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ABSTRACT

Breast andyynaecological cancers are the main causes of global cancer death in females. So
far, several compounds have been identified from traditional medicine components and natural products
that exhibited anticancer activity. Previousligmangostin (:MG) and ajgenin (APG) had been
extracted and purified from cerumen ®©&tragonula laevicepand bee pollen ofpis mellifera
respectively. Preliminary studies reported that these compounds express antiproliferative activity in
several cancer cell lines. In thisdty ;MGland APG were investigated for antiproliferation effect in
breast cancer cell line B474 and ovarian adenocarcinoma cell line Sk®Wsing MTT assay,
fluorescent staining coupled with flow cytometry analysis, caspase activity assay, and querdihti
time PCR of interest genes. From-BT4 cell line results, both compounds caused necrotic death by
induction of inflammation, as observation of COX2 gene upregulation. In SB@¥lI line, APG
induced apoptosis vi a -MGnleditonnecrosimmteat was assotidied avith wh i |
upregulation of COX2 gene expression. Both compounds arrested the cell progressith @iaSe.

In addition, the half proximal inhibition concentration {§§Cof both compounds in normal cell lines

was higher tharcancer cell lines representing less cytotoxicity on normal cells. Regarding the
antiproliferation effect of APG in SKO3, it is interesting how APG regulated cellular mechanisms to
suppress cell proliferation. To clarify this question;aldx TMT labellng phosphoproteomics was
performed at an early response time to observe the global changes of phosphoproteins after APG
exposure. Gene set enrichment analysis appeared that APG treatment altered regulation of transcription
via epigenetics, histone modifigan, and organisation associated with demethylation, and activated
various signalling pathways especially signalling through miteggtivated protein kinase (MAPK).

APG inhibited cyclindependent kinase 1, 2, and 4 (CDK1, CDK2, and CDK4) activitiesaethdhted

stress response and cell survival signalling from NetworKIN and Kinase set enrichment analysis
(KSEA). Notably, inhibition of pyruvate dehydrogenase complex activity by enhancing activities of
pyruvate dehydrogenase kinase (PDK1 and PDK2) prastiméconversion of energy metabolism and
aerobic glycolysisoccurredinSKQY¥ cel | s after exposurMGandAPG APG.
exhibit antiproliferative activity on a different mechanism and knowledge from this study provide a
better understading of cellular response to the compounds that could become useful as a therapeutic

or cotreatment agent for cancer medication.
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CHAPTER 1

INTRODUCTION

1.1 A brief review on traditional medicine

The usage of natural resources as an herbal medicine has started a long time ago almost at the
start of mankind. The evidence and documentation of herbal usage for treating illness has been
estimated to occur in Sumerian civilization around 5000 BOQESince then, the record of medicinal
plants and other natural resources usage emerged across the globe from Egypt, Greek, Roman, the
Arabs, India, China, and Africg-4). At first, the treatment of the ailments by utilising herbal plants
and native sources appeared to be intuitive, like animals, and this confined knowledge generated
throughexperiences was passed on to the next generation. A famous script of observation of medicinal
pl anDeMaieria Madica wr i tten during Nerods Empire by Di
as one of the fathers of pharmacognosy along with Theoph(@jtite described 944 drugs from 657
origin plants that were used to treat a broad spectrum of diseasesafople relieve pain, fever,
headache, and stomach ache, and cure wounds, burns, and stings. This document offered a foundation
f o Matefia Medic® or the history of pharmacy for the me
establishment of pharmadical sciences during the early industrial revolution. During the Dioscorides
peri od, ShemNd@BemG@apldod a Chinese historic document
plants, has been established and described three lists of herbs thatdbaddakinto three groups,
upper herbs that have stimulating properties with lower toxicity, middle herbs that have potential
treatment activity but with toxicity, and lower herbs that contained most likely only p(B3oNot
only heabs were described in these documents but also other natural resources for example minerals,
animal parts, and extracts including bee products. The trend of herbal and traditional medicine as
alternative and complementary treatments has become more\atraspecially for elders with health
concerns or mild symptom illnesses, because several reasons for example anxiety of using conventional
medicine in longterm, good aspects on herbal medicine, and experience in the {&nilyhis is

reflected through an increase in demand for medipilaaltts and their derivatives, i.e., dried parts, crude



and purified extracts, essential oils, and even gums that are used in nutraceuticals and dietary
supplements, and for manufacturing in pharmaceuticals and cosretidhe average growth is
around 2.4% in volume and 9.2% in value with an estimatedatjtpade of approximately USD 33
billion. In Thailand, a trade report from the Thai Ministry of Commerce from (Fig. 1.1)
showed an average value of Spices and medicinal plants exports at about USD 200 million with a sharp
growth rate during 2028017(8). The different geograptdl areas, biodiversity, and ecosystem of each
civilisation have caused high diversity of plants and natural resources used in folk medicine. One of the
traditional medicinal substances that have been reported of usage for treatment in differenthgarts of t
world is bee products. Bee products have been recorded both as sole substance or as mixtures with other
herbs for wound healing, relief of fever and inflammation, and oral healt{®;at®) Apitherapy is a

term describing the treatment or cure of illness using bee products. Humans started collecting honey
from wild bees for congmption and ritualistic activity since 7,000 BCE in North Africa and cultivation

of honeybees was observed in Egypt, Greek, China, and Mayan civili€etipApiculture has started

in Thailand since 1940s when the European honeyAygs (nelifera) was introduced for cultivation

and research in Chulalongkorn and Kasetsart Univefs2y In 2020, Thailand ranked B&lobally

and 29 in Sautheast Asia with around 0.29% share of the honey market worldwide, representing
approximately USD 19 million according to a report from the Department of Agricultural Extension,
Ministry of Agriculture Cooperatives, Thailand. Moreover, besides honee #rer plenty of high

value byproducts from honeybees for example royal jelly (approximately USROD#g), beeswax,
propolis (bee glue), bee pollen, and even bee venom. The monetary worth and health benefits of these
products have gained more attentiowl @nhanced research activities in bee products properties, impact
on weltbeing, and iliness prevention that will probably increase the value in favour of products from a
certain area. Apart from its products, honeybees help the fruit farmers and heititbly acting as

the main pollinators in several fruit gardens and farms. Taken together, apiculture in Thailand is

growing and will be important in Thai agriculture and economy.
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Figure 1.1 Value and gowth rate of spices and medicinal plants export of Thailand during- 2020

1.1.1 Bee products properties and usage

Bee products, as described earlier, have been found to exhibit various activities and
characteristics that are influenced by four maasoms: species of bees, geographical area, diversity of
botanical sources, and collecting season, which will affect the constituents and their proportion in the
productg(13). The activities of these products have been studied in the form of crude extracts, purified
partition, or even isolated compounds using various approdthgsin this circumstance, we will
describe only the isolated purified compounds to avoid the complexity that might arise from purity,

absolute concentration, synergistic and antagonist effect, and unknown factors.

1.1.1.1 Honey

The first and most famous bee protischoney, which is produced from the digestion of floral
nectar and is kept in honeycombs in the beehive primarily as a food supply. The sweetness of honey is
related to the major composition by approximately800% of sugars, mainly glucose and fruetos
with a lesser fraction of maltose and sucrose, and other complex ELiglaFsoney also contains amino
acids with low amounts of prein, which serve as nitrogen sources, antibiotics mechanisms, and
enzymes from bee salivary secreti¢h6). Other small amounts of constituents include organic acids,
resulting in the pH of honey being in the range of B.4.2, vitamins, and minerald7). These
components possibly originate from bees themselves, flowers, or even thef sudfsarea, creating a
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unique molecular fingerprint as well as characteristics and properties. As previously mentioned, a strong
activity that could be observed from honey is antimicrobial activity owing to the supersaturated sugar
content, low pH, b0, thatisa by r odu c t of glucose oxidation by .
generate gluconic acid, and nparoxide compounds in specific types of honey. These contents are
methylglyoxal (MGO) in manuka honey and deferkiim Revamil source (RS) honé}8). MGO is a
breakdown product from 1-@icarbonyl, which forms from a neenzymatic reaction between glucose

and anno acids from heat treatment or prolonged stokd®¢ The antimicrobial activity is involved

with disrupting the bacterial fimbriae and flagella structure and also damaging bacterial cell membrane
(20). Another antimicrobial agerms defensinl, which is an antimicrobial peptide (AMP) produced in
hypopharyngeal glands and could be found in haemolymph where it acts as an innate immune response
molecule against bacteria, fungi, and proto@@i. The amount of defensihis varied in each of the

bees and among their species that reflect the concentration of this AMP in honey. The mode of action
of this AMP s likely to be involved with permeabilization of both grpasitive and negative bactal

cell membrane and antibiofilm formation but has less effect against-anudfi resistance strains of
bacteria. Phenolic compounds are also expressed and involved in this activity. Honey also expresses
wound healing ability by preventing infection. kéover, it has been reported that honey has
immunomodulatory effects by major royal jelly proteins (MRJP) isoform 1 inducing tumour necrosis
factoral pha ( TNFU) and matrix metalloproteinase ( MN
possibly stimulatehe healing proceg®2). Anticancer activity in honey has also been discovered in
isolated compounds that are various flavonoids and polyphenols for example chrysin, luteolin, apigenin,
guercetin, and kaempferol. &port from thyme honey had found that a trihydroxyketone, which is a
monoterpene, could induce apoptosis in human prostate cancer cell liaédby@hibiting nuclear

factorkappaB(NleB) acti vation vi &sepretiof@P. horyl ati on and |

1.1.1.2 Royal Jelly
Next, Royal jelly (RJ) is a nutriemich white to yellow acidic gelatinous product that contained
a high amount of sugar (~416%), proteins and amino acids (~12%), and fat (~&%) with mina

components of enzymes, vitamins, minerals, flavonoids, and phe(@icPue to the high density of



nutrients, it serves as the main food during the development of larvae for workandeasough the
whole life of the queeli25). The proteins and amino acids are the major content of dry matter of RJ
with approxmately 80% of glycoproteins called MRJPs and minor fractions of apolipoprotein,
enzymes, and defensin(26). Jelleirl and -Il, a product of MRJPL cleavage, has been shown to
exhibit antibacterial activity on both grams of bacteria while reyglia homolog of defensih, appears

to be effective against grapositive bacteria only27). Interestingly from lipid corgnts, 1ehydroxy
2decanoic acid, a unique fatty acid only found in RJ, has been reported to expragtaantiatory

and immunomodulator activities by inhibiting the histone deacetylase (HDAC) resulting in enhancing
of expression of superoxide dismutasel aeduction of LPStimulating inflammation in human
monocytic leukaemia THR cell line (28). Furthermore, RJ protein and lipid constituents hasen
reported to benefit hyperlipidaemic and asgieing propertie29-31). However, there is no relevant

report of anticancer activity in RJ.

1.1.1.3 Bee venom

Bee venom is a complex mixture containing peptides, proteins, enzymes, amines, volatile
agents, phospholipids, and pheromones and has been used in apitherapy to treat chronic pain and
i nfl ammati on, ar t hr i(32). Bhe magonodmpBnentskin thre slrg mditer ofdhédes e a s €
venom are melittin, apamin, and phosphidlip2 (33). Melittin is an amphipathic peptide composed
of 26-amino acids (AAs) with hydrophobic side chain AAs atdxminal while positive side chain AAs
at Gterminal. It is thought to interact with the anion lipid layer of the cell membrane and through
accumulation creating pores, which cause the releaselioEontents. However, antiflammatory
effects have been observed with melittdd). Its anticancer activity is involved with cell cycle arrest
and induction of apoptosis via both the intrinsic and extrinsic path{@®)s A p a mi 4melidals an U
peptide formed by 18 AAs crodisked with two disulphide bonds. It penetrates the bibain barrier
and appears to cause blocking ofGdependent Kchannel and has been used for the treatment of
central nervous system disea#). Phospholipase A2 is a €alependent bee enzyme that hydrolyses

complex lipids on the cell surface, which causes inflammation and immune stimulation. While



phospholipase A2 has allergic induction activity, its been shown to be effective for

immunomodulation and ameliorate neuggdnerative and allergic dised8¢&, 38)

1.1.1.4 Propolis

Propolis or bee glue is a resinous yellow to black compound that was collected from plant resins
by worker bees and mixed with wax andymes. It serves many roles in the beehive such as filler to
seal cracks and holes of the hive, smoothing inner wall, preventing invasion, covering the corpse of an
intruder inside the hive, and protecting the colony from diseases. The constituents alisprop
Thailand majorly consists of terpenes, flavonoids, and phenolic esters, which possibly originated from
the gum of the styrax trg@9). Caffeic acid phenethyl ester (CAPEas been discovered as a main
active ompound. It exhibits antiviral, antibacterial, antifungal, @mammatory, and anticancer
activities. For antiviral activity, CAPE was found to inhibit viral integrase of HI{40), to repress
hepatitis C virus replicatio(d1), and recently been predictédsilico to inhibit SARSCoV-2 main
protease activity through binding into substrate goalf the enzymeg42). It also increases in
permeability of bacterial membranes and suppresses RNA polymerase #48YitZAPE expresses
antrinflammation property viaregulatingN6B, a transcri ption factor th
activity for example immune response, inflammation, and cell proliferé&ié)n Anticancer activity of
CAPE was reported in breast carcinoma cell lines by induction of cell cycle arrest and apoptosis, and
inhibiting angiogenesis through suppression of vascular endoth@iattgfactor (VEGF)45). One of
the phenolic esters, artepillin C, which originated from Baccharis (Astera@€ga$ found in high
concentrations in Brazilian green propolis. Its effects include antibacterialinathmatory, and
antitumour activity. The anticancer activity of artepillin C is mediated through the induction of cell
cycle arrest at Gphase byrepressing cyclin D/cyclidlependent kinase (CDK) 4 activity in human
colon cancer cell line&t7) and apoptosis through suppressing survivin, anauaptotic protein, in

oral squamous cell carcinoma cell line H3(48).

1.1.1.5 Bee pollen
Bee pollen, also known as ambrosia and when fermented is called bee bread, is a mixture of

granules of plant pollen that are collected by worker bees and combined with nectar and bee secretions,
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which are stored in a specific place of the hive. It serges @serve food source for the hive colony.

Its composition is highly varied based on geographic origin and the plants in the foraging area of worker
bees so it could appear as a mdlocal or multifloral bee pollen. Compositions of bee pollen cover
carlohydrates (~50%), AA and proteins (~21%), lipids and fatty acids (5%), fibre (~8%), ash (~3%),

vitamins, minerals, and other phenolic cont€A).

1.1.2 Programmed cell death and dlecycle arrest mechanisms

1.1.2.1 Cell cycle progression and regulation
Resistance to apoptosis or other programmed cell deaths has been a hallmark of cancer cells.
Natural compounds exhibit various anticancer properties through cell cycle arrest aadpred cell
death mechanisms including apoptosis, necroptosis, and autophagic cell death. Programmed cell death

consists of several mechanisms &mdimplify the order of theseell cycle arrest will be described first.

