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The anticarcinogenic potential of dietary natural ©®mpounds on colorectal
carcinoma: Effects on signaling pathways related toell proliferation and cell death

Abstract

Colorectal cancer (CRC) is the third most prevalessicer worldwide and the
incidence is highly influenced by diet. Epidemialeg studies have supported the idea
that some dietary food components may influenceitikeof CRC through modulation of
several biological processes, including prolifemati survival and cell death. The
PI3K/Akt and MAP kinases (ERK, JNK and p38) pathwaye frequently altered in CRC
and components of these pathways are importantcumaletargets for CRC treatment.
Moreover, the apoptotic and non-apoptotic pathwHysell death have been shown good
targets for anticancer drugs. The aim of the thes&s to identify potentially
anticarcinogenic natural compounds and charactérze effects on signaling pathways
related to proliferation and cell death, in CRCI dieles. The role of these natural
compounds in combination with 5-fluorouracil (5-FMas also evaluated.

Initially, the anticarcinogenic effect of some wagxtracts (prepared as a tea) in
two human colon carcinoma-derived cell lines, HCTarld CO115 was studied. In
chapter Il, we demonstrated the anticarcinogeniovigc of Salvia fruticosa(SF) and
Salvia officinalis(SO), that seems to be due, at least partialyth&inhibition of the
MAPK/ERK pathway, through effects upstream of BRAMis effect was not due to
rosmarinic acid (RA), the major phenolic compoundsgnt in these sage plants. In a
subsequent study (chapter Ill), we showed the piateof Hypericum androsaemum
(HA) in inhibiting cell proliferation and inducingpoptosis, at least in part, through
inhibition of mutant BRAF and PI3K/Akt pathway, a®ll as, by the induction of p38
and JNK MAP kinases. As in the case of RA also hkeeemain phenolic compound
present in HA extract, chlorogenic acid, testedhaldid not show any of those effects.

Taking into account the previous observations, wéhér evaluated the potential
anticarcinogenic effects of quercetin (Q), lutedli) and ursolic acid (UA) in CRC cells.
These phenolic compounds (Q and L) and triterpefid®) are present (or appear as
derivates) in the water extracts previously used, lzave been demonstrated to modulate
many steps of the carcinogenic process. In chdptewe found that Q and L have
antiproliferative and proapoptotic effects thatrade be due, at least in part, to effects on



KRAS through regulation of both MAPK/ERK and PI3katpways. UA demonstrated
anticarcinogenic effects by acting on PI3K.

In chapter V, we performed a combined study of Qgrid UA with the most
common chemotherapeutic agent used in CRC treainfeRU. Resistance to 5-FU
arises, especially in tumors with p53 mutationskenaombinations with other drugs a
necessary strategy to increase 5-FU’s efficacy.the first part of this study, we
demonstrated that Q and L enhanced 5-FU-inducegdtapis and a synergistical effect
was observed with Q in the p53 wild type CO115c€l) may increase 5-FU-induced
apoptosis by modulating the mitochondrial pathwapeahdent on p53. In the second
part, UA was observed to synergistically enhandeUsnduced apoptosis in the p53
mutant HCT15 cells. The increase on apoptosis wasependent on caspases and it was
almost completely abrogated by an inhibitor of JMkKiggesting that in these cells UA
induces apoptosis through JNK activation. Moreotleg, increase of total cell death and
the accumulation of LC3, induced by UA, were algpehdent on JNK activation.

In order to explore the remarkable induction of delath by UA, which was not
all explained by increased apoptosis, we verifib@ involvement of UA in the
autophagic process (chapter VI). Interestingly, faend that UA inhibits autophagy in
HCT15 cells at the maturation step, since no fuseents between lysosomes and
autophagosomes were detected. Taking advantagelohigues established for MCF-7
breast cancer cells, including the tandem fluomscenstruct tagged with LC3 and the
measurement of LC3 turnover using a luciferasedbasal time assay, the results above
were confirmed. Furthermore, UA increased lysosom@mbrane permeabilization and
decreased the total lysosomal hydrolases activiiredicating a possible impact on
lysosomal biogenesis and/or a direct destabilieifigct on lysosomal membranes.

In conclusion, this work adds SF, SO and HA tolisteof potential plants to use
in CRC dietary strategies, as well as, the natooahpounds Q, L and UA present in
human diet. These natural compounds control CR@rpssion by modulating important
molecular targets, as well as, by enhancement ) Zfficiency. UA was the most
promising compound, destabilizing the lysosomes , andnsequently, inhibiting
autophagy, which could sensitize cells to deaththnd, may have a possible interest as

adjuvant in cancer therapy.



Estudo do potencial anticarcinogénico de compostasaturais provenientes da dieta
no cancro colorectal: Efeitos ao nivel de vias danslizacdo relacionadas com a

proliferagéo e morte celular

Resumo

O cancro colorectal (CRC) é o terceiro cancro ntasium a nivel mundial
estando a sua incidéncia fortemente influenciada gieta. Estudos epidemiolégicos
revelam que compostos presentes na dieta podamniefar o risco de CRC, modulando
varios processos bhioldgicos, incluindo a prolif@@csobrevivéncia e morte celular. As
vias de sinalizagdo PI3K/Akt e MAP kinases (ERKKJBI p38) estdo frequentemente
alteradas no CRC e por isso, componentes destascoiastituem alvos moleculares
importantes para o seu tratamento. Além dissojassapoptéticas e ndo-apoptoéticas de
morte celular ttm demonstrado ser bons alvos dgadranticarcinogénicas. A presente
tese teve como objectivo identificar compostos magLcom potencial anticarcinogénico
e caracterizar os seus efeitos ao nivel das vlasisaadas com proliferacdo e morte
celular em linhas de CRC. O papel destes compostoscombinacdo com o 5-
Fluorouracilo (5-FU) foi também abordado.

