 2 @ - “é\{%“
©) ©

BCA-Cu* COMPLEX

Figure 2.3 Principle of the BCA assayPrepared by author)




2.6.2.2 Protocol

Bovine serum albumin (BSA) standards [0, 0.2, 0.4, 0.6, 0.8 and 1mg/ml] were prepared in
distilled water. Thereafter, 25l of each standard (triplicate) and protein sample (duplicate) was
pipetted into a 96vell microtiter plate. A working solution (200ul) consisting of 198ul BCA

and 4ul CuSQ@was added to each well and the plate was incubated at 37°C fom30he
absorbance at 562nm was measuredguai spectrophotometer (Biek pQuantPlate Reader).

The absorbances of the BSA standards were used to construct a standard curve from which the
concentration of protein present in each sample was determined (Appendix B).

The proteins weresubsequentlystandardised to a concentration obrdig/ml in Cytobuster
reagent and the standardised samples were prepared in laemmli bufer (&M TrisHCI

(pH 6.8), g | y c emeccéptoetharmiPand® Sromopheénol blue] by boiling for

5 min. Each component of the laemmli buffer has a spettifiction. TrisHCI serves as the

buffer and maintains pH. Glycerol adds weight to the samples allowing the samples to sink
easily into the wells of the gel in SEFFAGE (Mahmood and Yang, 20)12Bromophenol blue

allows visualization of the samples as they migrate through the gel. SDS denatures proteins and

imparts an overall negative charge enabling the proteins tefaated solely based on their

size rather than charge and sh@ijdahmood and Yang, 2012 T dmercaptoethanol acts as a

reduchg agent to break disulphide bonds and denature the proteins. Following protein

preparation, the samples were allowed to cool to RT before storipg°&until assayed
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Figure 2.4 Overview of the isolation, quantification and standardisation of pre{Brepared
by author)

2.6.3. Preparation of Gels for SDSPAGE

2.6.3.1.Introduction

Polyacrylamide gels are a 3D polymer network composed of acrylamide and dinkeiss
known a-snethMene tkicrylamide under the catalyzatiamf ammonium persulfate
(APS). SDSPAGE utilises two types of agarose gels to separate proteins according to their
molecular weights. The higher gel is known as the stacking gel and is slightly acidic (pH 6.8)
with a low polyacrylamide content causing thel to have large pores that poorly separate
proteins(Mahmood and Yang, 20)2However, the stacking gel is important as it éeslbhe

protein to form thin sharply defined bands so that they can be separated by the lower resolving

gel. The resolving gel is basic (pH 8.8) and has a high polyacrylamide content causing the gel to

37




have narrower pores which function to separate prot@icording to their siz@lahmood and
Yang, 2012.

2.6.3.2.Protocol

Gels for SDSPAGE were prepared using the MIPROTEAN Tetra Cell casting staifgigure

2.5 (Bio-Rad). A 10% resolving gel [di®, 1.5M Tris (pH 8.8), 1@ SDS, Is-acrylamide,

10% APSand TEMED] was preparednd allowed to polymerize for 1 hiThereaftera 4%
stacking gel [dHO, 0.5M Tris (pH 6.8), 10% SDS, b&rylamide, 10% APS and TEMED] was
prepared and added on top of the resolving gel. A 1cm plastic comb was placed between the
glass plates to enable the formation of wells for sample log#iggre2.5 andFigure 2.¢ and

the gel was allowed to set for approximately 40 min.

CASTING STAND

CASTING FRAME

=3 | TALL GLASS PLATES

l | T iy, w— | COMBS

SHORT GLASS
PLATES

Figure 2.5 Equipment used to prepare SBBGE gelgPrepared by author)




> [we |

4% STACKING
GEL

10% RESOLVING
GEL

Figure 2.6 A typical example of an SDBAGE gel(Prepared by author)




2.6.4. SDSPAGE

The gel cassettes were placed into the electrode assembly and the electrode tank (Mini
PROTEAN Tetra Cell System, Bigad). The protein samples (25ul) along with a molecular
weight marker (5ul) (Precision Plus Protein All Blue Standards, catalogue nc08I81Bio-

Rag was loaded into the wells. The tank was filled with running buffer [25mM Tris, 192mM

glycine and 0.1% SDS] and the samples were electrophoresed at 150V for 1 hr using the Bio

Rad compact power supplfigure 2.7.

Figure 2.7 Process of SD®AGE (Prepared by author)






















































































