Cell cycle progression (Fig. 1.®) characterised by the growth and increase of its components
including duplication of the genomic DNA during interphase. Subsequently mitosis, which consists of
prophase, metaphase, anaphase, and telophase, takes place by segregation of replicasetnesromo
into two separate cells during cell division. The interphase consumes most of the time in the cell cycle
where cell growth and DNA replication occur with stringent regulation by multiple checkpoints.
Interphase can be identified through the DNA cohtef the cells and classified into three phases
including G, S, and Gphases. The transition of cell cycle is regulated by various groups of proteins,
but the key regulators are the cyclin family proteins and CDKs. While CDKs protein levels appear to
bestable throughout the cell cycle, cyclin proteins are in turn expressed and degraded during each phase.
Only cyclin D, which contains three members cyclin D1, D2, and D3, are expressed all through the
progression from &o M phase, whereas the expressiofother cyclins are in order as follows: cyclin
E from late G during S and entry of £5cyclin A from S to G2 before entry of M, and cyclin B from
early G to M. CDKs are also organised into phastated functions: with CDK4, CDK6 and CDK2
involved in Gi, CDK2 solely involved in S, and CDK1 in,GThis shows the association between
cyclins and CDKs in each phase. Starting fromdgclin D interacts with CDK4 or CDK6 and forms
a CDK-cyclin complex after being stimulated by growth factors. These compliien phosphorylate
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retinoblastoma protein (Rb), which inactivates Rb and causes the release of E2F transcription factors to
activate the expression of downstream target genes requiredtfan&tion to S for example cyclin E,
Cdc25A, CDK2, cyclin A,CDK1, etc. Then, cyclin E binds to CDK2 causing activation by CDK7
cyclin H complex (CDKactivating kinase, CAK) of CDK2 and transition from 8 S phase. During

S phase, cyclin A associates with CDK2, which is activated by CAK, and this complex ldlfztda

DNA replication by activation of DNA polymerase and primase. After the DNA is duplicated, cyclin A
binds to CDK1 and initiates entry to @hase. Finally, cyclin B interacts with Cdeabtivated CDK1

and triggers M phase transition by activatingoskeleton remodelling and organisation. If DNA
damage has occurred in these transitions, ATM/ATR signalling cascade is activated and results in the
activation of p53 tumour suppressor protein to upregulate the ayetiandent kinase inhibitors p21,
which binds to CDK4/écyclin D and CDKZ2cyclin B complexes and inhibits their activities together
with other cell cycle arrest mechanisns0). CDK1 is also regulated via phosphorylation at
Thrl4/Tyrl5 ly the Weel protein and to a lesser extent at Thrl4 by the Mytl p(&tBinThese
phosphosites are removed by Cdc25A and Cdc25C phosphatases. However, the phespleatase
inactivated through phosphorylation of Cdc25A at Serl23 and Cdc25C at SerZ1EHEK1 and
CHEK2, downstream targets of DNA damage response by ATM/ATR signalling. The
hyperphosphorylated Cdc25A and C are sequestered in the cytoplasm-3H8 frbteins(52).
Prevention of CDKcyclin complexes activation along the cell cycle progression arrests the cells at the
stage where inhibition occurred. Cell cycle arrest is required for DNA repair and if the damage is
irreparable the cell will be led to cell death. énger period of cell cycle arrest has been linked to
induction of apoptosis via dysregulation of the balance of proapoptotic andpamptiotic proteins
which lead to mitochondrial membrane disruption then chromatin condensation, DNA fragmentation,
and firally apoptosi¢53). One explanation for this cell death is modulation of JINK signalling cascade,
deactivation of Rb, and activation of p53 involved with the apoptosis activation via regulation of
apoptotic assoaied genes, upregulating of Bax while downregulating Bcl2, thereby triggering

mitochondrial apoptosigb4).
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Figure 1.2 The stages of the cell cycle including associated cyeIiK complexes at each stage

1.1.2.2 Apoptosis

Apoptosis is a programmed cell death occurred through a series of cell structure changes at fine
details that resulted in small pieces of the cells, called apoptotic bodies, which are later removed by
macrophages without inflammation actiion (55). In brief, the sequel of apoptotic cell death starts
from the activation of apoptotic regulators through extrinsic or intrinsic signalling. Next, the effector
machinery is stimulated by activated regulators and executed apoptosis mechanism. Thentdhe effe
molecules were exported into the nucleus and cleaved their nuclear substrate resulting in changes in
nuclei, like chromatin condensation and DNA fragmentaf6). In the meantime, reorganisation of
actin, loss of adhesiveness, and cell rounding can be observed. The convoluted cells appear to start
contracting and blebbing resulting in shrinkage of the nuclear membrane, cell membrane, and organelles
into apoptotic bodis. These apoptotic bodies are quickly phagocytosed by surrounding cells such as
macrophages and parenchymal cells. The activation of apoptosis can be categorised inte caspase

dependent and caspaseependent pathways.



Caspases are a group of cystepreteases that recognised different substrate motifs and
cleaved a protein where cysteine resides after an aspartic acid rgsifiuehey are involved in cell
fate, differentiation, development. Regarding the caspdependent pathway, there are two
mechanisms, extrinsic and intrinsic pathways, to activate the signalling cascade. First, the extrinsic
pathway starts when death ligands trigger and activate death receptors (DRs), afgotagma
membrane receptors in the tumour necrosis factor (TNF) superfamily. DR contains a death domain
(DD), which is a cytoplasmic tail with an approximate size of 80 AAs that is required for internalisation
and activation(58). Interaction between DRs ardkath ligands for example Fas/FasL, TRAIL
R1/TRAIL, DR1/TNF, DR3/Apo3L, caused recruitment of protein complexes called -gehthing
signalling complex (DISC). DISC consists of adaptor proteins-éSasciated protein with death
domain, FADD, and TNF repeor-associated Faassociated protein with death domain, TRADD),
initiator caspases (caspa®el0), and MAPK in some cases. After recruitment to DISC, initiator
caspases were activated by dimerization and autocleavage. The activated initiators weséte$po
the activation of effector caspase (casp@sg) through cleavage of procasp#¥e’. Then, these
effector caspases cleave several important cellular structures and molecules led to formation of
apoptotic bodies. An alternative pathway of tinischanism occurred through the cleavage of Bid that
causes truncated Bid fragment involved in dysregulating of the mitochondria membrane. According to
the latter event, mitochondria membrane was permeabilised and contributed to the leakage of
cytochrome Gand AlF that also induce cell death. Moreover, recruitment of activated JNK to DISC has
shown to be involved with facilitating caspa®ectivity by activation of E3 ubiquitin ligase Itch to
ubiquitinate cFLIP, a caspas8 inhibitor, led to degradation otFLIP. (59). Second, the intrinsic
pathway or mitochondrial pathway istvated by numerous molecules and events for example ER
stress, hypoxia, DNA damage, and dysregulation of survival factors and apoptotic proteins balance.
These events caused mitochondria outer membrane permeabilization (MBMP)A famous
signalling pathway of this mechanism is the yb&diated intmsic apoptosis pathwdgg1l). Under cell
stress events, p53 is stabilised and prevented from proteasomal degradation through inhibition of E3

ubiquitin ligase MDM2 that regulates p53 expression by ubiquitination. The increase in p53 protein
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level or activation of p53 by ATM/ATR phitvay resulted in upregulation of p&rgeted genes, mainly
pro-apoptotic BH3only members of BeR protein family e.g., Bim, Bid, PUMA, Bad, Bik, Noxa, and
Harariki proteins. These proteins interacted with-Bdausing dissociation of Bax and Bak prosein

from Bcl2 while they also activated Bax and Bak proté6®). Activated Bax and Bakatilitate the

MOMP events by permeabilization of the mitochondrial outer membrane. The permeabilised
mitochondria membrane releases two groups of proteins. The first group is the caspase activation group
including cytochrome C that interacts with Aglafard procaspas® to assemble apoptosome,
Smac/DIABLO, and HrfA2/Omi serine protease. The last two proteins are associated with cell death
by interrupting the function of inhibitors of apoptosis proteins (IAP), which normally prevents the
activation of the apptosome. Then, the activated caspagethe apoptosome cleaved procasghase

fully function caspas&. Apart from caspasassociated apoptosis, the caspasiependent cell death
mechanisms are associated with releasing of AlF and endonuclease @&ifomnondria membrane
through other mechanisms causing permeabilization for example high influx of calcium or
neurotransmitter glutamat@3). Then, these proteins are localised into the nucleus causing DNA
fragmentation ath nuclear condensation that is named stage | condensation. This process continues until
chromatin condensation, which is the stage Il condensation leading to nuclear collapse/disassembly

(64)

1.1.2.3 Necroptosis

As mentioned above, besidesopfosis by caspas#ependent and caspaselependent
pathways, several cell death mechanisms have been obgeceting necroptosis, autophagic cell
death, and necrosis. Necrosis is an unorganised cell death resulting in cell membrane distortion and
burg of intracellular components into the surrounding area, which will induce an inflammatory
response. Necrosis occurs via several factors, including infection, toxic substance exposure, oxygen
deprivation, and extreme environmental conditions. A receny $twohd that necrosikke morphology
can be regulated and has been termed necrogisAmong all the necroptotic signalling pathways,
TNF-induced necroptosis is extensively repd and investigated. Initiation of necroptosis by the TNF

receptor family appears to be similar to the extrinsic apoptosis pathway but there are different groups
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of molecule complexes involved to guide the cells to necrotic déédhin brief, trimerization of the
cytoplasmic domain of TNFR occurred through the binding of TNF to TNFR. This structure involves

in recruitment and assembly of protein complexes comgiMRADD, cellular inhibitor of apoptosis

protein 1 (clAP1), clAP2, receptimteracting protein kinase 1 (RIPK1), TNFRsociated factor 2
(TRAF2), and TRAF5. In normal circumstances, RIPK1 is ubiquitinated with the E3 ubiquitin ligase
clAP1 and clAP2 thialead to RIPK1 degradation and later activatessNB f or c el 67).pr ol i f e
In necroptosis, cylindromatosis (CYLD), a deubiquitinate protein, prevents RIPK1 from degradation
and allows the assembtj of complex Il by recruitment of caspe®eand FADD (68). Under this
circumstance, if caspaseinhibitors are presented, the cell will be directed to necroptosis. Then, RIPK1

is activated by autophosphorylation at serine 161. The activated RIPK1 assembles a complex named
necrosome through recruitment of RIPK3 that isvatdéd by autophosphorylation. Finally, the
necrosome activates its substrate, mixed lineage kinase dbkeapseudokinase (MLKL), causing
oligomerisation and embedding into the cell membrane causing intracellular leakage and loss of cell

stability.

1.1.24 Autophagic cell death

Autophagy is a eukaryotgpecific cell survival and homeostasis process that catalyse undesired
proteins in a double membrane organelle named autophag@68iné serves various roles in cells,
including balancing energy sources, removal of misfolded or aggregated proteins, eliminating impaired
organelles, exterminating pathogens, and introducing to cell deatbplfagy has been found in
triggering cell death associated with necrosis, apoptosis, and autophagic cel[7@¢affutophagic
cell death occurs through the accumulatirautophagosomes and autolysosomes that continuously
lyses the intracellular compartments and organelles resulting in cell blebbing with large vacuoles inside.
Basically, autophagy is stimulated extracellularly or intracellularly in absence of growdhifesulin
signalling, hypoxia, and nutrient deprivatig¢d9). Upon lack of growth factor or insulin stimuli,
phosphatidylinositol &inase (PI13K), a plasma membraassociated lipid kinase, cannot activate Akt
that prevents tuberous sclerosis complex (TSC1/2) complex from inhibition of Rheb GTPase activity.

Then, deactivated Rheb cannot inhibit FK806ding protein 38 (FKBP38) binding tnTORC. The
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mMTORC protein inhibits autophagy by phosphorylating autopinalgged protein 13 (Atgl3) when a
nutrient is available, and a growth factor or insulin is presented. In addition to external stimuli, an
energysensing kinase, target of rapamycitoff), is deactivated by nutrient deprivation, discharge of
ATP, and hypoxic stress. This event allows Atgl13 to interact with-Zinlike autophagy activating

kinase 1 and 2 (ULK1/2). Later, ULK1/2 activate autophaggcific PI3KC3 complex 1, a complex of

pl50 protein, Beclidl, vacuolar protein sorting 34 (Vps34), Autophagy and Betlirgulator 1
(AMBRAL), and other organelle membran@1). The activated PIBKC3 complex 1 phosphondate
phosphatidylinositol into phosphatidylinositolp®osphate to recruit DCFP1 and WIP1 proteins for
phagophore formation. Then, conjugation of A#yig12 occurs in parallel with LG8 formation by
conjugation of phosphatidylethanolamine with l-O3otein Both proteins/complexes are recruited to

the phagophore and involved in the curvature of phagophores due to asymmetric recruitment. The
curving of the phagophore allows it to engulf protein aggregates or damaged organelles and start to
close the structerinto autophagosomes and autolysosomes that is maturated by fusion with endosomes

and lysosomes for proteolytic event.

1 . 1-mangdstin and apigenin from bee products in Thailand and its anticancer
activity

Recently, cancers have been reported for acquiring drug resistance that increases the
complexity in treatment, recurrence, and relapse of the dig@asePrecision medicine and drug
screening for novel multiarget anticancer compounds from natural resources and newly synthesized
compounds for chemoprevention, treatment, and sensitizing in combination haverbgersged
vastly in the past few year&3-75). For decades, over 100 chemical compounds belonging to
flavonoids, terpenes, leukotrienes, catechins, and phenolic substances have been extiaclatednd
from bee products. -+hawngosWi and@ubenini(APG) Thdse twdJ
compounds have been reported for e-MGwasextractedh and
from cerumen of Thai stingless béeefragonula laeviceg) from mangosteen3darcinia mangostana
L.) and rambutanNephelium lappaceunorchard in Chantaburi provin€é6). Cerumen is a propohs

like mixture of plant resins and stingless bee secretions that serves quite similar purposes to honeybee

13



propolis. Whereas APG was isolated from bee pollen harvested from Pua district, Nan province, where

corn ZeamaysL.) was the dominant plant species in the area.

1. 1 .-Blandostit)

Mangosteen, which is recognised as the queen of tropical fruit due to its unique taste, has been
mass cultivated in South and Southeast Asia, which Thailand being the leader okt@angxport
globally. It has been used in Thai traditional medicine for wound healing and to treat skin inflammation,
diarrhoea, abdominal pain, and a chronic ul€¢&f). The active compounds foundghiy in the
mangosteen hul |l ar g -rbajp emmhgystin,xeangodtanoh ensangos$tdiol,
mangostanin. gartanine, garnicone derivatives, etc.), tannin, flavonoids, and other phenolic contents
(78). -MG, a bright yellow xanthone derivative found highly in the pericarps of mangosteen, has been
firstly extracted and reportaéd 1855 by Schmid from mangosteen hull as reported by Yates and Stout
in 1958(79). Addi t-M® coald ble gxiracteéd from the root bark and stems of mangosteen and
the Allanblakia family (80, 81) It has been shown to contain wound healing, antimicrobial; anti
malaria, antioxidation, antinflammation, and anticancerctivities (82). According to its structure
(Fig. 1.3), it expresses a high hydngbic profile that reflects low solubility in water and high cell
permeability, which results in less drug bioavailability from rapid absorption and metabolism at early
time-point of administration but lower availability in body fluids and might be unidaehat the target

site (83). Thus, multiple drug delivery strategies have been evolved to reduce these lim{@dipns

Figure 1.3 U-mangostin chemical structure
The ant it unrMGwasfifstfreparted imhiimak leukaemia cell lines-&4l, K562,

NB4, and U937, by apoptosis induction in 20@5). The results showed that cleaveaspase
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expression and DNA fragmentatiamcireases especially at 12 hours. They further observed #0HL

c el | sMQ atimated ibtrinsic apoptosis pathway as observed by reduction of c&pade3 and

loss of mitochondria membrane potential causing leakage of cytochrome C and apogtasis)

factor (AIF) into the cytosq[86). Moreover,inDLD1, a human c¢ ol eVGreprassed e r
the expression of cyclin A, B1, D1, E1, CDK1, and phosphoryl@e&1 (pCDK1) while promoting

the expression of p27 that inhibits cyclin E/CDK2 activation, which resultegll cycle arrest at G
phase and induction of apoptogB7). -MG& was abo reported to induce apoptosis via caspase
independent pathway and sensitizing the cells itreatment with 8-U (88). In human head and neck
squamous cell lines HI82, HN-30, and HN3 1 ;MGdaused apoptosis by interfering with thésbae

of apoptosis regulators via downregulating -@aptdptotic protein, Be2, and upregulating prapoptotic
protein, Bax, and cell cycle checkpoint regulator, (83). They further found amninvasiveness by
downregulation of MMP2and MMR9 i n t hese c el |-MG (9 Antiproliferatva t e d
activity of MG in human chondrosarcoma cell line SW1353 was observed by induction of apoptosis
via both intrinsic and extrinsic pathways from increasing the expression of Bax, ctzmpase, -8,