Inicialmente, os efeitos anticarcinogénico de afgextractos aquosos (preparados
como chas) foram estudados em duas linhas celllamesnas de carcinoma do célon,
HCT15 e CO115. No capitulo Il, demonstrou-se avaetde anticarcinogénica das
plantasSalvia fruticosa(SF) eSalvia officinalis(SO), em que o seu efeito pareceu dever-
se, pelo menos em parte, a inibicdo da via MAPK/E&Kavés de efeitos a montante do
BRAF. O acido rosmarinico (RA), composto fendlicaionitario presente naSalvias
nao foi o responsavel pelos efeitos observadoscdyutulo 1ll, demonstrou-se que o
extracto aquoso délypericum androsaemurHA) é capaz de inibir a proliferacéo
celular e induzir a apoptose, pelo menos em ppdejnibir o BRAF mutado e a via
PI3K/Akt, assim como, por induzir as MAP kinase8 p3INK. Tal como no caso do RA,
também o composto fendlico maioritario presentexioacto HA, o acido clorogénico,
testado s6zinho, ndo mostrou nenhum destes efeitos.

Tendo em conta os resultados anteriores, foi-seedeida avaliar o potencial
anticarcinogénico da quercetina (Q), luteolinad€ljcido ursélico (UA). Estes compostos
fendlicos (Q e L) e triterpenoide (UA) encontramis@sentes (ou aparecem como
derivados) nos extractos aquosos anteriormentedagkis, e tém a capacidade em
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modular véarias etapas do processo carcinogénicacdgdulo IV, observou-se o efeito
antiproliferativo e pro-apoptético da Q e L, qué felacionado, pelo menos em parte,
com efeitos no KRAS regulando as vias PISK e MARRKE O efeito anticarcinogénico

do UA foi observado ao nivel do PI3K.

No capitulo V, o efeito combinado da Q, L e UA coBdFU, agente
guimioterapéutico mais usado no tratamento do CRCavaliado. O aumento das
resisténcias ao 5-FU, especialmente em tumoreshotacdes no p53, leva a estratégias
de combinacdes com outras drogas necessarias pawentar a eficacia do 5-FU. Na
primeira parte deste estudo, a Q e a L aumentarapo@atose induzida pelo 5-FU, e um
efeito sinergético foi obtido para a Q nas céluE®115 com p53 normal. A Q
provavelmente aumentou a apoptose induzida pelt) Btfavés da modulacdo da via
mitocondrial dependente do p53. Na segunda partesereou-se que UA
sinergeticamente aumentou a apoptose induzida5Eld em células HCT15 com p53
mutado. O aumento da apoptose ndo foi dependerde cdgpases e foi quase
completamente inibido por um inibidor da JNK, sirgw que nestas células o UA induz
apoptose via activacdo da JNK. Além disso, o aumelst morte celular total e a
acumulacdo do LC3, induzidos pelo UA, foi tambémpetelente da activagdo da JNK.

Por fim, para explorar o efeito marcante da indut@enorte celular pelo UA, na
gual nao foi totalmente explicado pelo aumentoptgptose, foi estudado o involvimento
do UA no processo autofagico (capitulo VI). Intemdemente, verificou-se que o UA
inibiu a autofagia nas células HCT15 ao nivel daumagdo, uma vez que nao foi
detectado fuséo entre lisossomas e autofagoss@si@s. resultados foram confirmados
tirando vantagem de técnicas estabelecidas paraaNCF-7 de cancro da mama, como
a construcéo fluorescente tandem ligado ao LC&edicao do turnover do LC3 usando
0 ensaio de luciferase em tempo real. Adicionalmenibservou-se que UA aumentou a
permeabilidade da membrana lisossomal e diminuactavidade total das hidrolases
lisossomais, indicando um possivel impacto na Inegé lisossomal e/ou uma
destabilizagéo directa na membrana dos lisossomas.

Em concluséo, este trabalho adiciona SF, SO e Hiitaade potenciais plantas a
usar em estratégias alimentares contra o CRC, assimo a Q, L e UA presentes na
dieta. Estes compostos naturais controlam a pregmedo CRC modulando importantes
alvos moleculares e aumentando a eficiéncia do .5®&UWA foi o composto mais
promissor, destabilizando os lisossomas e, conagguente, inibindo a autofagia, e por

iISs0, possuindo elevado interesse como adjuvarterayaia do cancro.
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Preface

Preface

Several studies have been developed at the DepdrtofeBiology, in the
University of Minho, with aromatic and medicinaapts that grow spontaneously or are
cultivated in Portugal. Aromatic plants have a wiggplicability, for example, in
cosmetic, food, beverage and pharmaceutical indgstfhese plants are known to be
rich in a number of bioactive compounds, which hdemonstrated to possess different
therapeutical properties. This research projectsarfom the interest to identify
medicinal plants, such &alviaandHypericumspecies, with anticarcinogenic effects in
colorectal cancer (CRC). The overall positive resswbtained during the studies
performed with these plants led us to elucidatecviiioactive compounds, present in
these water extracts, were behind these effectdh@idmolecular targets. Thus, these
natural compounds, which are also present in huhenwere studied.

The possible mechanism of action of the extracts reatural compounds were
focused on some signalling pathways related toifpration and cell death. Several
molecular markers of these pathways have also beewn, by the research group of
cancer genetics in IPATIMUP, to be important tasgat CRC therapy, and thus being
suggested for this work. In addition, effects osolyomes and/or regulation of the
autophagic process have also been shown to beang¢lewolecular targets. In the
Apoptosis Laboratory, Institute of Cancer Biologytlze Danish Cancer Society, it was
possible to identify and characterize the effe¢teree compound on these targets. All
these studies were performed vitro, taking advantage of several cancer cell lines
harbouring different mutations. However, we are rawthat studiesn vivo are needed
and crucial to validate our findings.