-9, and cytochrome C in cytosol and reducing the expression ofd@eci2Bid (91). Activation of
extracellular signategulated kinase 1 and 2 (ERK1/2), while inhibition efun Nterminal kinase 1
and 2 (JNK1/2) phosphoryl ation, AKk-MGaltarsithecddl DK 1
proliferation signalling. Similar tthe effect observed in human colon cancer cell lines COLO205, MIP
101, and SW62(02). Mitogenactivated protein kinase (MAPK), and specifically p38 MAPK, appears

t o be i ndGimhumanchephtycardihoma cell line $t€p-1(93). Further work showed that
UMG reduced Akt signalling and tumour growth, arrested the cell cycle ah&se, and induced

mitochondriaassociated apoptosis in xenografts of p53 mutation human breast cancer cell

cel

BJMC3879luca94). Cel | fr ee ki n adMEsigndicardlyinhibidsCDEKdaotiwity, t h at

possibly throughinding to ATP pocket from molecular modelling, which illustrated cell cycle arrest

at G phase in prostate cancer cell line 22Rvl and P¥5). Further studyr e por t eMG t hat

suppressed cell progression from t@ S phase by upregulating the expression of CHEK2 and p21,

whereas downregulating the expression of cyclin D and proliferating cell nuclear antigen (PCNA), a
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protein involved in DNA replication andNDA repair proces§96). Enzyme activity assays showed that

UMG could inhibit AKR1B10ac i vi ty to a | ess eiMGOX.tAKRLBIOisan c o mp a
NADPH-dependent reductase, was upregulated in various cancers and inhibition of this protein
expression and activity ameliorated the cancer progre3&nJ-MG also appears to selectively bind

to human DNA polymerase, DNA topoisomerase | and Il that resulted in cell cycle arrgt h@se

in human colon cancer HCIB6(99). In breast cancer cell line MCF7, the expression level of oestrogen
receptor alpha (ERUdspmonmsipBe, game-Meiwcatneo@edphuced a
ERU appeared to correlate wWIGtbecausehtleeells gainimpre ol i f er
resi st-M@Bcewhea BRU expressi etar wpsr k&6 cokldishtbih U Sh an
activation of the STAT3 signalling pathway, which altered the expression ed@uyitotic protein, Bel

XL, and Mcl1, causing permeabilizath of the mitochondrial membrane that resulted in leakage of AlF

and cytochrome C into cytosol inducing apoptd4i81) The inhibit i-MGwap f STAT
discovered to be involved with upregulation and stabilisation of Src homology region 2 domain
containing phosphatage(SHP1), a regulator of STAT@02) L a-M® was shown to inhibit the

expression and activity of Fatty acid synthase (FAS), which are generally upregulated in breast cancer
cells(103) A dd i t-M® waa ibentified tothhibit other proteins and enzymes that are associated

with carcinogenesis and drug msince for example isocitrate dehydrogenase 1 (IDH1) and ATP

binding cassette drug transporter (ABCGR)4, 105) Though studies a® h o wi n gVGattight U
concentrations dysregulates the mitochMGatsa i al me
exhibits protective and antixidative effects at lower doses by preventing peroxidative sti€&

Apart from the cytotoxicity effect in cancer cell lines, a study in F344 rats found thtreptament

i njecti osGextractcfronu daegodieen pericarps haepiidl as a chemoprevention agent

in 1,2-dimethylhydrazinénduced colon carcinogeneg($07) This chemoprotectiomffect is also
observed in or al-M@ thrBalbici nsde mize sulwcutanewstsly kenografted with

human colon cancer cell line HA9 (108).

Apart from t he an4MG plso@thibifs entingasivemess aadaretastasiss y U

inhibition. In 2009, Hunget aldi scovered the an-MGinehtunsas prastate c e f f
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carcinoma cell line P@(109) The r esul {MS devhregwated the axmessiot)level of
MMP-2, MMP-9, and urokinge plasminogen activator-RA) by preventing the activation of INK1/2,

c-Fos, e¢Jun, and NFe B, i ncluding DNA -bB n dn-il grutliec studiesiint y o f
xenograft nudeMGrnhibited phasphoryation hnd activation of 8FB S THAT3

that caused a reduction of NFB and STAT3 DNA(11B)i Thidldeattiyatiandet tov i t vy
downregulation of MMP9, cyclin D1, and gp130, a cytokine receptor, but upregulation of tissue
inhibitor of metalloproteinase 1 (TIMP1) This scenario also appeared in migration inductiorChy 12
tetradecanoylphorbédl3-acetate TPA) in human breast carcinoma cell line MZFexcept that the
researchers observed inhibition of phosphorylation on ERK1/2, instead of INK1/2 and upregulation of

| @ BU e x (111 Eheyiextanded this study in human lung adenocarcinoma cell line A549 by
observing t-MG treatmehteor phorlwolf idystate 13acetate (PMA) inducing cell

transition (112) The resul t-MG sshwpverde stsheast tthe activati on
adhesion kinase (FAK), and ERK1/ 2. Whereas prev
resulted in downregulation of MMP and MMR9. In a d d i-MG wpregulatds fEadherin
expression and downregulatescBidherin, Snail, and Slug expression in human pancreatic cancer cell
lines BxPG3 s u g g e s-M® magthetpbtemtial olbuppressing epitheati@senchymal transition

(EMT) thereforereducing the aggressiveness of the cander3115)

L a s t-M® has bée found to induce autophagic cell death in human glioblastoma cell lines
GBM8401 and DBTR&5MG by activation of AMPactivated protein kinase (AMPK) resulting in
phosphorylation of regulatorgssociated protein of mTOR (raptor). This interacts witf3-B4an the
cytosol and prevents the activation of mMTORC1, which under stress conditions will activate autophagy
through ULK1 recruiting of the autophagic machingt6) Or al | y aMGQun trarisgehie r e d U
GFRLC3 mice showed that autophagy was activated by increaki@gexpression of LC3, an
autophagosome marker, without causing ER sfiels6) Howev er , EMRG tredtmretbas f r om

been shown in human prostate cancer but not prostate epitheliglld8lls
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1.1.3.2 Apigenin

Apigenin is a flavonoid found in the genus Apiaceae, commonly known as umbellifers,
including celery, parsley, chamomile, or carrot. It has also been detected in a broad variety of other
plants including herbs, vegetables, citrus fruits, onion, wheat tsprand tea(119). Because of
ubiquitously synthesis in most plants, APG beeame of the most common active ingredients found
in many traditional medicines. It presented various health benefits for examgleflantmation, anti
oxidant, antiageing, antbacterial, and antumour activitieg120). In addition it demonstrated low
toxicity against norcancerous cells in comparison to cancerous orfes.common structure of APG
i s 4téhydboxyflavone as shown in Fig. 1.4. Water solubility is another concern of a compound in
consideration foin vivo applicdaions and potential drugs and can be observed throughPaviage.
The lodP value expresses lagof partition coefficient that is a solubility ratio of organic to aqueous
phases of a compound, in general practice is the partitioning of the compound in octanol and water. The
higher lod® value is the higher affinity of a compound in organic solventschvrepresented the
hydrophobicity of the compound. The Pgalue of APG is 3.02 representing a hydrophobicity at the
ratio of approximately 1000:1 of octanol to water. Therefore, APG appeared to have low solubility in
water and bioavailability, which deto studies to enhance these properties in APG by encapsulation

techniqueg121, 122)

Figure 1.4 Apigenin chemicbstructure

Apigenin was found to trigger diverse mechanisms in several cancer cell lines. It has been
shown to exhibit anticancer activity through for example induction of apoptosis, cell cycle arrest,
metastasis inhibition, and arahgiogenesi$123). APG anticancer activity had been firstly described

in 1986 by Birtet al (124)where theyobservedantimutagenic effects iBalmonella typhimuriurand
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antipromotion of carcinogenesis by protecting the mouse skin epidermis fromintieéed
mutagenesis. The first report of AR€lated cell death was published by Hiraal(125)whereAPG
caused cell death in human breast carcinoma cell lin@2R This led to the discovery of cell cycle
arrest at @M phase in AP@reated rat neuronal cell line B104 in 1994 by Sstal (126). This arrest

has then been linked to apparent DNA damage and upregulation of p&@use embryo cell line
C3H/10T1/2CL8(127) APG also inhibits DNA topoisomerase | and Il (Tdpand-11) by interfering

with Topol/ll-DNA binding (128, 129) This suggested that APG can perturb DNA damage
mechanisms. Leplegt alreported cell cycle arrest ab/l phase in AP@reated mouse keratinaey

cell lines C50 and 308 by inhibiting CDK1 activity but not the expression level and downregulation of
cyclin B1 (130). Moreover, they also found that the treatment of APG in human diploid foreskin
fibroblast cell line CRE2097 caused cell arrest att @hase by upregulation of p21 expression,
downregulation of cyclin D1 and A expression, inhibition of CDK2 activity, and prevention of Rb
activation(131) Interestingly, Guptat alfound that APG treatment of sypnchronised human prostate
cancer cell line CAHPV-10 arrested the main population ati&phase whereas synchronised cells by
serum starvation were arrested atphase(132). This result displayed that APG could suppress cell
progression at different phases possibly by broad inhibition of various cyclins and CDKs. Further
inspection in B-3, LNCaP, 22Rv1, and DU145 suggested that APG caused cell suppressiphas&s

by downregulating expression level of cyclin D1, D2, and E, and CDK2, 4, and 6, and upregulating
expression level of cycli®®€DK complexes inhibitors, including p16, p18,1p»27, and p53 including
activation of p53 via DNA damage response path\#&82-134). Studies of associated signalling
cascade revealed that APG dephosphorylated Rb at Ser780, 807, and 811 and inhibited several MAPK
signalling pathways involved i cell proliferation except for ERK1/2 that was hyperphosphorylated
(134, 135)However, activation of ERK1/2 does not activate ELK1, a downstream target for cell growth
signalling (136). Moreover, the expression of p21 proved to be upregulated by thing&3endent
mechanism through inhibition of histone deacetylase 1 and 3 (HDAC1 and HDAC3) that allows the
transcriptional machinery to access p21 promoter for facilitating the expresgiotaused cell cycle

arrest at Gphasg137). As described earlier, APG expressed antiproliferative activity by arresting cell
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progression not only at;@ut also G/M phase. Regarding the cell transition from $4tphase, cyclin

A, cyclin B, and CDK1 are necessary. They appeared to be suppressed both expression and activation

by APG on several cell lingd38141) o H2AX, a hall mark of DNA damag
in APGtreated cells through activating of ppg ATM/ATR pathway that consequently inhibited the

activation of cdc25c, a phosphatase involved in activating cyclin B/CDK1 corgiglgx Furthermore,

activated p53 induced the transcription of various CDK inhibitors. In genkeatignalling pathway

related to cell growth, survival, and proliferation, for example, PI3K p85, Akt, JAK/STAT, p38, and

GS K3 b ar e(14D)nrhid shbrieg ot attions that mainly targetedh@chinery in particular cell

lines caused cell cycle arrest afl@ phase after APG exposure.

For induction of cell death mechanisms, APG also exhibits apoptotic activity by disrupting the
balance of preapoptotic (Bax and truncated Bid) and aapioptotic (Bcl2 and survivin) proteins and
reducing mitochondrial membramp®tential thereby causing an efflux of cytochrome C and AIF into
the cytosol resulting in activation of intrinsic apoptosis path{@®p, 143, 144)APG also stimulated
the extrinsic apoptosis pathway by incrRasi ng c
TNFR1/2, and cleavedaspaseé expressioinl45, 146) On autophagic cell death, in thyroid carcinoma
cell line BCPAP, colorectal cancer cell line HCT116, and multiple omgal cell line NCIH929,
autophagy markers were observed that are induction of Bediccumulation, suppression of p62,
conversion of LC3 to LC3-ll, and accumulation of reactive oxygen species together with DNA
damageg(147, 148) In additon, APG also exhibits aninvasiveness and ardingiogenesis activities.
Inhibition of metastasis by APG is associated with downregulation of uPA, {Vdhd MMR9,
including secretion to extracellular mat(ik49, 150while anttangiogenic activity has been described
through downregulation of VEGF and HIFU e x pr e s s i dhibitioneo midravasaulgr i n

formation(151)

1.1.4Phosphoproteins detection

The cell cycle is a highly dynamic and precise process. Each activation of a protein is due to a
specific required function at the time and thus is heavily influenced by the phosphorylation of proteins
to control their activity. Tie alteration of protein phosphorylation in each step of cell progression is
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governed by kinases and phosphatases. These kinases and phosphatases are strictly controlled and can
be influenced by physical and chemical stimulants, which activated bothelhitrcand extracellular
signalling pathways. Understanding phosphorylation changes during each process of the cycle offers
an insight into the cellular framewaork of cell division. Studies of phosphoproteins after exposure to a
compound were performed wlucidate how the compound interrupts cell progression. In past, the
methods to observe a change in signalling pathway required large protein amounts of the interest
phosphorylation sites and a specific set of antibodies that are quite limited to dete@t se
phosphorylation sites. Moreover, due to the dynamic nature of phosphorylation, a specific time for each
phosphorylation site is needed to optimise for observation. Also, the experiment can be a tedious task
due to the lowthroughput technique. Recemass spectrometry technology combined with the
expansion of protein databases and development in phosphorylation prediction and detection allows the
application of highthroughput techniques to study multiple phosphorylation sites in an experiment to

occu, which is named phosphoproteomics.

The term phosphoproteome had been first mentioned inge2Blectrophoresis study of the
yeast proteome by Almat alin 1999(152) The limitations of previous techniques were difficulty in
detection and quantification of transient, weak, or reversible phosphorylation, amounts of
proteins/phosphoproteins needed for observation, time per course of an experiment, and complication
of protein identification. The introduction of isotefabelling tandem n&s spectrometry in proteomics
has addressed many of these limitatid&3) Especially, the invention of electron transfer dissociation
(ETD) for fragmentation step in tandem mass spectrometry has improved the confidence in the
identification and quantification of labile phospll groups on peptided54) In parallel, labefree
techniques have been impex/through more advanced bioinformatics and statistics knowledge but
technological challenges surrounding the amount of variation and detection limits remained. Isotope
labelling, for example stable isotope labelling using amino acids in cell culture C3Jit#&ndem mass
tag (TMT), and isobaric tag for relative and absolute quantitation (iTRAQ), have been developed to
cope with the quantitation issue by observing labelled isotope ateM@ thus improving detection

sensitivity. Recently, a benchmarkingudy of quantification strategy for phosphoproteomics had
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reported that quantification of multiplex TM@belled at M3 level offers the most precise
guantification method for complex biological samples, however, its accuracy for stoichiometry analysis
is dill lower than the MSbased level(155) Moreover, a comparison study of pipelines for
identification and posttranslational modification (PTM) site localisation from several famous peptide
search engines hatiown that PTMscore approach in MaxQuaintegrated engine Andromeda exhibited

a highreliability phosphosite identification and localisation, and allowed the users to easily adjust for

specificity and sensitivity156).

Furthermore, the technologlcanprovements also brought about an increased number of
potential phosphosites and highlights the lack of knowledge surrounding their functional meaning.
Several phosphosite databases have been established using datasets of known sites from manually
curaked and/or computational predicted data, and generally contained information of sites and upstream
regulators(157, 158) The two famous phosphosite databases that have been used by various kinase
substrate prediction tools are PhosphoSite@l&9)and Phospho.ELM160)as a result of the validity
of sites that were gathered only from literature and phosphoproteomics data. [amngtocessing
approaches for phosphoproteomics were performed to elucidate different aspects involving biological
function and kinase activity. To determine a kinase activity on interesting sites, protein kinase substrate
prediction tools for example NetwKIN (161) Musite (162), iGPS(163), were applid and can be
extended for analysis of kinase activity. Next, Kinase set enrichment analysis (KE2»and Kinase
Enrichment Analysis 2 (KEA2)165) were tools for the prediction of kinase activity and were
performed by overepresentation analysis of known subtgs set of kinases. The output of this
prediction provided information on the activation and deactivation of kinases that can be further applied
to infer the signalling pathway influenced by the treatment or condition of interest. Moreover, gene set
enrichment analysis (GSEA) can be applied in discovering biological explanations of phosphorylation
changes. However, GSEA was designed to determine the changes at transcription and translation level
so phosphorylation might not suit well for this analysisause different phosphosites could have a

contrasting impact on the function of the proteins.

22



In summary, phosphoproteins carried valuable biological information and it would be important
to investigate how the treatment would affect the cellular funtlyoregulating the signalling pathways
through alteration of kinase and phosphatase activities. Thus, utilisation of GSEA and KSEA along with
mapping phosphosites to kinase network by bioinformatics tools would provide insight into details of

biological evats that allow us to understand the mechanisms underlying the effect of treatment.
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CHAPTER 2
EFFECT OF API| GBWANGDOSHMNON BT -474
BREAST AND SKOV-3 OVARIAN CANCER CELL
LINES

2.1 Introduction

Breast and ovariapancers have long been a severe illness and a major cause of death in females
globally. Breast cancer is on the top of the female cancer list in both incident rate and mortality rate
whereas ovarian cancer is rankétr8the list on both incident rate dmmortality ratg(166) However,
considering the death ratio of gynaecolapsociated female cancer, ovarian cancer is in"thadte
after cervical cancer. While breast cancer has been raised in attention and various methods for diagnosis
this cancer has been invented, ovarian cancer remains high in fatality due to its undefined signs and
symptoms, making it essentially asymptoimantil at an advanced stage preventing its early diagnosis
and treatment. For decades, surgery and chemotherapy, especially platnutaxotbased
chemotherapy, plus more recently cancer immunotherapy for example trastuzumab or bevacizumab
have been imoduced and developed for cancer treatment, but they are not fully effective because of
their adverse effects and the advent of resistélfEg, 168) Hence, novel, or alternative treatments are
necessary for the treatment of breast and ovarian cancer patients.

Natural products, espmlly herbs, have increased attention for use in cancer therapy in order
to inhibit cell proliferation and induce apoptosis, with the hope of reducing adverse events as well as
avoiding specific resistance that occurred in some cancers. Thus, many cam@Eunds or
phytochemicals had been isolated, mainly from plants, such as lignans were shown to have potential
application against breast cancer due to their phytoestrogen a¢ti®@yand cryptotanshinone found
in the traditional Chinese herbal medicBalvia miltiorrhizaBge.(170) The molecular mechanisms of
action of somef these compounds have been reported. In breast canegtBmydroxy-15-oxo-kaur

16-en-19-oic-acid can induce apoptosis of MGFand MDAMB-231 cancer cells differentlgl71)
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Sayeeckt al.also reported that allyl isothiocyanate, found in many cruciferous vegetables, inhibited the
proliferation of MCF7 depending on time and concentrat{@@2). Also, it was highly cytotoxic to
MCF-10A, which is a nostumorigenic breast epithelial cell line. However, allyl isothiocyanate did not
have an inhibitory effect against MDA MB31 cells at all. Nextin ovarian cancer, proanthocyanidins
from the leaves of Chinese bayberMytica rubra Sieb. Et Zucc.) showed strong inhibition of cell
growth (with cell cycle arrest at thei@hase), angiogenesis, cell migration, and invasion of
A2780/CP70 cisplatimesistant ovarian cancer ce(tk73) In addition to natural compounds, synthetic
compounds had been reported to be challenging sources. For example, synthé&s#edo{(ll-
(isopentyloxy)nonyh5-methoxynaphthaleng,4-dione dioxime, which is a derivative from 1.4
naphthoquinonexime, was reported to be strongly cytotoxic to the A2780 ovarian cancer cell line with
half-maximal inhibitory concentratioflCso) value of 8.26 + 0.22rM (174). Furthermore,O?-
(acetoxymethyHl-(iso-butylamino)diazefil-ium-1,2-diolate and O?-(acetoxymethyHl-(isopropyl
amino) diazefil-ium-1,2-diolate, synthesized from primary amihased diazeniumdiolates, reduced
the proliferation of SKOV3 and ES2 ovarian cancer cells at 0ia38 mg/mL after 24 kexposure
(175)

The am of this work was to evaluate tirevitro cytotoxicity ofa-MG and APG on breast and
ovarian cancera-MG is mainly isolated fronGarcinia mangostangericarp(176)and the cerumen
of the stingless be&etragonula laevicep$76), while APG is the main compound extracted from
Roman chamomileChamaemelum nobiléL.) (177) and Apis melliferabee pollen(178) Both
compounds have been reported to have various bioactivities, includirgicfilth (179), antiaging
(180), antrinflammation(181), and antigout (182) activities. Furthermore, only a few works have
reported that both compounds can contribute to cancer prevention. Especially when considering only
gynaecological cancesi-MG can inhibitthe growthof HeLa human cervicalancercells [L9] but there
are no reports on the SKG¥ovarian cancer cell lingvhile only a few studies showed antiproliferative
activity of APG on this cancer cell lin€l83, 184) Thus, more data regarding antiproliferation
mechanisms is nessary. Human breast cancer-B14 cell line, which was derived from a ductal

carcinoma, and human ovarian adenocarcinoma SR@¥ll lines were used as a model breast cancer
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cell line [10]. Normal mammary epithelial fibroblast MaBA cell line was usedsaa nortransformed
control. Whereas, due to limitations of normal ovary cells availability, @865k skin fibroblast, and
WI-38 lung fibroblast cell lines were used as model normal human cells instead of a normal ovarian
epithelial cell line. Next, doxaibicin (Dox), a currently used chemotherapeutic drug, was used as a
positive control. The cytotoxicity was observed by using 8, 5-dimethylthiazole2-yl]-2,5
diphenyltetrazolium bromidéMTT) assay. Change in morphology of the treated cells was aaberv
under light microscopy. Programmed cell death was investigated through flow cytometry following
annexin VfAlexa flour 488 andropidium iodide(Pl) staining, while cell cycle arrest was performed
likewise except after PI staining only. The activity aspases, -8, and-9 were also evaluated for
apoptosis activity validation. Furthermore, changes in transcript expression levels of selected
representativeinflammationassociatedgenes, protmncogenes,autophagyassociated genes, and
apoptosisassociated genegere investigated by quantitative re@he reverse transcription polymerase
chain reaction (gfrRT-PCR). Overall, the obtained data give a broader insight into aeMG and

APG inhibit the growth of BT474 breast and SKO8 ovaian cancer cell lines.

2.2 Materials and methods

2.2.1 Chemical reagents

All cell culturemediaand foetal calf serum were obtained from Gibco (Thermo Scientific,
USA) . Api geni n -mgnGodiB QN3BR)?2 I, 5-diméthyltiazot2-yl]-2,5-diphenyt
tetrazolium bromide (MTT, M2003), and dimethylsulfoxide (DMSO, D8418) were purchased from
SigmaAldrich (St. Louis, MO, USA)Apoptosis kitswith annexin V for flow cytometry was obtained
from Life Technologies (Thermo Scientific, USALaspases, -8, and-9 activity assay kits were

purchased from AbcanCambridge, UK).

2.2.2 Cell culture

The human BT474 ductal carcinoma cell lin®@T-474, ATCC no HTB20) was cultured in
Roswell Park Memorial Institute (RPMI) 1640 medium containingd &fv) foetal calf serunfFCS)

while human ovarian adenocarcinoma derived cell lIK©8-3 (ATCC na HTB77 were cultured in
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McCoyGs 5A (modified medium supplemented with #® vi{v) foetal calf serum (FCS)As for
comparison in breast cancer experiment, normal mammary epithelial fibrgd@Bt10A, ATCC na
CRL-1031% was used and culturdéd Dulbecco's modified Eagle medium and Ham'$2Fmedium
(DMEM/F12) supplemented with% horse serum, 20 gL recombinant epidermal growth factor
(rEGP), 0.5 mgmL hydrocortisone, 10 gL insulin and 100 ngnL cholera toxinThe untransformed
(normal)human skin fibroblast CC986Sk (ATCC noCRL-1947) and lung fibroblast WB8 (ATCC
no. CCL-75) cell lineswereused in comparing to SKOE cells Both CCD-986Sk and WA38 cells
were cultured in MEMEaglés Minimum Essential Mediujrsupplemented with 28 (v/iv) FCSa n d

all cell lines were cultured and tested at 37 °C with 8{v) CO; in a humidifiedenvironment

2.23 Cell viability and proliferation by the surrogateMTT assay

BT-474, MCF10A, CCD-986Sk, and WA38 cells were cultureth 96-well plates seeded at 1
x 10* celldwell containing 200rL of media overnight, while SKOX3 cells were cultured in the same
manner but seeded at 5 x31®@llswell. Then, the cells were treated with various concentrations of
APG, UMG, Dox or thedimethyl sulfoxide (DMSO) solvent only (controBT-474, MCF10A, and
SKOV-3 cells were treated for 24, 48, and 72 h while CEBSk and W38 cells were treated for 72
h only. After the indicated incubation (exposure) time was reached, @05 mg/mLof MTT solution
was added into each well and cultured as before for 3 h to allow the formazan forflagamlture
medium was then removed, and the formazan was solubilized by the additioneaf &EDMSOa n d
the absorbance was measured by micropladerat560 nm (Asg). The cell viability (%) was

calculated as equation below

% L v:‘@hit reat <od bcledrilks) 0
oc e e P n i r datedblcan ks

The IGovalue of each compound was calculated from the graphical plot of theege&latmber of viable
cells (%)vs thetest compound concentration.

2.24 Cell imaging

BT-474 cells at 1x10and SKOV3 cells at 5 x 18cells in 5 mL of medium in a 26m2 flask

were cultured overnight and treated the next day with 0.1% (v/v) DMSO alone (control) or DMSO
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cont aiMG (97 (BD474) and 7.309 (SKOMB) uM), apigenin (37.01 (BB74) and 18.502
(SKOV-3) uM) or doxorubicin(0.46 (BT-474) and 0.431 (SKOX3) uM) for 24, 48, and 72 hr. Live
cell images were captured using a Nikon Eclipse TS100 microscope coupled with&im&ging

system at 40x%, 100x, and 200x magnifications

2.25 Apoptosis and cell cycle analysis

Test cels were cultured as in cell images above and harvested at the indicated time by
trypsinization with 005% w{v) trypsin in 05 mM EDTA buffer, washed twice with cold phosphate
buffered saline (PBS) using centrifugation at 3,0@far 5 min at 4 °C to hamest the cells each time
For apoptosis detection, the cell pelletsre resuspended in 50 uL of binding buif@® mM HEPES
pH 7.4, 140 mM NacCl, and.2 mM CaC}) and stained by 5 pbf annexin VVAlexa flour 488 and
pL of Plfor 30 min at room temperawiin the darkFor the cell cycle study, the cell pellets were fixed
in 200 L of cold 706 v{v) ethanol at20 °C overnight, harvested and washed as abbive washed
cell pellet was then suspended in 250 uL PBS withdymL RNase A and incubated at 32 for 30
min, washed as above and resuspended in staining L@l of 1 mgmL Pl in PBS and incubated
at room temperature in dark for 30 mirhe samples were then analysed by flow cytometry on a FC
500 MPL cytometefBeckman Coulter, Brea, QAecording 10,000 events per samflee experiment

was performed in triplicate

2.26 Caspase activity assay

Test cells were plated and treated as stated above under apoptosis and cell cycléstutdésted
cells were harested by trypsinization at 12 and 24 h and then subjected to the easpasend-9
colorimetric assay kits (catalog no. ab39401, ab39700, and ab65608, Abcam, UK) as per the
manufactureis instructions.Briefly, after harvesting, the cells were washedhwcold PBS and
centrifuged at 800 g. The cell pellets were then lysed with 50 pL of chilled cell lysis buffer, incubated
on ice for 10 minclarified by centrifugation at 10,00@%or 1 min and the supernatants wheevested
into a new microcentrifug tube The protein concentration of each sample was measured by the
Bradford assay and then adjusted to ugQof protein/ 50 pL of cell lysis buffeaind applied to each

well of a 96well plate Next, 50 pL of 2x reaction buffer was added with a finalagoriration of 10
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mM dithiothreitol into each sample wel\fter mixing, the respective substrate of each caspase was
added to each well and incubated at°@7for 1i 2 h. Finally, the absorbance of each reaction was

measured at 40405 nm on a microplateader Each experiment was performed in triplicate.
2.2.7 Analysis of transcript expression levels by RIgPCR

Cell lines were treated and processed as previously described in the apoptosis detection assay
until the cell pellet was collectedfter cell harvesting, total RNA from each sample was extracted
using a RNeasy mini kifcatalog no. 74104, Qiagen, CA, USA  RNA e€oncentration and purity
were evaluated by spectrophotometer at an absorbance of 260 and 28bengrtRFPCR was
performed using the On&tep SYBR PrimeScripE RT-PCR kit Il (Perfect Reatime; catalog no.
RO86A, Takara, JapgnThe PCR mixture contained 2@ of total RNA, 04 Meof both forward and
reverse primers, &L of PrimeScripE Enzyme Mix Il, and 1x one step SYBRRT-PCR buffer I\V/

The nucleotide sequences of the primers used in this study are listed in Table 2.1

Amplification and gquantification of each gene of intereste carried out using the Minicon® system
(Bio-rad, CA The thermocycling was performedfaiows. First, the total RNA was reverse transcribed
into cDNA at 42°C for 5 min Then, reatime gPCR was performed by an initial @for 10 s followed by
40 cycles of 98C for 10 s and 6@C for 30 sDissociation analysis was performedsadidate the specific
product for each primer paikll target genes were normalized to that@XDPHexpression in each sample
and compared as the relative expression level between the control and treated Sampiesmalized
relative expression levelas calculated due to a quantification cy@g value as formula below
A normalized relative gene expression leve®®,

2.2 8 Statistical analysis.

Data are presented as the mean + one standard deviation (1SD), derived framal¢peedent
repeats in each experiment. The data were analysed bwananalysis of variance (ANOVA)
foll owed by Tarpaisosgest fouthetsignditamce of differences between the means.
Significance was accepted at the p < 0.01 and @5 l@vels. All analyses were performed using the

SPSS version 19.0 program (IBM corporation, Chicago, IL, USA)
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Table 2.1 Targeted genes and oligonucleotides for amplification indPTCR assay

Gene

Forward pri mer (50 Y30 )

Reverse primer(50 Y30 )

Reference gene

GAPDH

GGGCATCCTGGGCTACTCTG

GAGGTCCACCACCCTGTTGC

Inflammation -associatedyenes

Cox2 TCTGCAGAGTTGGAAGCACTCTA GCCGAGGCTTTTCTACCAGAA

NF AB ATGGCTTCTATGAGGCTGAG GTTGTTGTTGGTCTGGATGC

Proto-oncogene

CTNNB1 CTTGTGCGTACTGTCCTTCG AGTGGGATGGTGGGTGTAAG

Autophagy-associated gene

CathepsinB  CAGCGTCTCCAATAGCGA AGCCCAGGATGCGGAT

Apoptosis-associated genes

BCL2 ATGTGTGTGGAGACCGTCAA GCCGTACAGTTCCACAAAGG

Caspase3 TGTTTGTGTGCTTCTGAGCC CACGCCATGTCATCATCAAC

Caspase7 CCAATAAAGGATTTGACAGCC GCATCTGTGTCATTGATGGG

Caspase8 GATCAAGCCCCACGATGAC CCTGTCCATCAGTGCCATAG

Caspase9 CATTTCATGGTGGAGGTGAAG GGGAACTGCAGGTGGCTG
2.3Results

2.3.1 Cytotoxicity effect of-MG and APG on BT-474 and MCF10A cell lines

BT-474 cells treated withMG inhibited their proliferation depending on concentration. All
three incubation times revealed the marked antiproliferation actiiijMi®, althoughdMG at 48 h was
slightly most effective for the same level of inhibition (Fig. 2.1A). APG was inhibétigy 48 and 72 h,
but not at 24 h (Fig. 2.1B), while Dox was cytotoxic at all three time points but only weakly at 24 h (Fig.
2.1C). Therefore, all three compounds were cytotoxic to cells depending on time and concentration.
Derived 1Go 0 f -M@ APG andDox were summarized in Table 2.2. At all assayed time pcﬁm&{s
was more cytotoxic to B#74 cells than APG. At 24 h, B474 cells were only sensitive MG,

whereas proliferation of BA74 cells inhibited by APG and Dox occurred after loreggrosures.