In summary, this work was organized in seven chaptehere the first is a
general introduction, with a brief review of theelfi from the last 10 years. The
following five chapters are the results obtainedirdy the four years, which were
published or are soon to be published in peerwedkejournals. Finally, in the last
chapter, a global discussion of the work is presgmnd highlight the main findings and
some implications of the results in cancer reseakdditionally, future research goals

are mentioned.
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Chapter | General Introduction

1. CANCER

In the past decades cancer has emerged as a realthr issue being responsible
for more than 10% of deaths worldwide. Cancer araea result of a stepwise process
called carcinogenesis, that consists in the accationl of genetic mutations and
epigenetic changes that compromise the control ef proliferation, survival,
differentiation, migration and interaction with glebor cells [Pelengaris and Khan,
2006]. This multistep process can be divided irehphases: initiation, promotion and
progression. A mutational event in a single ceflufis in irreversible changes that
confer an intrinsic capacity to proliferate uncatiably to form an adenoma (initiation).
A continuous division of initiated cells facilitat¢he acquisition of further mutations
and originates a mass of abnormal cells that gigesto the carcinoma (promotion).
Cells will then acquire the ability to invade ancetastasize during the progression
phase [Frank, 2007].

The carcinogenesis model proposed by Fearon anceldtem in 1990 has
colorectal cancer (CRC) as a good model for thelystof morphology and genetic
stages in cancer progression [Frank, 2007]. Ugirggmodel, they identified a mutation
in the tumor suppressa@denomatous polyposis cdlAPC) gene as the first event
involved in premalignant lesion to initiate the rfation of a malignant tumor.
Disruption of the APC pathway may be sufficientstart a small adenoma, affecting
cell division through disturbing of the Wnt sigmai Then, mutations in the oncogene
v-ki-ras 2 Kirsten rat sarcoma viral oncogene hoogp(KRAS and in the tumor
suppressor gertemor protein p53TP53 appear later in tumor progression, leading to
the formation of a carcinoma. However, other genelianges in other key important
genes, including in DNA mismatch repair (MMR) genekich result in multiple errors
in repetitive DNA sequences during DNA replicatiocen also arise during the
carcinogenesis process contributing to cancer dpuweknt [Frank, 2007; Souglakos,
2007].

Genetic alterations can occur as germline mutati@ssilting in inherited cancer
predisposition that appear in hereditary tumorsmore commonly occur in somatic
cells (somatic mutations), where their accumulation association with several
environmental factors give rise to sporadic tumfglengaris and Khan, 2006;
Souglakos, 2007]. The presence of inherited mutatican start cancer initiation, but
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other modifications such as somatic mutations ggkeeetic alterations are still needed
for cancer to develop. Numerous studies now panthe crucial interplay between
these last changes and environmental factors aslégyminants of tumor progression
[Pelengaris and Khan, 2006].

1.1. Colorectal Cancer (CRC)

Colorectal cancer (CRC) is the third most commauetypf cancer worldwide
being mainly a disease of industrialized countr&ssh as North American, parts of
Europe, Australia, New Zealand and Japan, remairgtagively uncommon in low-
income countries, such as in Africa and much oBAYWCRF/AICR, 2007]. Although
the overall 5-year survival rate of CRC has incegaduring the past 2 decades from
51% to 65%, its incidence and mortality are cordliyuincreasing [Gralowet al,
2008]. Approximately 1 in 3 people who develop CRI€ of this disease and 90% of
CRC cases appear in patients after age 50 [Soug|2kO7].

CRC is divided in sporadic, inherited and familithe majority of the patients,
around 70% of the cases, have sporadic CRC (noditeasg in which there is no
evidence of CRC in family history. In this caseg thatients are usually older than 50
years of age, environmental factors being mosthiikesponsible for this high
incidence. The other remaining types of CRC havessociated genetic component
with patients having an inherited predispositiomévelop CRC [Souglakos, 2007]. The
two well-described CRC genetic syndromes are sudetivaccording to whether or not
colonic polyps are manifested: the familial adentoms polyposis (FAP) and the
hereditary nonpolyposis colorectal cancer (HNPCQ) Lynch syndrome, which
accounts about 1% and 3-4% of all CRC, respectijelistgi, 2007]. The familial CRC
is the least well understood syndrome, where W@b#b of the affected patients have a
family history, but present low risk of developi@RC compared to the inherited type
[Souglakos, 2007].

Carcinogenesis in the colon epithelium results ftbemmaccumulation of multiple
genetic mutations where the mutation in #/C gene has an important role in the early
process of CRC, in both inherited and sporadic tgnféig. 1). Mutations inf3-catenin
gene, which, a®\PC, are involved in Wnt signaling, have also been aestrated to

play a key role in the first events of CRC, appeam most sporadic CRC with normal
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or wild-type (wt)APC. Subsequently, mutations P53 andKRASgenes appear later
during adenoma progression. Other genetic alteratio Bcl-2-associated X protein
(BAX), SMAD4, transforming growth factgrreceptor Il (TGIB-RII), cyclooxygenase 2
(COX2) and phosphotase and tensin homologue (PTigBNes had also found to be
frequently involved in CRC development [Soreide al, 2006; Souglakos, 2007].
Additionally, alterations in genes encoding enzyn@glved in the DNA MMR
system, which lead to microsatellite instability SN, have been demonstrated to
contribute to the CRC progression, in both heregliend sporadic CRC. In HNPCC
cases, 90% of the tumors are MSI due to germlineatons inhMSH2and hMLH1
mismatch repair genes, while in sporadic CRC agprately 15% of tumors have MSI
due to alterations ihMLH1 gene [Soreidet al, 2006].