Since all three compounds were cytotoxic to8B/M™ cells, it was necessary to find out if these
compounds were also cytotoxic to normal cells. In this study, the-Mi@Fnormal breast cells were

used as a representative control. From FigurB-E lit was of note that the inhibition manner of these
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three compounds on MGEOA and BF474 cells was similar. In addition, APG was the least cytotoxic
compound against MGEOA cells, especially at the early time point (24 h exposure). The deriyed IC
of these three compounds against MOFA cells was summarized in Table 2.2. Comparing the IC
between BT474 and MCFLOA cells at each time point, bothMG and APG were slightly more
cytotoxic to BT474 than MCFLOA cells. Of note was that Dox was moréotgxic to MCF10A cells,
especially at the early (24 h) exposure. At a concentration as low as 1.72 phfiddord 100% MCF

10A cell mortality at 48 and 72 h (Fig. 2.1F).
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Figure 2.1 Cytotoxicity effect of the compounds on BT474 and MOJA cell lines.
(A, D) a-MG, (B, E) APG, and (C, F) Dox on B&74 cells and MCHOA. The cell survival (%) was
estimated by the MTT assay after 24, 48 and 72 h exposure (blue, orange and greyplkctyety).

Data are shown as the mean +SD, derived from three independent repeats.
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Table 2.2 ICso of MG, APG and Dox against B#74 and MCFL0A cells

BT-474 MCF-10A
Compound —— 48 h 72h 24 h 48 h 72h
a- MG 2.90.¢2.28.1 3.%6G.84.%7.13.90.1 5. 80. 7
APG ND 47 .+B84 28 .+1336 ND 60.+#0Bl 44 .+231
Dox ND 1.86.1 0.2®.00. 50.C 0. 20. 0 0. 8G. O
ND = not determined
2.3.2 Cell morphology oBT-474and MCF1 0 A cel | -MGandAPGafter U

treatment

In order to observe the morphological changes ifdBT 4 ¢-BIG, IARG, antl Dox at 9.75
pM, 37.01 pM, and 0.46 pM, respectively, were chosen along with 0.1% DMSO108%
magnification, at all three time points (24, 48, and 72 h), strange morphologies of the cells treated by
each compound were evident, but not in the DMSO control. The longer the treatment (exposure) time
was, the more floating cells and lower densifyattached cells were noted (Fig. 2.2A). At 200
magnification and 48 h time point, clear colony formation was evident in the control (EN&@d)
cells, whereas the smallest colonies were observed in thér@aed cells. Thus, Dox may inhibit the
proliferation of BT-474 cells by inhibiting their migration/invasion (Fig. 2.2B). Although colonies were
formed in theU-MG and APGtreated BT474 cells, more vacuoles were evident within the cells.
Overall, some indicators of potentegboptosidike cell bldobing and shrinkage were also observed in
treated cells by the three compounds, but not the contral cells

Considering Table 2.2, althou§iMG was cytotoxic to MCFLOA normal cells, the shape and
density of the MG treated MCF10A cells were similar to the control (DMSO only treated) cells at
all three assayed time points (Figure 2.3A and B). After TZ2MG-treated MCF10A cells were still
attached to the substratum. After 24 h, at any time BeviElue was detenined (> 92.51 (APG) and
17.24 (Dox) uM) for APG and Doxtreated cells (Table 2.2), similar shaped cells to the control were
seen, and were still noticed in samples Wathger exposure times, except that a lower cell density was
prevalent in the Doxreded cells. Thus, BB74 breast cancer cells may have a greater sensitivity to
these compounds than MAaPBA normal breast cells, potentially indicating that these three compounds

may be practical chemotherapeutic agents
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a-Mangostin

Apigenin Doxorubicin

Figure 2.2 Morphology of BT474 cells aftea-MG and APG treatment.

The cells were treated with 0.1% (v/v) DMSO only (contrabyiG (9.75 uM), APG (37.01 uM) and

Dox (0.46 uM) after 24, 48, and 72 h at (A) 100x magnification and (B) tne si@zatment after 48 h

at 200x maghnification. Images are representatives of those seen from at least three such fields of view

per sample from three independent repeats.
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a-Mangostin

Apigenin Doxorubicin

Figure 2.3 Morphology of MCF10A aftera-MG and APG treatment.

The cells were treated with 0.1% (v/v) DMSO only (contrabMG (9.75 uM), APG (37.01 uM) and

Dox (0.46 uM) after 24, 48 and 72 h at (A) 100x magnification and (B) the same treatment after 48 h
at 200xmagnification. Images are representatives of those seen from at least three such fields of view

per sample from three independent repeats.
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2.3.3 Not apoptosis but necrosis was observed®T7-4 74 cel | -MGiande af t e

APG treatment

From the observed chges in the B34 74 cell morphology (Fig. 2.2), especially the increasing
number of vacuoles in the treated cells, programmed cell death was possibly presented. Treated BT
474 cells were stained using anne¥irand PI, and flow cytometric analysis revealledt bothU-MG
(9.75 pM) and APG (37.01 uM) induced a significant level of necrosis tel B cells since early
exposure time (24 lp <0.01) onwards. However, APG induced a significant level of epri0(05)
and late | <0.01) apoptosis at 24dxposure, while Dox (0.46 uM) caused early apoptosis c#BF
cells at an early exposure time (24 h). Longer exposure times caused an increased number of necrotic
cells, although early apoptotic cells were still detected in the 48 and 72 h time p@n&4Ei and E).
From this flow cytomet r i-MG appeadd yo snaigy induee rgpcrosiin 4 )
BT-474 cells at 24 h, although some apoptotic cells could still be observed. To further evaluate the
possibility of apoptosis, caspa8e-8, and-9 activities were assayed from BiI74 cells after exposure
to these compounds for 12, 24, and 48 h. However, the significant increase in the relative caspase
activity, compared to that in the control cells, was only detected at $8<8.0Q1). The adtity of
caspase was clearly increased by all three compounds, while the activity of ca®8@aw-9 was

upregulated by Dox (Fig. 2.5)
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Figure 2.4 Flow cytometric analysis of B#74 cells.

The cellswere stained with annexivt and PI after treatment in 0.1% (v/v) DMSO only (contrah,

MG (9.75 pUM), APG (37.01 uM) or Dox (0.46 puM) for 24, 48 and 72 h. (A) FACS profiles described
the intensities of annexid at X-axis and Pl at Yaxis. The results arepresentative of those seen from
three replications. The derived % positive cells in each status were shown in bar chart (B). * and **
represent a significant difference between the control and treatment cells in each groauat<

0.05 and <0.01, spectively.
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Figure 2.5 Relative caspase activity in Dgx}MG- and APGtreated BF474 cells.

Cells were treated with 0.1% (v/v) DMSO alone (control) or contaibhG (9.75 uM), APG (37.01
UM) or Dox (0.46 uM) for 12, 24 and 48 h and then assayed for caSpasspas8, and caspase
activities. Data are shown as the mean =SD, derived frone tie@dications, where ** represents a

significant difference between the control and treated cefisratue <0.01.

2.3.4 Cell cycle arrest oBT-4 7 4  a-M® and APG treatment

The possibility of celcycle arrest was analysed using flow cytometry eftained BT474
cells after each treatment. BaiMG (9.75 pM) and APG (37.01 uM) induced detectable levels of cell
cycle arrest at the fhase from 24 h exposure onwards, whilek (0.46 uM) arrested the catlycle

at the Sphase in an early exposure (24 h), but at thi®&hase at 72 h (Fig. 2.6).
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Figure 2.6 Cell cycle arrest of B 74 cells after the treatment.

The cells were treated with 0.1% (v/v) DMSO only (contrabMG (9.75 uM), APG (37.01 uM) or

Dox (0.46 uM) for 24, 48 and 72 (A) Flow cytometric histograms (5 000 events), representative of
thoseseen from three replications, and (B) the derived mean % (+ SD) of cells in,tBe &ad G'M

phase of the cell cycle. * and ** represent a significant difference between the control and treated cells
atp-value <0.05 and <0.01, respectively.
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2.3.5 Geneexpression alteration byU-MG and APG treatment in BT-474 cell line

UMG and APG might affect the proliferation or death of-B74 cells were summarized in
Figure 2.7, where Cox2 was significantly-tegulated by bothMG and APG p <0.01), but not by
Dox, while CathepsinB was significantly wpgulated byJ-MG only, and BCL2 was not significantly
altered by all t-M&andAPSacignfiaantyupesulatetianly @ASP8Uranscript
levels (P<0.01), and not CASP3, CASR7T o0 CAS P9 . Overall, it seems tha
MG induced cell death by apoptosis with potential association with inflammation and autophagy, while

APG likewise had the same role excejfthout autophagy
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Figure 2.7 Realtime quantitative PCR analysis of selected genes wdBA cells.

BT-474 cells were cultured with 0.1% (v/v) DMSO alone (control) or contaidihtfz (9.75 uM),

APG (37.01 uM) or Dox (0.46 uM) for 24 h. Data are shown as the mé&ih, Hlerived from three
independent repeats. Significant differences between the control and treated cells in each group are

shown at the A*pvalye<@®Wiilexeh r epresent s
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2.3.6 Cytotoxicity effect of-MG and APG on SKOV-3 cell line

In order todetermine the cytotoxic Ksv a | u e-MIG, apigenid, and doxorubicin for direct
comparison (Table 2.3, 2.4, Fig. 2.8, and 2.9), SK®®arian cancer cells were cultured on a small
scale (5 I 103 cells in 20 0welplatep Regardngthemiabdit um i n
of the treated SKOM8 ¢ e-M®G, PG, dnd Dox all clearly inhibited cell growth in a dapendent
manner (Fig. 2.8). Both APG and Dox also showed a-tneep enden't i NhiMgGi t i on,
However, at an y-M@ways raone toxic totb8KP\63 cells than APG was, with the
cytotoxicity being 10.80old at 24 h to 5.90ld higher at 24 and 72 h, respectively (Table 2.3). All three
compounds affected the number of viable cells and growth of SB@¥lIs from an early exposure
time (24 h). Thelonger the exposure to APG, the significantly lower was thg V&lue, but the
compound remai ne d-MGarglsespeciallyidixorabisim.y t han U

After 24 h of exposure, apigenin was nontoxic to CE€8BSk and WH38 cells, in contrast to
U-MG. ThelC50 value of apigenin for CGB86Sk cells was not obtained since it resulted in 70% cell
survival even at a high concentration of the con
the relative cell survival of 100% detected at 1:556 . 5 0 @dicatdd that apigenin did not affect
cell proliferation/survival (Fig. 2.9B). Likewise for \AB8 cells, apigeninat 1.185. 313 e M di d n
affect the cell growt h, and a concentrati-on of L
MG was toxic toCCD-986Sk cells, the cytotoxicity was aboutald less than that in SKOX3 cells.
As with apigenin, the 1§ value of Dox for CCPO86Sk cells was not obtained since the compound did
not affect the growth of this cell line. However, for\88 cells, Doxms mor e cyiM&t oxi ¢ t

(Table 2.3).
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Table 2.3 IC5p value ofa-MG, APG and Dox on SKOAB cells.

Compound ICso value (ug/mL) at an incubation time of:

24 h 48 h 72h
a-MG 2. 486 338 29770 . 054 3. 082 349
APG 26538+ . 204 21. 55249 18. £t3.7005
Dox 0. 584 084 0. 30823 0. 107 008

** indicates a significant difference to thesvalue of 24 h when treated with the same compound.
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Figure 2.8 Cytotoxicity effect of the compounds on SK&\ell line.
( A )YXMGU(B) APG, and (C) Dox in SKO3 cells. Cell survival (%) wasstimated after treatment for

24,48, and 72 h (blue, orange, and grey lines, respectively). Data are shown as the mean + 1SD, derived

from three independent repeats.
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Table 2.4 1IC5o value ofa-MG and APGon CCD968Sk and W8 cells after 72 h treatment.

ICso value (ug/mL)

Compound -5 ogesk cells  WI-28 cells
OMG 9. 8485 169 1. 502 46
APG ND 36.87340 . 9 7
Dox ND 0.604 + 0.156

ND = not determined
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Figure 2.9 Cytotoxicity effect of the compounds on CE&B6Sk and WA38 cell lines.
( A YMGU(B) APG, and (C) Dox in CC86Sk skin fibroblasts (blue line) and \&8 lung fibroblasts

(orange line). Cell survival (%) was estimated mft2 h of treatment. Data are shown as the mean +

1SD, derived from three independent repeats.
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2.3.7 Cell morphology ofSKOV-3 c el | FMGraed ARG tteatmentU

For all the other experiments, the SK@\tells were cultured on a larger scale atBP<cells
in 5 mL of medi umMG teatfehtof te ISKO3Blcells at tiseilghvalie obthined
from the small scale (200 e€L) cul t-scaleculfu®sathed e 2. 3
concent r-M& \was imcreasktb x the IGo value. The most obvious changes observed are
summarized in Fig. 2.10. Hence, theo t e n WG atarfiy giten concentration depended directly on
the density and number of cells as well as its dose. This phenomenon has been reportedatiedore in
studies(185-187) Morphological changes in the treated SKQ\ells were evident at the later
exposure times compared with the control (DM&éated cells). After 24 h of exposure, the SKQV
cells treated witleach test compound looked somewhat similar to the control cells; however, after 48
and 72 h, the treated cells had a lower cell density and a higher proportion of unadhered and round cells
(Fig. 2.10A). At the higher magnification of 200x%, itwas evidanatt af t er 48 -MG-of expo
treated SKOV3 cells were mostly damaged, with very few spirgti@ped cells present. Cell shrinkage
was o0bs er-Wé-ndiapigertirtreated SKOV3 cells, whereas some cell blebbing was seen
in the doxorubicirreated cells. Iraddition, the apigeninand doxorubicirreated SKOV3 cells had

more vacuoles (Fig. 2.10B)
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Figure 2.10 Morphology of treated SKO\3 cells.

The cells were treated with 0.1% (v/v) DMSOl one or DMS®Gc ¢t 8i0®i eaM) U £
(18.502 &M), or Dox (0.431 €M) for (A) 24, 48,
(200x magnification). Images shown are representative of those seen from at least three such fields of

view per ample and three independent repeats.
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Figure 2.11 Flow cytometric analysis of SKO¥ cells.

The cells were stained for annexinand propidium iodide (P1) after incubation of cells in 0.1% (v/v)
DMSO aloneor DMSO coMG a(im.ixn@9 Ue M), APG (18.502 &M,
48, and 72 hr. (A) FACS profiles represented intensities of annexin faisxand Pl on Yaxis, and

(B) derived histogram analyses are shown for 10,000 events and are rigiresen those seen from

three replications. * and ** represent a significant difference between the control and treatedpcells at

< 0.05 andp < 0.01, respectively.
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2.3.8 Apoptosis was observed i8BKOV-3 cell line after APG treatment

Since a lower densiy o f cell s was obser vWwesdAPG,fandddox, a | 0 n ¢
suggesting cell death, as well as inhibition of proliferation, the possibility of the induction of
programmed cell death, was further investigated. The SRQMlls were treated witthé same
concentration of each reagent as used for evaluating the change in morphology. Programmed cell death
can be analysed by staining target cells with annexin V and PI, whereas cell cycle arrest can be
investigated by staining target cells with Pl aom both cases, the staining level for each cell can be
guantitatively determined using flow cytometry.

Due to apoptosis causes a loss of membrane phospholipid asym@@&sy the
phosphatidylserine that is normally located in the cytosol is flipped outside, allowing annexin V
(conjugated with Alexa fluor 488) to bind to it. Thus, the annexifl&ka fluor 488 conjugate can bind
to apoptotic but not to viable cells. At a longer time beyond death, necrotic cells have an even more
damaged and leaky membrane that allows PI to pass into the nucleus and bind to the DNA. Thus, viable

cells are negative for both annexirAlexa fluor 488 ad PI staining, showing only autofluorescence.

Apoptotic cells will be positive for annexin-¥Alexa fluor 488 (green fluorescence) but negative for Pl

staining, whereas necrotic cells will be positive for both annexfiexa fluor 488 and PI staining (red
and green fluorescence, respectively) (26). Flow cytometry can also be used to quantitatively analyse
cell cycle arrest, where the amount of bound PI (and thus red fluorescence) equates to the amount of
DNA,; thus, the cell cycle position (subphases&and G/M) is identified by the DNA content through
PI staining.

After staining with annexin MAlexa fluor 488 and PI, it was evident that APG had caused a
significant level of early and late apoptosis from 24 h onwards, but with less early apoptasiatatth
time points, and subsequently caused significant necrosis, especially at 72 h (Fig. 2.11A and B). On the
other hand, Dox caused a significant level of both late apoptosis and necrosis, but only after a longer
exposure of 7-01G dave.asimidr tesulb to gdxorublcin, the level of necrosis was
significantly increased and detected slightly earlier (from 48 h) than the 72 h time span for the other

compounds (Fig.2.11).
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From Fig. 2.11, it was evident that the programmed cell death of th¥/ SKe@lls was induced
by each of the three compounds and that it involved apoptosis (early and/ or late). Hence, apoptosis was
further investigated by evaluating the cellular caspase activity. As is known,dasthasé& and
caspas® are involved respeeily in the initiation of extrinsic and intrinsic pathway, whereas the
apoptosiamediating caspasg is executioner of apoptosis and triggered through both extrinsic and
intrinsic pathways. Herein, the very early exposure time (12 and 24 h) to each cdmasugvaluated.
The activity of caspas® was significantlyg< 0. 05) i n eMGdraated $KOV3rcelldaftee U
12 h of exposure, while its activity was also significangys( 0. 01) i ncr eMGand i n
APG-treated cells after 24 h ekposure, but the numerical increase observed in thetfi@ated cells
was not significant (Fig.2.12). Casp&sactivity was not significantly changed by all three treatments
at both time points. Although the casp&sievel was numerically increased iihteeatments at 24 h, it
was only statistically significanfp(< 0.01) for the apigenitreated SKOV3 cells. Thus, it may be
possible that the early apoptosis induced by apigenin in SBR@#®lIs at 24 h was influenced by the

intrinsic pathway.
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Figure 2.12 Relative caspase activity in Dgx -M&-, and APGtreated SKOV3 cells.

Cells were treated with 0.1% (v/v) dimethyl sulf
MG (7.309 e&M), APG (18.502 €M), or Dox (0- 431 ¢l
8, caspas®, and caspase activity. Data are shown as the meal SD, derived from three replications,

where * and ** represent a significant difference between the control and treated petl® &5 and

p < 0.01, respectively.

2.3.9 SKOV-3 cell was arrested at GM phasea f t @G arld APG treatment

Next, we ewluated if cell cycle arrest was induced in the Sk®wells by these compounds.
After 24 h exposurea-MG had induced arrest at the/M phase |p < 0.01), whereas APG likewise
arrested the cells only after 48 h exposure (Fig. 2.13). Br caused theell cycle arrest faster

than APG, which concurs with-MG being more cytotoxic to SKOX3 cells (Table 2.3).
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Figure 2.13 Cell cycle arrest of SKOAB cells after the treatment.

The cells were treated with1¥ (v/v) dimethyl sulfoxide (DMSO) alone (control) or DMSO containing
UMG (7.309 €M) or APG (18.502 eM) for 24, 48,
events) representative of those seen from three replications, and (B) the derived (aeb8D} of

cells in each phase of the cell cycle after 24, 48, and 72 h treatment. * and ** represent a significant
difference between the control and treated celts<a0.05 and < 0.01, respectively.
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2.3.10 Gene expression alteration by-MG and APG treatment in SKOV-3 cell
line

To determi ne i n-M@aneAPSffect the paolifératidn orweatt of SKOV
3 cells, changes in the transcript expression levels of selected genes from four groups were investigated.
The first groupwas inflammatiorassociated genes, of which cyclooxygenase 2 (COX2) and nuclear
factor kappa B (NFaB) were r epran®genes,drom whiets . The
catenin beta 1 (CTNNB1) was selected. The third group was autoplsaggiated ges, with
cathepsin B (CTSB) being a representative. The last group was ap@sssisated genes, from which
B-cell ymphoma 2 (BCL2), and the caspase genes CASP3, CASP7, CASP8, and CASP9 were selected.
The data are summarized in Fig. 2.14. Although adtref mostly an increase in the gene expression
| evel relative to that in the control cells was
among the different treatments, the upregulation was significant only for BCL2 (p < 0.01) and COX2

(p < 0.05) in the APGa n dMGkireated SKOWV3 cells, respectively.
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Figure 2.14 Reattime quantitative PCR analysis of selected genes in SR@¥lIs.

SKOV-3 cells were cultured with 0.1% (v/v) dimethyl sadfde (DMSO) alone (control) or DMSO
contaiMG nNgZ .B09 e&M), APG (18.502 e&M), or Dox (0.
mean + 1SD, derived from three independent repeats. * and ** represent a significant difference

between the control and #ied cells in each group ak 0.05 omp < 0.01, respectively.
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2.4 Discussion

Here, we report the vitro potential of MG and APG on the growth inhibition in B474
and SKOWV3 cell lines in direct comparison with the effect of Dox, a currently ohethotherapeutic
agent. These two compound$NIG and APG) were selected since flavonoid phenolic compounds have
increasingly been reported to have potential beneficial roles against cdh86)s With some
congruence, breast and gynaecological cancers, especially ovarian cancer, have been reported to be
related to each other owing to their similar genetic b@d€8), while a patient with breast cancer was
later found to have primary ovarian small cell carcinoma and endometrioid ad#nooe of the
uterus(191). Indeed, an increased risk of breast and ovarian cancers has been reported to be associated
with germline mutations in BRCAL1 and BRCA292) This led us to investigate the role of both
compounds in breast cancer BIl74 and ovarian adenocarcinoma SKQ¢ells.

There have been diverse reports that oxidative stress, chronic inflammation, and cancer are
closely linked(193-195). Not only do reactive oxygen speci@gh(ch cause oxidative stress in cells)
damage biological molecules, but they can also lead to chronic inflammation and eventually mediate
chronic diseases such as cancer. In addition, the oxidative stress caused by the abnormal activation of
nuclear factoE2-related factor 2 due to epigenetic alterations can increase etesistance in cancer
cells (196) Thus, compounds with antioxidant or frelicatscavenging activities are likely to be
beneficial for preveting cancer. Both compounds in this study have been reported to express these
protective activitieg178, 197)

Apoptosis is a casgadependent process that is important in preventing metastasis and cancer
progression198) CASP3, CASP8, and CASP9 are typically assayed in apoptosis studies since they
are situated at pivotal junctions in tl@optosis pathwayds initiator caspases;aspas® and 9
subsequently activate casp&sevhich goes on to induce apoptosis in the cell. Furthermore, caépase
and-8 can cause inflammation in the h¢k99-201).

Although necrosis was the main cause of4R cell death after treatment withVIG or APG,
the expression a€ASP8transcripts was significantly upregulated by both compounds in these cells,

which implies that apoptosis was still directly involved with caspase expression via the extrinsic
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pathway. The expression BCL2tended to be numerically decreased by t&MG and APG, but this
was not significant. Nevertheless, the numerical reduction IB@IE2 expression level is consistent
with cell death by apoptos{202, 203) Sanoet al. reported a correlation between COX2 transcript
levelsas an inflammatory marker and the survival of locally advanced oral squamous cell carcinoma
(204). Furtrermore, butyrate induced the expressionRMNX2 and COLIAI genes, which play
important roles in the differentiation and amflammatory mediators in Sa@& osteosarcoma cells
(205). Increased expressions of COX2 and-dB; which can lead the cells to apoptosis by
downregulating the antipoptotic genes, were screened as representatives, whesB Hinked
between cancer and inflammation. Increased COX2 andB\ffarscript levels induced by Dox were
not found in BF474 cells, and so Dox induced an antiproliferative activity without any anti
inflammation activity, and the cytotoxicity was likely mediated by apoptosis from caspase activity
observation. In contrast to Rpboth UMG and APG increased the transcriptional level of COX2
significantly, which indicates their potential for inflammationttMG-treated and AP@eated BT
474 cells. The data was supported by programmed cell death analysis, where the treateintglls
died by necrosis, which is typically linked with inflammati(®@06). The morphology of Dotreated
BT-474 cells was not changed much compared to the control cells, which also coincided with the
numerically decreased expression leveBafL2 (albeit not significant), an apoptosissociated gene.
Though the transgit expression levels o€CASP3, CASP7, CASP&nd CASP9 were all not
significantly changed, the apoptosis induced by Dox irdB% cells was possibly involved with the
activation of these caspases. Hence, the cell stress or the condition of mitochondria should be further
investigated. The protoncogene CTNNBL) tended to be downregulated by all three compounds in
BT-474 cells, which may lead to the cell growth inhibition and apoptosis induction, although this
decrease was not significant.

Considering the morphology of treated 874 cells, a lot of vacuolesere observed following
UMG and APG treatment, which may show that the cell death occurred through alternative ways in
addition to necrosis and apoptosis. Autophagic cell death is associated with multiple large vacuoles

observation and could be one of gussible explanations regarding the morphology of the treated cells.
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This type of cell death occurs through the mechanism that disassembles dysfunctional components to
recover nutrients from aged or damaged cytoplasm and organelles for survival, hdwepssldanged
period of this event led to cell death by other means. This recycling method results in the formation of
phagocytosis vacuole€07) similar to what has been observed in this study. More@ysiG
significantly upregulatedCathepsinB transcript levels in BF4 74 c el | s-MG-irduced s o U
cytotoxicity may involve autophagy as well. However, a more specific experiment on autophagy is
needed to take place for this conclusion.

In the context of SKO\3, APG was toxic to the cells but not to normalic | -G shdived
almost similar toxicity as that of Dox to SKG¥/cells, but it was unfortunately also toxic to the-38l
nor mal l ung fibroblasts even though, -988kskiess t h:
fibroblasts. Celtype specificityw i t -MG 8 of concern and has been reported bef@68-210).
Moreover , af tMGrfor 2hp thestransaipt éxpression level@®X2 (inflammation
associated gene) was significantly upregulated, whereas that-ef BIF r e mai ned t he s ame
control cells. Thus, by 2MG-treated SKOR3ecanper celisiloat mobo n o f
reduced the inflammatory response. Howettee changes in gene expression should be observed after
l onger ex-MG,sinceFs Bt pl Bys a role in activating mar
TNF-U, i nt e r@, l&-8, matix métallap)oteinase, COX2, and nitric oxide syntt{ase). It
remai ns p |-MGmay &fecethetexpredgsion®if-o Bearlier (faster) tha@OX2 Therefore,
t he app!l iMSadnta booad systemictapplication for cancer prevention and treatment is not
suitable.

For APGtreated SKOV3 cancer cells, sigficantly increased caspaSeactivity was detected
after 24 h of exposure, which is the same timing as the onset of early apoptosis. Hence, the death of
APG-treated SKOV3 cells was likely to have been induced by the intrinsic pathway. The intrinsic
apopteis induction by APG is related to DNA damage, ROS accumulation, and dysfunction of
mitochondria membrane potential in other cell li@42, 212) In gene expression analysis, the
expression oBCL2 (an antiapoptotic gene) transcripts, but not thos€®NNB1(a proteoncogene),

was significantly upregulated by APG, implying that other biomolecules or pathwaysvalved in
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this apoptotic process. This notion is potentially supported by @tadde(213), who reported that the
overexpression oBCL2 in lymphocytes alone did not cause cancer, whereas the simultaneous
overexpression oBCL2 and MYC (a protaoncogene) could induce aggressived malignancies,
including lymphoma.

In the future, inordert enhance t WS aedfARPG as aheryotherdpeutid agents
for ovarian cancer, other application approaches could be applied, such as with fattynfuighted
compounds(214), or the synergistic inhibition induced by-administraion with other promising
compoundg215). Moreover, the toxicity of these compounds inirarivo modelsystem, such as the

rat, should be determing@16, 217)
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CHAPTER 3

PHOSPHOPROTEINS ALTERATION AFTER APIGENIN

TREATMENT IN SKOV -3 OVARIAN CANCER CELL LINE

3.1 Introduction

According to our findings from previous chapter, APG antiproliferative effect on SBEQ¥s
remarkable activities associated with cell cycle arrestél @hase,ntrinsic apoptosis induction, and
less necrosis thatducedan undesired event like inflammation. Moreover, it appeared to have less
cytotoxicity on normal cell lines in comparing to tumour cells. These properties are desired for a
therapeutic agent caildte in treatment of cancer in general. However, the mechanisms of the
antiproliferative activity of APG are remained unclear and are required for a practical use in advance
medications for example targeted therapies and precision medicine. Therefor¢hifachapter, we
would like to elucidate the possible underlying mechanisms involved with the antiproliferative effect of
APG in SKOW3 ovarian cancer cell lines that might help in consideration for APG asamter

candidate and further investigatiohits effect for treatment.

Ovarian cancers are particularly important, as it is one the cancers that are generally caught too
late due to their symptoms often attributed to other conditions affecting women. This led to the disease
being calte#itherdsamengst the population. |t
for the 8 common causes and mortality rate with 3.4% and 4.7% of all cancers in females in 2020
(166). Further observation on gynaecologicahcer statistics has found that ovarian cancer has the
highest fatality ratio at approximately 66.01% (207,252 death from 313,959 cases) when compared to
other cancers in this group as ordered by incidences, cervix uteri (56.58%), corpus uteri (28183%0),
(38.52%), and vagina (44.6498o0 far only a little information is known on the origin and underlying
mechanisms in this cancer subty(24.8, 219) Moreover, ovarian cancer has been reported to gain
chemoresistance, espally when relapsing and recurrence occurred, preventing it from treatment with

the previous drugs and deterioration the progress of the diseases, which have brought challenges in

56

h



chematherapy notably taxeland platinurrbased drugg220, 221) Not only ineffective in the
treatment of recurrence malignancies, butrobtherapy also caused adverse events that led to reduced
quality of life (222, 223) Hence, novel or alternative medications are necessary for ovarian cancer

treatment.