Geneticalterationsin MMR genes { MLH1, MSH2, MSH6)

APC
f-catenin KRAS TP53

) | (s ) (]
epithelium Adenoma Adenoma

SMAD4 TGFp-RII  COX2
BAX PTEN

INITIATION PHASE PROGRESSION PHASE
PROMOTION PHASE

Fig. 1. Schematic representation of some key geneticasilbess during colorectal cancer (CRC)
carcinogenesis. Mutations in thdenomatous polyposis cdAPC) andf3-cateningenes occur in the
initiation process of CRC carcinogenesis, while atiohs in theKRASandTP53 genes appear during
the adenoma progression. MutationsBol-2-associated X proteifBAX), SMAD4, transforming

growth factor g receptor Il (TGEB-RII), cyclooxygenase 2 (COX2nd phosphotase and tensin
homologue (PTENgenes have also found to be involved in CRC deveént. Genetic alterations in
DNA mismatch repair genes (MMR), such BH.H1, MSH2 and MSHG also aride during the
carcinogenesis procesadapted from [Soreidet al, 2006; Souglakos, 2007].

1.2. CRC and Nutrition

1.2.1.Importance of Diet
Genetic and environmental risk factors modulate C&Rét being considered the
most important environmental factor contributingtie high CRC incidence [Davis and
Hord, 2005; Souglakos, 2007]. Many studies haveonted a relationship between
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nutritional factors and CRC, supporting the ideat thietary constituents may affect
CRC by reducing or enhancing its risk [Ryan-Harshraad Aldoori, 2007]. Recently,
an international review from the World Cancer Resed&und (WCRF) heightened the
implication of food and nutrition in CRC, althoughere are some inconsistencies
between different studies [WCRF/AICR, 2007].

The WCRF adverts that there are convincing evidenlcat red and processed
meat are risk factors of CRC, while diets contajnthetary fibre, garlic, milk and
calcium most likely protect against this diseasddifionally, the report of the WCRF
indicates that, although with limited evidencehfand foods containing folate, vitamin
D and selenium may also protect against CRC. Theefite of fruit and vegetables
consumption have appeared controversial amongeiiftestudies, but there seems to be
a significant association between their consumptaon a reduced risk of CRC
incidence [WCRF/AICR, 2007].

More recently, different reports discussed theot$fef diet in CRC. One study
showed that high consumption of fruit and vegetldeassociated with a reduced risk
of CRC, although their results suggest that propailly specific types of fruit and
vegetables, or their related nutrients, may co@BC protection [van Duijnhovest
al., 2009]. Other recent report demonstrated thatnaake of fish was statistically
associated with a decrease risk of having CRC [ealal, 2008]. A diet poor on
calcium and vitamin D consumption was also shoveethduce CRC tumors on long-
term feeding in mice, implying that their intake ynarotect against CRC development
[Newmarket al, 2009]. In aggrement with that, calcium intake \abte to reduce CRC
promotion induced by red meat in rats [Piesteal, 2008]. Besides the previous report
of WCRF 2007, these examples shows that consumptioinuits, vegetables, fish,
calcium and vitamin D could be included in the tdtfoods that convincingly reduce
the risk of CRC.

Overall, an appropriate diet may minimize CRC riskggesting the possible
benefit of preventive strategies based on dietapplements and a potential therapeutic
role for the compounds responsible for these effect
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1.2.2.Variability in Nutritional Responses

The variability of results concerning the effectd@tary constituents on CRC,
and the variation in CRC incidence among and wiggopulations with similar dietary
patterns, suggests the involvement of individuaponses to a dietary constituents
[Davis and Milner, 2004; Davis and Hord, 2005]faat, it has been found that several
food components are able to modify the expressi@mumber of genes, which suggest
an interaction between nutrition/diet and the imtimMl's genome (nutrigenomic), as
well as, to influence protein expression (protegmitowever, for a bioactive food
component to influence a key molecular event ielaar organism, at a given moment
(metabolomic), it is necessary to reach the taagein effective concentration and with
an appropriate timing of exposure [Davis and Milri&€04; Davis and Hord, 2005].

Several types of diets and food constituents hasenbfound to alter the
expression of certain genes and/or proteins, allgwthe identification of genetic
susceptibilities towards these particular dietaygnponents. For example, Diergaaete
al, showed that red meat consumption could enharea¢welopment of MSI-L and
MSS carcinomas in particular, whereas fruit constimnpcan decrease this risk of MSI-
H carcinomaghat exhibit alterations imMLH1 [Diergaardeet al, 2003]. In addition,
the authors also demonstrated that consumptiomuds fand dietary fiber might also
decrease the risk of CRC in individuals with HNP{D@rgaardeet al, 2007]. A study
performed with different types of vegetables pimped their capacity to modulate
specific genes involved in the prevention of CRG¢hsasCASP3[van Bredaet al,
2005]. Another study demonstrated an increase & Bi§zyme expression in rats fed
with red meat, suggesting a possible mechanisnedfrmeat on CRC carcinogenesis
[Pajari et al, 2000]. Interestingly, the consumption of beefrkpand other meat
products were associated with CRC tumors with wijse KRASgene, suggesting that
they may exert their action through a pathway irethejent of &RASmutation [Brink
et al, 2005].

Thus, all these studies suggest that certain geare®e modulated and modified
by specific dietary components, being essentialaiosider the genomic profile of each
individual to determine who may or may not resptm@RC dietary interventions.




Cristina Xavier

2. CANCER CELL SIGNALLING RELATED TO
PROLIFERATION AND CELL DEATH

Carcinogenesis involves an accumulation of gersdt@rations that in turn lead
to alterations in important biological pathwayscefl proliferation and cell death, such
as phosphotidylinositol-3 kinase (PI13K)/proteindse B (PKB/Akt), mitogen-activated
protein kinases (MAPKSs) [extracellular-signal-reged kinase (ERK), c-Jun N-
terminal kinase (JNK) and p38] and apoptotic ana-apoptotic pathways.