Natural compounds from folk medicine have been immensely in focus for the past decades for
their beneficial health functions, such as -ageing, antdiabetes, antioxidation, aritiflammation,
and anticancer activitie224-226) Apigenin (APG), a flavone found highly in various plants,
especially chamomile, parsley, celery, citrus fruits, parsley, basil, and onions, has been reported for
exhibiting ameliorative féects, including antbxidation, antinflammation, and anticancer activities
(120, 227, 228)APG anticancer activity had been firstigscribed by Biret al (124) where they
observedantirmutagenic and anpiromotion of carcinogenesis activity on mutagenesis inducing in
Salmonella typhimuriurand mouse skin epidermis. This had led to APG being tested on several cancer
cell lines including colorectalbreast, lung, prostate, cervical, ovarian, glioblastoma, leukaemia,
melanoma, pancreatic, and osteosarcoma cancer cell lines estghitistpotency surrounding anti
cancer and cancg@reventing function§l23, 229, 23Q)APG was found to trigger diverse mechanisms
in different cancer cell lines to exhibit anticancer activity including induction of apoptosis, cell cycle
arrest, metastasis inhibition, and asmigiogenesi¢123, 231, 232)In addition, itdemonstrated low
cytotoxicity against nortancerous cells in comparison with cancerous alternatives, whialke isf the
requirements for becoming a clinical candid@®&3) Despite these advances, only limited information
is known about the mechanisms underlying APG exposarevarian cancer. In the A2780 ovarian
cancer cell line, APG was reped to inhibit cell progression at.{# phase and reduce metastasis
through inhibition of focal adhesion kinase (FAK) expresgip&4, 235) It also suppressed self
renewal capacity in SKO3-derived spherforming cells, a subpopulan group of SKOV3 ovarian
adenocarcinoma cell lin€483). In addition,our recent study has found that APG appeared to induce
apoptosis via intrinsic pathway and cell cycle arrest:A¥1@hase in ovarian adenocarcinoma cell line

SKOV-3 (236).
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Central to establishing adequate treatment regimens is the underlying knowledge of the
mechanism of action of a compound. As described earlier, much is known about the phenotypic impact
of APG on several cancers, but mechanistic information is lackintpidrstudy, we want to address
this lack by identifying pathways and mechanisms likely impacted by APG resulting in antiproliferative
activity in cancer cell lines. The cell cycle is largely driven by phosphorylation activity through several
kinaseq237). Notably, the prominent cyclidependent kinases (CDK) family plays an important role
in this progression. For CDKSs to function properly, a regulatory subunit called cyclin bind€ Rkt
counterpart and formed a complex of heterodimer proteins that will later be activated or deactivated
upon phosphorylation on different phosphosites of CI#8). These processes are strictly regulated
in signal level, timeand space to achieve the goal of each step in the cell cycle. Moreover, other cellular
mechanisms for example MAPK, PI3K/Akt, JAK/STAT, and Wnt signalling pathways are actively
controlled through multiple phosphorylation steps and have been reporteidvolized with cell cycle
regulation(239, 240) Before the advanced technology in mass spectrometry was introduced, the study
of these signalling pathways appeared to be laborious and time consuming due ithraughput
technique and limitations in detection availabilitiesorder to study the changes of these phosphosites,
advancing in tag labelling systems for proteomics allows researchers to perform a relative quantitative
experiment in observing alterations of protein expression and phosphorylation in-thrbigihput
manner (241) We therefore opted to use phosphoproteomics to study the impact of APG on
phosphorylated proteins and identify several key functions likely involved in the demonstrated cell

cycle arrest.

3.2 Materials and methods

3.2.1 Chemicals and cell line

SKOV-3 cel | i ne, Mc Coy 6 s SHEDTA (n2b%)i, Apigenid,)andme d i u n
DMSO were purchased from Sigmddrich® (Merck, UK). Foetal calf serum and PBS (pH 7.4) were
purchased from Gibco (Thermo Fischer Scientifi&) UAPG was dissolved in 185 uL DMSO to make
approximately 100 uM APG in DMSO stock and stored-20 °C refrigerator. Antibodies were

purchased as follows, arAPDH (ab181602), anthouse IgGHRP (ab6789) and antabbit IgG
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HRP (ab6721) from Abcam, amdti-phosphestathmin 1 Ser25 (PA37628), antphospheRb Thr373

(PA5-64767), antistathmin 1 (MA533064), antiRb (MA5-11387) from Thermo Scientific.

3.2.2 Cell culture and treatment

The human canceterived cell line used in this study was ovarian adarcinoma (SKOM3,
ATCC no. HTB77). The celll ' ine was cultured in
10 % (v/v) foetal calf serum at 37 °C with 5 % (v/v) CO2 in a humidified environment. The cell was

passaged at 90% cell confluency Y5 flask or approximately twice a week.

3.2.3 Survival curve recreation and effective doses calculation
Thecell viability percentage from the previous study MTT assay was used as input for generating
cell survival curve by a lotpgistic model with 4 parametetssi ng drm() functi on

(version 3.01) in R. The effective doses were generated by ED()function from the same package.

3.2.4 Early antiproliferative activity of APG

Cells were seeded and the experiment was performed as described in thildky
observation section above. On the next day, the cells were treated with concentrations reprasented IC
IC20, IC30, IC40, ICs0, and 1Gowith the medium as baseline control and DMSO as solvent coltrdl.
was added at 0.5, 1, 1.5, 3, 6, 12, 48d 24 h for observing the cell activity representing viable cells
and incubated in culture condition for.3fhe experiment was done from three biological replicates and
summarised to generate this plbhe antiproliferation activity of APG was assabbg observation of
formazan solution dissolved in DMSO using plate reader machine at an absorbance of 560 nm and
further processed for cell viability percentage by calculating:

01 QOO@OT ©a i Q
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3.2.5 Sample collection and preparation for MS/MS analysis
For phosphoproteomics the cells were plated at 28d@s/10cm dish the day and incubated
for 16h bebre the experiment. Then, the cells were treated with APGatl{To, and 1G, for 30, 60,

and 90 minutes with no treatment at 0 minute and DMSO treatment for 90 minutes as controls. The
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treated cells were collected by washing with ice cold 1X PBS gHbr three times, adding 400 pL of

lysis buffer (100 mM TEAB, 0.05% (W/V) Rapigest, 1X protease inhibitor (cOmplete Mini EDTA
free, Roche), 1X phosphatase inhibitors (phoStop, Roche) and 25 U of benzonase per 1/mL lysis buffer)
and scraping thoroughly. €Hysates werkeft to sit for 45 minutes on ice for complete lysis and heated

to 80 °C for 10 minutes with 800 rpm rotation to eliminate cellular activity. The lysates underwent
protein quantification by Coomassie Plus (Bradford) assay. 100 ug of eaplesaas taken for in
solution digestion by trypsin. gsolution digestion started from reducing disulphide bond and alkylating

to prevent rebinding of thiol group by 4 mM DTT at 60 °C for 10 minutes followed by 14 mM
iodoacetamide at room temperature forr8inutes in dark. Then, 2 pg of trypsin was added to make
50:1 (protein:trypsin) ratio and incubated at 37 °C with agitation at 500 rpm overnight. Each of the
digested samples was randomly labelled with TMT by mixing 800 pg of TMT #MISCgrade ACN
(acebnitrile) and incubating at room temperature for an hour with a gentle vortex every 10 minutes.
Next, hydroxylamine in 100 mM TEAB buffer (0.3% (v/v) final) was added to quench excess TMT and
incubated at room temperature for 15 minutes. The samples s@ezgogether into a 2 mL low bind

tube then dried to completion in a vacuum centrifuge at 4 °C by removing ACN. The dried sample was
re-suspended in 500 pyL 1% TFA (trifluoroacetic acid) in 100 uM TEAB buffer, sonicated for 10
minutes and incubated at 32 for 50 minutes with 500 rpm for hydrolysis using Rapidgest. The sample
was centrifuged at 13,0@@ at 4 °C for 15 minutes. Next, the sample was desalted ih&dBlumn by
following the manufacturing instructions. The column was calibrated with 1008 rieethanol and
washed with 1% (v/v) TFA in 0. The maximum loading volume of-I8 column is 300 pL, so
samples were repeat loaded in the same column twice or more. The desalted peptide sample was eluted
from the column by 300 pL 0.1% TFA in 50% ACN theentrifuged at 300® for 1 minute and
repeated for complete elution. The eluted sample was dried by vacuum centrifugation at 4 °C until
completely dried. The sample was further fractionated into 5 fractions by high pH reverse phase system
with a gradual increasing hydrophobicity ratio at pH 10. Each fraction was dried with vacuum

centrifugation until completion.
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3.2.6 Enrichment of phosphopeptides with TiQbeads

For phosphopeptide enrichment, each sample fraction was resuspended with loadinguffer (5
TFA, 1M glycolic acid in 80% (v/v) ACN) and sonicated for 10 minutes or until completely dissolved.
The TiG, beads were weighed and around 10 mg resuspended w_20ading buffer. Then, 20 L
TiO2 beads were added into each fraction and the mixtun¢ieo was kept agitated at 1600 rpm for
20 minutes at room temperature. The mixture was centrifuged ax@€80L minute to pellet the bead
and remove the supernatant into a new-tmd tube. This supernatant part contained an unbound
mixture that carbe used for further experiments if required. The beads were washed with 150 pL
loading buffer with agitation at room temperature for 10 minutes. Then, the beads were centrifuged at
2000«g for 1 minute and the supernatant discarded. The beads were washsédond time with 150
ML 1%TFA in 80% (v/v) ACN with the same agitation and centrifugation steps as the first wash. For
the last washing step, the beads were washed with 150 pL 0.2% TFA in 10% (v/v) ACN repeating the
agitation and centrifugation stepghe beads were dried in a vacuum centrifuge for 30 minutes. For
elution, 100 pL of the first elution buffer (1% ammonium hydroxide #®Hwas added into the beads
and the mixture was agitated at 1600 rpm for 10 minutes at room temperature. The beads were
centrifuged at 200@ for 1 minute and the supernatant was collected into a new low bind tube. Then,
100 pL of the second elution buffer (5% ammonium hydroxide @)Hvas added into the beads and
performed the same steps as the first elution. The supatadtom the first and second elution were

pooled together and dried by vacuum centrifugation until completion.

3.2.7 MS/MS analysis

The phospheenriched fractionated samples were injected and analysed using an Ultimate 3000
RSLCE nanosystem (Thermo Saiéific, Hemel Hempstead) coupled to QExactiveass spectrometry
(Thermo Scientific)The sample was loaded onto the trapping column (Thermo Scientific, PepMap100,
C18, 300 um X 5 mm), using partial loop injection, for 7 minutes at a flow rate of 4 pwithirD.1%
(v/v) Formic acid (FA). The sample was resolved on the analytical column-&maay C18 75 um X
500 mm 2 um column) using a gradient of 97% A (0.1% FA) 3% B (99.9% ACN BAYPto 60% A

40% B over 120 minutes at a flow rate of 300 nL/min. Thidapendent program used for data
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acquisition consisted of a 120,000 resolution-$giin MS scan (AGC set to 3E6 ions with a maximum
fill time of 100 ms) the 12 most abundant peaks were selected for MS/MS using a 60,000 resolution
scan (AGC set to 1E51ms with a maximum fill time of 110 ms) with an ion selection window of 1.2
m/z and a normalised collision energy of 32 and a first mass set to a fixed value of 100.0 m/z. a 90

second dynamic exclusion window was used to avoid repeated selection of pepthd&sMS.

3.2.8 Data handling and analysis

The raw data from QEKIfx mass spectrometer were analysed by MaxQuant software (version
1.6.5). Most of the settings of MaxQuant were left as default except for: set fractions from 1 to 5, set
PTM to true, in Grougspecific parameters: Type to reporter imm MS2 and select idlex TMT,
cysteine carbamidomethylating in fix modifications, for variable modifications, aterminal
acetylation, methionine oxidation and phosphorylation at serine/threonine/tyrosine (S/T/Y), digestion
is set to Trypsin/P whichllaws searching for cleavage of carboxyl side of the Lys and Arg even if a
Pro follows and allowed up to 2 missed cleavagibs.mass spectra were searched agdmsio sapiens

UniProtKB one protein per gene database (UP000005640 9606 fasta/www.uniprot.org/proteomes/

UP00000564)) decoy and reverse database with 1% false discovery rate (FDR) filtration at three levels,
which are site decoy fraction, peptidpectrum matching (PSM) armiotein. Both unmodified and
modified (oxidation of Met, Nerminal acetylation, and phosphorylation of Ser/Thr/Tyr (STY)) of
unique and razor (peptides which match to multiple proteins) peptides were used for protein

guantification.

3.2.9 Identification of differentially phosphorylated proteins

To determine the effect of APG on SKE&B/phosphorylation, the phosphosites output from
MaxQuant were used to observe the difference of phosphorylation in proteins among various treatments
and times. Before prprocessing of reporter intensities, the phosphosites were filtered by using strict
criteria for confident phosphosites, which is phosphorylation occurred on STY with a localization
probability of O 0.75 and PEP ( fesfsomeact reporterof r or

all replicates were logransformed and plotted into a figure of boxplots to observe the data distribution.
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The data were grouped into multiple categories by UniProt accession number, phosphorylated amino
acid, phosphorylated pitien within proteins, and phosphorylation level using group_by() and
summarize() function in &é6dplyrdéd package. Then, L
minutes (IG 90min) within each biological replicate. The batch effect was removedbnugys 6 ComBat 6
package with the following setting, batches as biological replicates and covariates as treatments. The
data in each step of data processing, original, -trassformed, and batch correction, were analysed

by principal component analysis usirije prcomp() function in base R. The visualization of
normalization data and PCA were executed by 069ggp
analyse the phosphosites related to time, concentration, and covariation between these factors. Later, p
values were corrected using the standard BenjaHwichberg correction methodology. The significant

phosphosites were identified with a restriction of adjustedlpe < 0.10.

3.2.10 Gene set enrichment analysis (GSEA) on a Pranked gene list test

The ceefficient values of each factor from the ANOVA test were extracted and their associated
Uniprot accession was converted to Gene symbol. In the case of proteins with multiple phosphosites,
the mean values were calculated. This ranked file was used asanpu@SEA(version 4.0.3) and
analysed using the Rranked gene list analysf242) The tests were performed on KEGG #&ehe
Ontology database with the numbers of permutations allowed at 10000. The termaatliie g 0.05

and FDR < 0.25 were considered statistically significant.

Next, given that the data for analysis had been transformed by Loess normalisation against
solvent control at 90 minutes and batch correction we also performed the equivalent -Ghanmhet
t est using the O6limmad package. This analysis t
significant effect of APG on the cells as compared to @MSimilar to the ANOVA results above, the
t statistics were extracted and used as an input to a GSE&Ariked list analysis. The enriched terms
were filtered at FDR O 0.25 and plotted into a s

each function.
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3.2.11 NetworKIN analysis
The significant phosphosites were collected by factors in the ANOVA tests, concentration,
time, and interaction between concentration and time. The UniProt accession numbers from each

significance list werénputted into NetworKIN Ifttp://www.NetworKIN.info) workflow block (243).

Then, phosphosites, phosphorylated positions within protein, were manually deladt¢he kinase
predictions were performed as fmetting preference. The results were filtered with a minimum score

of 2.0 with a maximal distance to the best prediction of each site (max. difference) of 4.0. The negative
and positive effects of each tac from each site were grouped by sorting the AVOVA coefficient of

each factor and given to NetworKIN for analysis as described above.

3.2.12 SDSPAGE and Western blot

The assay was performed to observe the expression level of interesting phosphutsited ca
from the statistical analysis. SKO¥ cells were seeded at approximately 1ddlls per 60 mm dish
in McCoybs 5A medi um -a8mhibeforeitiedtrientardl hasvese The celishvere ( 1 6
treated with APG at 1§ and DMSO. The cells wergarvested at Fsinute, 36minute, 1, 1.5, 3, 6,
and 9h timepoints. At each timepoint, the cell culture dish was placed on ice and washed twice with
cold 1x PBS, carefully removing the PBS residue. Next, 300 pL of RIPA buffer (25 mM Tris pH7.5,
150 mM Nad@, 1% (v/v) Triton X100, 0.5% (w/v) sodium deoxycholate and 0.1% (w/v) SDS)
containing phosphatase (1x PhosSTOP Easy pack, Roche) and protease inhibitor cocktails (1x Protease
Inhibitor cocktail, Himedia) was added and incubated on ice until complessd lyapproximately 10
15 min. The lysate was then moved into a clean microcentrifuge tube. The lysates were centrifuged at
14000 xg at 4°C for 10 min and the supernatant was collected into a new tube. Then the lysates were
flash-frozen by liquid N and stoed at-80°C until use. The lysates were measured for protein
concentration by BCA assay before electrophoresis. FOrFBEE, the samples were mixed with 5x
reducing sample buffer (250 mM T4#4ClI (pH 6.8), 10% (w/v) Sodium dodecyl sulphate (SDS), 40%
(v/v) glycerol and 5% (v/v) 2nercaptoethanol) and heated to’@5or 5 minutes. The treated sample
was loaded at 10 pg per well and separated by-BBSE. The gel electrophoresis was performed at

100V, 400mA for 120 minutes. For Westdrlot, the proteinsn the gel were transferred to PVDF
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membrane (Immun®&lot® PVDF membrane for protein blotting, Biad USA) in transfer buffer (25

mM Tris, 192 mM glycine, 20% (v/v) methanol, and 0.2% (w/v) SDS) with FElo&® SD semidry
transfer cell (Bierad, USA) aR20mA, 15V for 42 minutes. The membrane was blocked with 5% (w/v)
BSA in 1x TBS (20 mM Tris pH 7.5, 150 mM NacCl) containing 0.1% TwWe&h (TBST) on a rocker

at room temperature for an hotihe blot was washed three times in TBST at RT for 5min and probed
with rabhit anti-phospheSTMN1-S25 or rabbit arphospheRb-T373 polyclonal antibody in 5%

(w/v) BSA in TBST at 4C overnight. The membrane was washed as in the previous step and incubated
with goat antirabbit IgG conjugated with HRP (dilutett10000) in 5% BSA in TBST at room
temperature for an hour. Then, the membrane was washed again. For detection, Afn&Gham
western blotting detection reagents (GE Healthcare, UK) were mixed at manufacturer suggestion ratio
and overlayed on the membrathen incubated for 1 minute to generate signals. The signals on blots
were captured by Amersh&nmmager 600 (GE Healthcare, UKAfter signal detection, the membrane

was subjected to removal of antibodies for reprobing by incubating the membrane at Riiildvith
stripping buffer (200mM glycine pH 2.2, 0.1% (w/v) SDS, 1% (v/v) Tween20) for 10 min, twice. The
membrane was washed with TBST for 4 times followed by blocking with 5% (w/v) BSA in TBST and
probed with total protein antibody followed by a@APDH ariibody. The phosphosite signals were

normalisedagainst GAPDH and total protein expression level and visualised by a bar chart.
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Figure 3.1 Summary diagram of computational workflow for phosphoproteoandysis
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3.3 Results

3.3.1 Early effect of APG on SKOV3 cell line
The data at 24h from the MTT assays in chapter 2 were used to create a genpabimeter

logl ogi stic model analysis by the fAdrco pebbw kage i |

O o
P Qupatl® atw

where C is response at the lower limit, D is response at the upper limit, b is the slope and E is the dose
giving 50% of the upper response {)C The plot of this model was illustrated in figure 3.1. Dgout

oflogl ogi stics model from 6drcé package was displ a
3.1. Based on the model, several ICs were calculated and are shown in Table 3.2. These concentrations

were used in the further experiment of AP@&eff in SKOWL3 cell line in this study.

Apigenin effect on SKOV-3 survival rate

100 4 ¢

Cell survival rate (%)
@ ©
(=] o

L L

S
1=}
I

20

Figure32Cel | sur vi val pl ot generated from the fAdrco

Table 3.1 The summary dyput of four parameters lelpgistic model

Model fitted: Log-logistic (ICso as parameter) (4 parameters)
Parameter estimates:

Estimate  Std. Error t-value p-value
Slope:(Intercept) 2.16270 0.44053 4.9093 4.269e05 ***
Lower Limit:(Intercept) 14.15984 6.12952 2.3101 0.02908 *
Upper Limit:(Intercept) 101.26482  2.80752 36.0691 < 2.2e16 ***
IC s0:(Intercept) 20.45820 2.06195 9.9218 2.496e10 ***

Significant codes: 0 606*16606001 6**d6 0.0!
Residual standard error: 7.394571 (26 degrees of freedom)

67



Table 3.2 Estimation of various ICs level of APG effect against Sk@V

Estimated effectivedoses

Estimate(uM) Std.Error
IC10 7.407 1.488
IC20 10.777 1.495
IC30 13.827 1.493
IC40 16.961 1.635
ICs0 20.458 2.062
ICe0 24.677 2.914

To better understand how quickly APG acts on the SKI&&ll line we looked at the MTT
derived cell numbers over time in the context of exposure. While the MTT assay might not be the best
method to represent cell proliferation, it offered an approachtéztdé@able cells through detection of
NAD(P)H-dependent oxidoreductase activity, a mitochondria enzyme, that plays a vital role in the
central metabolic pathways of the cd®14) The results show that APG impacts the cells in a two
stage process: 1) within the first 2h a concentratiependent effect on SKQY¥ can be observed 2)
which is then propagated onwards from 5h up to 24h resulting in the significantly reducededither

proliferation rate or numbers of the viable céltg. 3.2).

The immediate early effect on cell proliferation suggests that APG disrupts early cellular
processes restricting cell numbers. The impact of this restriction defines how significant the final
proliferation rate is. For example, while:fand 1Go are affected within the first 2h the suppression of
cell proliferation is relatively similar when coraged to the medium control. 4€and onwards show a

clear drop in cell survival.
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Effect of apigenin on SKOV-3 cell survival rate
110
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(
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70
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Figure 3.3 Cell survival plot from early timepoint experiment.

The cells were seeded at 5%&8lls/well and treatedith the inhibition concentration of APG shown

in the plot on the next day.

3.3.2 Establishing molecular responses to APG exposure
To study the alteration of cellular signalling by APG we performed apleXl TMT-labelling
phosphoproteomics for quantifitan and traceability of these changes in a dose andd@pendent
manner. The consideration of time points in our experimental design is related to early antiproliferative
activity of APG and previous studies in prostate cancer cell lines, which shioste®PG could reduce

the phosphorylation of ERK1/2, Akt in retinoblastoma at 1, 3, and 4 hours, respgdiBtely45)
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Figure 3.4 Boxplot of logtransformed reporter ion intensity from phosphosites in all replicates.

The number in the front of the treatment indicated biological replicate.

Boxplots of the logtransformed reporter ion intensities (Fig. 3.3) show that tierdforte
(ICsoat 30 minutes of the first replicate) had a much lower intensity compared to others in the same
replicate. Within each replicate, distributions looked similar suggesting that at least within a replicate
data was comparable (Fig. 3.4). A principahponent analysis of the data showed that a batch effect
related to replicate was present (Fig. 3.5A). Specifically, the plot shows that the lower intensity channel
from the boxplot (the I0reporter, in yellow circle) was highly dispersed from other repdons.
Three normalisation methods, median sweeping, quantile normalisation, and variance stabilizing
normalisation (VSN), had been performed in an attempt to handle this channel. The results showed that
though the boxplots of normalisation data (FAgpx.Al) could bring this channel batt a similar

level as compared to others from the PCA plots (Fig. Appx.A2), it remained to be scattered away from
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other channels. This evidence suggests that none of the normalization approaches could rescue the
difference in signal intensity. Further checking of the raw data confirmed that this event is unlikely a
biological phenomenon and following tests are required to identify the technical source of this issue.
Thus, the 10 reporter intensity from the first biogical replicate was removed from the analysis. After

loess normalisation and batch correction, the PCA plot appeared that batch effect has been reduced and
the association of treatment and time across different replicates could be observed (Fig.i8adl). In

the early 3éminute timepointgreen oval) shifts significantly to the right, followed by another shift

back at 60 minutes (blue oval). There is no additional shifting observed at-the@@ timepoint

(purple oval). This suggested that theresveahigh alteration of phosphorylated proteins within 30

minutes of APG treatment.
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Figure 3.5 PCA plot of data grouped by all levels in each phosphosite.

(A) Log intensities of all reporters. (B)ata after Loess normalisation and batch correction. Number
indicated biological replicate of that channEllipse shape indicated the group of samples by time,
orange for 0 min, green for 30 min, blue for 60 min, and purple for 90 min.

72



3.3.3 Identification of differentially phosphorylated proteins

To identify proteins whose phosphosites were altered as a result of APG exposure an ANOVA
model was applied to the data. Here 3 parameters were evaluated, change over time, change over
concentration, and the &riaction between these two. The latter parameter identifies proteins whose
phosphorylation patterns are changing together over concentration and time. This allows us to identify
even small steady changes over concentration and time which may be induficieach single
parameter separately to return a significant result. Significant phosphosites from the ANOVA were
captured at FDR < 10%nd the unique proteins were extracted. We found 27 unique proteins associated
with concentration, 48 with time, an® with the interaction component. To better understand what
might be happening functionally we further performed functional enrichment analysis on these lists
using DAVID. This showed that only two terms from annotation term lists in the interaction centpon
acetylation, and citrullination, were significantly enriched (Fig. Appx.B1). Functional clustering within
DAVID then revealed that chromatin and nucleosaeiated terms were aggregated in the highest rank

with an enrichment score of 1.828 (Table Afji).

To develop a better understanding of the functional changes occurring within this experiment
and to address the lacking functional enrichment observed using DAVID, asgerearichment
analysis (GSEA) was performetihe coefficient values from ANOX test of each phosphosite were
extracted with its phosphosites. For proteins with multiple phosphosites, we calculated the mean change

and used this as input to the approach.

The GSEA results were filtered atedwihReO 0. 25
concentration of which only 1 was associated with a positive enrichment, no significantly associated
terms for time, and 41 terms associated with the interaction component (Fig. 3.5). A closer inspection
of the pathways associated with concatidn showed that the only positive normalised enriched term
(NES) was o6negative regulation of transmembrane
terms showed negative correlation, 8 of which are involved with epigenetics and chromatitioregula
of gene expression whereas the others correlated to cellular transport and cytoskeleton activity.
Interestingly, 4 out of 8 epigenetics significant terms specifically related to chromatin organisation.
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Terms such as chromatin assembly and chromatianisation are involved in the regulation of
transcription, chromatin assembly or disassembly, and nucleosome organisation. In addition, other
terms related to epigenetics such as regulation of posttranscriptional gene silencing, negative regulation
of gere expression epigenetic, regulation of gene silencing, and gene silencing by RNA were identified.
Within the interaction list (Fig. 3.5C) all terms were shown to have positive NES scores including the
most significant terms including negative regulation gefne expression epigenetic, chromatin
organisation involved in regulation of transcription, chromatin assembly, chromatin assembly or
disassembly, nucleosome organization, DNA packaging complex, nucleeBdiAalbinding,
regulation of gene expression epigéc, regulation of gene silencing and nucleosome binding.
Moreover, the dot plot (Fig. Appx.C) showed that terms related to epigenetics and
chromatin/nucleosome regulation acquired a high hits ratio on both concentration (~30% on 3 terms)
and interactiorf>30% on 9 terms). Venn diagram (Fig. 3.5A) illustrated 9 terms that were found in both
setsand they were mostly related to regulation of gene expression and chromatin organisation including
terms such as regulation of gene silencing, negative regutdtgEme expression epigenetic, regulation

of posttranscriptional gene silencing, nucleosome organization, chromatin organization involved in

regulation of transcription, chromatin assembly or disassembly and cell differentiation.
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interaction
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Figure 3.6 Bar chart of enriched term from significant phosphosites.
(A) Venn diagram of significant terms from interaction (Red) and concentration (Blue) list. Number
indicated terms in each set. (B) Concentrafamtor list and (C) interaction between concentration

and time |ist were corangedlisidadt. i n Broadbds GSEA Pre
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Due to the significant differences observed in the PCA plot at 30 minutes we then also
performed an irdepth analysis of the earbffect of APG exposure. First, we performed an ANOVA
comparing each concentration at ther8ibiute timepoint against ther@inute control. After prvalue
adjustment, significant phosphosites were captured using a 5% FBR.clhis approach identified
140and 177 phosphosites from concentration and time factors respectively that resulted in 118 and 136
unique proteins from both lists. Unique proteins from both lists underwent DAVID functional
annotation enrichment. The resulting terms were filtered at&DR0O . 25 and vi sual i sed
(Fig. 3.6) and dot plots (Fig. 3.7). 10 terms were found to be associated with concentration, 4 of which
related to DNA and chromatin activity. The clustering chart (Table 3.3) has shown that two clusters of
enrichederms were found to obtain quite a high enrichment score that were chroetated and cell
cell adhesion terms with approximately enrichment score (ES) 2.2 on both clusters. In parallel, 12 terms
were associated with time (Fig. 3.6B and 3.7B) reprasgiiie same functional chromatielated and
cell-cell adhesiorrelated clusters. The clustering results appeared to be the same clusters (Table 3.4)
found associated with concentration, gl adhesion (ES 2.42), and chromattated (ES 1.72)
terms.Venn diagram of protein and phosphosites for DAVID input (Fig. 3.8A and B) showed 84
proteins with 93 phosphaosites that are in common between the time and concentration lists. From these
results, we could imply that the core phosphosites, which are affégtadose and time factors,
influenced the regulation of gene expression by chromatin remodelling armiteltihesion activity.

This further raises an interesting effect of APG on SK®#&higenetic arrangement and adhesion.

To further explore the funathal changes within our exposure we made use of the loess
normalisation applied within our pggocessing pipeline. As the data we are analysing already
represents a ratio between treatment and 90 min control (includingntireu€e control) we asked the
guestion whether there are supathway based trajectories governed by the phosphoproteomics data.
To address this challenge, we performed a limma analysis that compares the derived ratio to the null
distribution. Thestatistics were extracted and ussda input to the GSEA analysis used earlier. The
results (Fig. 3.9) illustrated 102 terms with two major patterns: 1) -shafeed pattern group that

indicates increasing activity at 30 minutes and 2}sh®ped pattern group that associdtrahs were
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repressed early. Within the -8haped group terms related to various signalling pathways, including
MAPK, ERBB, and a few immune response signalling, and other several biological processes such as
amide and peptide biosynthetic and metabolic process, transggmicle, demethylation, and stress
response were identified. On the other hand, within tfeh&ped group terms related to transcription
control by epigenetics and histenacleosomehromatin modifications and organisation were
highlighted. Interestinglythe demethylation term was found to increase in activity at 30 minutes, which
appeared to behave conversely to histone and peptidyl lysine methylation and trimethylation. Venn
diagram of GSEA result comparingest results (Fig. 3.8C in red circle) atte ANOVA results (Fig.

3.8C in green and blue circles) found similar 29 terms that were associated with gene expression
regulation, which are epigenetics regulation and histhmematin activities, organisation,
modifications, and assembly or disassembliaken together, these results reflect an interesting
consequence of actions after treatment with APG, which increases in activity of signalling cascades

while decreasing activity on epigenetics and chromatin organisation at 30 minutes.
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Figure 3.7 Bar charts of DAVID annotation terms of 30 minutes significant phosphosites.

Using (A) concentration or (B) time lists at 5% -@it. The plots showed significant terms filtered by

FDR <0.25. The red line inchted Term with BenjamiAHochbergadjusted pvalue < 0.05.
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Figure 3.9 Venn diagram of output from ANOVA test on-B@inute data.

(A) The significantphosphosites were captured at BH adjusteglpe < 0.05 and grabbed (B) only
UniProt accession for DAVID analysis. (C) Venn diagram of GSEA output illustrated data input from
results of ANOVA of full dataset separated by concentration (Green) and imgeré8tue) list and

data input from onsample itest at 3éminute (Red) of each treatment.
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