2.1. RAS Signaling

The small GTP-binding protein Ras is a common ejastr molecule of several
signaling pathways, including PI3K/Akt, MAPK/ERK @nRAIGDS (Ral guanine
nucleotide-dissociation stimulator). Three Ras @ns, H-Ras, K-Ras and N-Ras, have
been identified differing in the ability to actieatlifferent pathwaykRASis the most
frequently mutatedRASisoform in human cancers. Ras is activated by ghaifrom the
inactive Ras-GDP conformation to active Ras-GTPmfathrough farnesylated or
geranylgeranylated in cysteine residue. Ras is tabllend to the p110 catalytic subunit
of class | PI3K, resulting in its translocationtte plasma membrane and consequent
PI3K activation. Ras is also able to recruit thetgin Raf to the plasma membrane and
thus activate the MAPK/ERK pathwa¥i¢. 2) [McCubreyet al, 2006; Schubberet
al., 2007].

The upregulation of PI3K/Akt and Raf/MAP/ERK pathygaby the oncogene
RAScooperates to regulate various cellular respoasdsyenerate resistance to therapy
[Barault et al, 2008]. Moreover, it was found that Ras could deegalate PTEN
expression through the Raf/MAPK/ERK pathway promgtctivation of the PI3K/Akt
pathway, which strengthens the connection betweesettwo pathways [Vasudevan
al., 2007].

2.1.1.Mutations on KRAS in CRC

It is known that about 30% of sporadic CRC tumoasehmutations ilKRAS
[Oliveira et al, 2007; Baraulet al, 2008]. In addition, CRC patients that displaRAS
mutation alone or in combination wiBRAFmutation (~0.4%) have bad prognosis and
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poor survival [Oliveiraet al, 2007]. It has been demonstrated tK&AS mutations
have effects at tumor initiation, on cell growthdgerogression, as well as, in promoting
invasion, angiogenesis and resistance to CRC tia¢damnget al, 2009].

2.2. PI3K/Akt Pathway

2.2.1.PI3K

The phosphotidylinositol-3 kinases (PI3Ks) areraifa of lipid kinases that are
classified according to sequence homology and acibspecificity into class I, class Il
and class lll. Class | PI3K is the major class sndvolved in cell growth, proliferation
and apoptosis [Zhao and Vogt, 2008]. Class | PlaKheterodimeric protein, is
composed by a pll0 catalytic subunit and a p85latgy subunit, both of which
expressed in various isoforms. This class of PI8K loe activated by receptor tyrosine
kinases (RTK), such as PDG-R, EGF-R or IGF-R thhougteraction with
phosphotyrosine residues, and by G protein-coupdsmbptors, such as RAS. The
activation of PI3K leads to the conversion of thpadl substrate phosphoinositol 4,5-
bisphosphate (PIP2) to the second messenger, thesplphtidylinositol-3,4,5-
triphosphate (PIP3) at the inner side of the plasmeanbraneKig. 2). PIP3 binds to
target proteins that contain pleckstrin homologki@omains, such as PKA, PKC and
Akt/PKB, the latter being the primary downstreamdmtor of PI3K effects [Varat
al., 2004; Michl and Downward, 2005; Zhao and Vog0Q&0

2.2.2. Akt

Akt is the human homologue of the viral oncogenkt- Three members of the
Akt family (Aktl, Akt2 and Akt3) have been idendtli and are ubiquitously expressed
with their levels variable depending upon the #ss$ype [Varaet al, 2004; Blanco-
Aparicio et al, 2007]. The PH domain of Akt binds to PIP3 indgctonformational
changes in the molecule, which make a threonin@ues(T308) accessible for
phosphorylation by the activated protein serinefinee kinase 3"-phosphoinositide-
dependent kinase-1 (PDK-1). Full activation of Al also associated with
phosphorylation of a serine 473 (S473), locatedhi C-terminal tail of Akt, by the
target of rapamycin complex 2 (TORCZ2). Phosphoiytest of T308 and S473 residues
are essential for a complete activation of Akt fuorc [Vara et al, 2004; Michl and
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Downward, 2005; Blanco-Aparicicet al, 2007; Manning and Cantley 2007].
Subsequently, Akt phosphorylates a number of scistthat play a central role in cell
proliferation and cancer progressidig. 2).

Akt can promote cell growth and affect the cell abstlism by indirectly
activating the mammalian target of rapamycin comdémTORC1) and inhibiting the
glycogen synthase kinase-3 (GSK-3). In additiont i8lalso able to phosphorylate the
cyclin-dependent kinase inhibitors p27 and p21caiig cell cycle progression. Akt can
also block the function of proapoptotic proteins biectly phosphorylating and
inhibiting BAD, procaspase-9 and the transcriptfanotor Forkhead box (FOXO), as
well as, by phosphorylating MDM2 and promoting itanslocation to the nucleus
where it negatively regulates p53 expression [\&ral, 2004; Manning and Cantley,
2007].

2.2.3.PTEN
The activation of Akt has also been partially tedato the loss oPTEN
(phosphatase and tensin homologue deleted on clsmme 10), a tumor suppressor
gene that functions as an intracellular inhibitor the PI3K pathway. PTEN
dephosphorylates PIP3 to generate PIP2, acting asgative regulator for PI3K-
induced signalingKig. 2) [Varaet al, 2004; Blanco-Apariciet al, 2007]. In addition,
it was also reported that PTEN mediates effectiependently of Akt, on cell cycle and

apoptosis [Blanco-Apariciet al, 2007].

2.2.4.PI3K/Akt Deregulation in CRC

Nearly 40% of CRC tumors have been demonstratdthte alterations in one
of the genes related with PI3K signaling [Parsenal, 2005]. Approximately 30% of
CRC tumors have showed somatic mutationBIK3CA gene that encodes the p#l10
subunit of class | PI3K [Samuels and VelculesclQ£2Michl and Downward, 2005;
Baraultet al, 2008]. This mutation has been demonstrated tor@asa primary genetic
event in CRC, having a relevant importance in taAecinogenic process [Velhet al,
2008].

CRC cell lines withPIK3CA mutation have shown the capacity to proliferate
and survive under environmental stresses [Wetngl, 2007], as well as, to be more
resistant to apoptosis and to have high metagtatential [Guoet al, 2007]. Moreover,
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mutation inPIK3CA gene have been shown to occur more frequentipmbaation
with other mutations in other components of theKRpathway, such asRASor BRAR
than in isolation, suggesting a possible synemistfect in the signaling pathways
controlled by them for an efficient malignant treorenation [Velhoet al, 2005; Odeet
al., 2008]. More recently, a mutation IRIK3R1 gene, which encodes the p85
regulatory subunit, was found, which turns it toavel oncogene with important effect
on CRC development [lat al, 2008].

Insulin, growth factors, ROS, RTK, etc

Class| PI3K l PIP2
— /

LY294002
Wortmannin

Farnesyltransferass
inhibitors

Cell growth

Apoptosis Metabolism

Cell Cycle

Fig. 2. Schematic representation of PI3K/Akt and MAPK/ERMEthways. The G protein-coupled
receptor RAS activated by, for example, growthdestand receptor tyrosine kinases (RTK), changes
from the inactive RAS-GDP to active GTP, being atioleactivate the class | phosphotidylinositol-3

kinases(PI13K) and the protein RAF. RAF phosphorylates MEX&nhd consequently activates ERK1/2
pathway. The Class | PI3K, composed by the pll8lyat and p85 regulatory subunits, leads to the
conversion of the phosphoinositol 4,5-biphosphBif2) to the phosphatidylinositol-3,4 5-triphosghat
(PIP3), which could be reverted by the negativellletigr PTEN (phosphatase and tensin homologue
deleted on chromosome 10). The pleckstrin homol@y) domain of Akt binds to PIP3 being
activated by phosphorylations on T308 and S473duesl, and its phosphorylation by the protein
serine/treonine kinase 3’-phosphoinositide-depeinéierase-1 (PDK-1) lead to the Akt activation.
Then, Akt phosphorylates a number os substrateth, as Bad, Forkhead box (FOXO), caspase-9, p53,
p21, p27, mammalian target of rapamycin complexnT@RC1) and glycogen synthase kinase-3
(GSK-3), which are involved on various cellular dtinns, apoptosis, cell cycle regulation, cell giow
and metabolism. The protein RAS could be inhibibgdfarnesyltransferase inhibitors and the PI3K
pathway could be surpressed by several drugs ssichY¥94002 and wortmannin. Adapted from
[Manning and Cantley, 2007; Zhao and Vogt, 2008].
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Mutations in theAKT gene are not common in humans, however, someestudi
have reported an up-regulation of Akt in about 58R&RC carcinomas, demonstrating
its essential role in CRC progression [ltethal, 2002; Royet al, 2002; Khaleghpouet
al., 2004]. More recently, Carptest al. found anAKT 1 mutation in CRC in the PH
domain of Akt [Carpteret al, 2007]. This mutation results in an Akt conforroatl
change and its increased membrane associationhvdad to a constitutive activation
of Akt. Alterations in PTEN tumor suppressor funatiby loss or reduction of protein
expression has also been demonstrated to be fregqusporadic CRC tumors [Goet
al., 2004; Nassifet al, 2004]. A deficient PTEN expression was associatgt a
predictor of local recurrence in CRC patients [Rofdu et al, 2008].

Overall, alterations in components of the PI3K path have been demonstrated
to occur with high frequency in CRC tumors conttibg for its progression and
consequently with impact on therapy resistance.sThhis pathway became an
attractive target for the development of novel@aricer agents to treat CRC.

2.3. MAP Kinase Pathways

The mitogen-activated protein kinases (MAPKSs) arlarge family of serine-
threonine kinases that are often altered in hunaacer [McCubreyet al, 2006]. There
are three major subfamilies of MAPK related to @ndhe extracellular-signal-
regulated kinase (ERK)1/2, the c-Jun N-terminabkim (JNK)1/2/3 and the p38 MAP
kinase (p38y/p/y/o.

The MAPK activity is regulated through a cascadeaofivations, in which
MAPKs are phosphorylated by the MAPK kinase (MAPKWKK or MEK), which
themselves are phosphorylated by MAPKK kinase (MKRKor MEKK). These
MAPKKK are each capable to regulate multiple MAPKiKst lead to the activation of
different families of MAPK, resulting in the activan of ERK1/2, p38 or JNK [Cuevas
et al, 2007]. These pathways are regulated by divers@@lular and intracellular
stimuli, including growth factors, cytokines, homes and various cellular stresses. In
turn, MAPK proteins phosphorylate a number of si#tes involved in several cellular
events, such as cell proliferation, survival, apsis, cell migration, differentiation and

inflammatory response [McCubrey al, 2006; Cuevast al, 2007].
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2.3.1.RAF/ERK Pathway

MAPK/RAF/ERK is an important pathway involved in licgroliferation,
apoptosis and cell cycle progression being activggemarily by mitogenic stimuli,
such as growth factors [McCubreyal, 2006].

The mammalian Raf protein is a serine/threonin@adenpresent in three forms,
A-Raf, B-Raf and C-Raf. These proteins recruitethismembrane bind to Ras and are
subjected to phosphorylations/dephosphorylations dfferent domains and to
dissociation with the Raf kinase inhibitory protdRKIP) promoting Raf activation
[McCubrey et al, 2006]. When activated, the protein Raf, a MAPKKKan
phosphorylate two MAPKK proteins, MEK1 and MEKZ2, ialth consequently activates
the MAP kinases ERK1 and ERKEi§. 3). [McCubreyet al, 2006]. Subsequently,
ERK phosphorylates important cytoplasmic and nucdkegets [Cuevast al, 2007].

In the cytosol, ERK can activate NdB by phosphorylating and activating the
inhibitor kB kinase, as well as, phosphorylate caspase 9smueeThrl125 leading to its
inactivation. In the nucleus, ERK1/2 promotes thkogphorylation of many
transcription factors, including c-Jun, c-Myc anéts-1 that are required for activator
protein 1 (AP-1) expression [McCubreyal, 2006].

2.3.2.JNK and p38 Pathways

The IJNK and p38 MAP Kinases, also called stressaed protein kinases
(SAPK), are activated by environmental and genctostresses and they regulate
apoptosis, survival and inflammation. The effecfstltese kinases, that have been
shown to be cell type-specific and dependent oensity and duration of the stimuli,
function either as tumor suppressors or oncopref@fagner and Nebreda, 2009].

The JNK protein kinase is encoded by three geisPK8 MAPK9 and
MAPK1Q which encodes JNK1, JNK2 and JNK3, respectiveapnd they are
alternatively spliced to create at least 10 isofarfhe proteins JNK1 and JNK2 are
believed to be expressed in almost every cell asdie type, whereas the JNK3 protein
is mainly found in neuronal tissues and in the helK are mainly activated by the
upstream MAPKK proteins, MEK4 and/or MEK7, thatturn activates a number of
proteins Fig. 3) [Weston and Davis, 2007; Wagner and Nebreda,]2009

The three JNKs have been shown to be involved imusdting apoptotic
signaling through different mechanisms. JNK careadly modulate the activities of
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mitochondrial pro- and antiapoptotic proteins tlgiou phosphorylation of several
members of the Bcl-2 family, such as Bcl-2, BADMBIlas well as, stimulating the
release of cytocrome c [Dhanasekaran and Reddyg].2@@tivated JNK cal also
translocate to the nucleus where it activates abeuraf transcription factors, such as c-
Jun, AP-1 and p53, increasing the expression ohpoptotic genes [Dhanasekaran and
Reddy, 2008]. JNK have also been shown to be imebla inflammation process since
it can be activated by TNé&;a proinflammatory cytokine [Wagner and Nebred®9.

The p38 MAP Kinases are encoded by four gerdaPK14 MAPK1],
MAPK12 and MAPK13 which encode p38 p33, p38, p3®, respectively, and are
mainly activated by MEK3, MEK6 and in some casedMBK4 (Fig. 3). The p38 is
highly abundant in most of cell types being thetlk@®wn p38 MAPK, whereas pB8
seems to be expressed at very low levels ang¢ pB8 p38 expressions have more
restricted pattern of expression [Wagner and Nefyr2d09].

It has been shown that p38 MAPK activates a widgeaof subtracts, such as
transcription factors, protein kinases, cytosoha anuclear proteins [Coultharet al,
2009]. The p38 plays an important role in inflamio@atoy modulating the transcription
factor NFxB and regulating the induction of the pro-inflamorgt mediator
cyclooxygenase 2 (COX-2) and the production of meyipkines, such as ThFand
interleukins [Wagner and Nebreda, 2009]. In additip38 is also envolved in the
negative regulation of cell cycle progression, &l as, in the induction of apoptosis
and modulation of cell migration and differentiatigCoulthardet al, 2009; Wagner
and Nebreda, 2009].

Since JNK and p38 MAPK pathways can be activatethkysame stimulus and
share several upstream regulators, they may coepeyasynergistically activate the
same subtracts. Nevertheless, there are evidemdieating that the two stress-activated
pathways could also have opposite effects or tB8tregatively regulate JNK activity
in several contexts [Wagner and Nebreda, 2009].
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Environmental and genotoxic
stresses, inflammatory
response, cytokines, ete

Growth factors,
mitogens, hormones, ete

Stimulus

MAPKKK/MEKK
MAPKK/MEK/MKK
MAPK
Biological Cell Proliferation, Survival, Apoptosis,
response Survival, Cell Migration, Inflammatory response

Differentiation

Fig. 3. Schematic representation of MAPK signaling patysvéERK, p38 and JNK). RAS activates
RAF that in turns phosphorylates MEK1/2 and consetjy activates ERK1/2 pathway. ERK pathway
is involved in various biological responses, sushcall proliferation, survival, cell migration and
differentiations and it could be inhibited by theigs BAY 43-9006 and PD98059. The JNK and p38
pathways are stimulated by various stresses thdttteeffects on survival, apoptosis and inflammato
response. The p38 isoforms are mainly activatedMBEK3 and MEK6 and could be inhibeted by
SB203580, while the JNK 1/2/3 are mainly activabsdMEK4 and MEK7 and could be inhibited by
SP600125. Adapted from [Malemud, 2007].

2.3.3.Activation of MAP Kinases in CRC

Activation of MAPK/ERK pathway has been demonstiate be involved in
CRC progression. Mutations upstream of this pathamyfrequent in CRC, including
mutations iNKRASandBRAFgenes, participating in the upregulation of ER¢haling
[Fang and Richardson, 2005]. About 5-10% of spar&RC tumors have mutations in
BRAF [Oliveira et al, 2007; Baraultet al, 2008] and these mutation have been
correlated with cell growth and inhibition of apogis [Ikeharaet al, 2005]. Moreover,
MEK has also shown to be frequently phosphorylaledCRC tumors, which
constitutivly activates the MAPK/ERK pathway [Letal, 2004].

Mutations in JNK and p38 are not frequent in CRGtead, alterations in the
expression of these proteins and/or mutations mpmments of JNK and p38 pathways
have been demonstrated. Loss-of-function mutahaheMKK4 gene, which activates
both JNKs and p38 were found in ~5% of CRC tumors [Wagner and Neay2009].
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A recent study, however, found a significant dowgafation of MAPK activity in some
CRC samples, suggesting that CRC tumors must befullgr evaluated for MAP
kinases inhibitor therapy [Gulmaret al, 2009].

The importance of SAPK in CRC has been demonstrategveral studies. It
was shown that mutated KRAS activates 1938/ inducing its expression, this being
essential to maintain the Ras mutated phenotypepamuaioting CRC carcinogenesis
[Tang et al, 2005]. Moreover, a cross talk between JNK and Wigrnaling was also
found where an activation of JNK increases the esgion of Wnt target genes,

contributing to accelerate CRC tumorogenesis [Saetlal, 2009].

2.4. Apoptosis

Apoptosis is a mechanisms of cell death in whickkesd molecules are
activated or inactivated working as a team for atadled cellular self-destruction
called programmed cell death. Apoptosis is essempiamaintain homeostasis by
removing unwanted, injured and infected cells aisddysfunction or deregulation is
implicated in cancer progression [Degterev and Y2&98]. During apoptosis, typical
cellular morphologic changes occur, including naclehromatin condensation and
fragmentation, membrane blebbing, cell shrinkagss lof contact to its neighboring
cells and the formation of apoptotic bodies [deiBand Medema, 2008; Degterev and
Yuan, 2008].

On the other hand, necrosis, another form of celhtll, differently from
apoptosis, is an uncontrolled form of death dua Wlent environmental perturbation.
In this case, an early disruption of the cell meanleroccurs accompanied by organelle
swelling, mitochondrial dysfunction and a collapdecell structure, which result in the
release of the cellular contents to the milieu capidamage to surrounding cells and a
strong inflammatory response [de Bruin and Med&28@8; Degterev and Yuan, 2008].

2.4.1.Classical Apoptotic Pathways
The classical apoptotic pathways can be initiated different stimuli, at the
plasma membrane by death receptors (extrinsic @athwr at the mitochondria
(intrinsic pathway), and involve the activation rfoteolytic enzymes called cysteine
aspartic acid specific proteases (caspases) [Bagéerd Yuan, 2008].
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Caspases are synthesized as inactive proenzymeasg laetivated by
autoproteolytic cleavage or being cleaved by ottempases at specific aspartic acid
residues. They are subdivided, depending on tleévity and subcellular localization,
into proinflammatory and proapoptotic caspases. [Efter are grouped as initiator
(caspases 8, 9 and 10) or activator (caspasesry] @) caspases. At the end, caspases
modulate the activity of a variety of substratesgluding the poly-(ADP-ribose)

repair activity when cleaved by caspases [Degtanel/Yuan, 2008].

2.4.1.1. The Mitochondrial (intrinsic) Pathway
The intrinsic pathway of apoptosis is activated ebyariety of stress stimuli,

including DNA damage, heat and ultraviolet radiatibrough p53 tumor suppressor
protein. This activation leads to the insertiontloé pro-apoptotic B-cell ymphoma
protein-2 (Bcl-2) family proteins Bax and Bak irttee outer mitochondrial membrane
(OMM) causing mitochondria damage and the reledsg/tmchrome c to the cytosol.
The activity of Bax and Bak is modulated by thei-apbptotic Bcl-2 family members,
such as Bcl-2, Bcl-XI and Mcl-1 that prevent cytomie c release, whereas the pro-
apoptotic BH3 members of the Bcl-2 family, suchBal, Bik, Bim, Bid, Puma and
Noxa restored Bax and Bak activation. It is theorétetween anti-apoptotic and pro-
apoptotic members of Bcl-2 family that tightly rdafe the permeability of the OMM
and the release of cytochrome c. Subsequently,cleydiane c interacts with the
apoptotic protease activating factor-1 (Apaf-1) aadruits the initiator pro-caspase-9,
in the presence of ATP, to promote the formatiorihef apoptosome. This interaction
leads to the cleavage and activation of caspasat9ntediates the activation of the
effector caspases 3, 6 and 7 to execute apopkgis4) [Ghavamiet al, 2009; Pradelli
et al, 2010].

In addition to cytochrome c, mitochondria can alstease a large number of
other pro-apoptotic molecules, including secondoafmibndrial-derived activator of
caspase/direct IAP-binding protein with low pl (Siiiablo), Omi/high temperature
requirement protein A (HtrA2), endonuclease G (Eagdand apoptosis-inducing factor
(AIF) (Fig. 4). Smac/Diablo and Omi/HtrA2 promote caspase damiwathrough
inhibition of the inhibitor of apoptosis protein&Ps), while AIF and EndoG are able to
cause DNA damage without caspase involvement [Ghagaal, 2009; Pradellet al,
2010].
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The nuclear factokB (NF«B) is a transcription factor that has been impédat
in apoptosis by promoting and regulating the trapson of important anti-apoptotic
genes such as the Bcl-2 family member Bcl-X| [Naugind Karin, 2008].

Death Receptor Pathway

(Extrinsic)

Mitochondrial Pathway Caspase-independent FASL/TRAIL-L

(Imtrinsic) celi death : :
Cj“---.. EndoG FASR/TRAIL-R
i Pro-apoptotic Bel-2 family AlF —_ Apoptosis

vy proteins (Bax and Bak) Omi/HTrAZ
SMAC/DIABLO
Bid :"Caspase 8,10 ":z
id e, .t
¢ tBid
Cytochrome C

”?\ Anti-apoptotic Bel-2 family
! proteins (Bcl-2, Bel-Xl, ete)

Pro-apoptotic BH3 members of the aspase Apaf-1 t:.'(:aspase 3,6,7 ’::
e i CaspaseTf Apaf-1| — % Caspase 3,6, 7

(Bad, Bid, Bik, Bim, Puma, Noxa, etc) Apoptosome l

Apoptosis

Fig. 4. The molecular mechanisms of apoptosis. Apoptoatbways can be initiated at the plasma
membrane by death receptors (extrinsic pathwag} tiie mitochondria (intrinsic pathway). Stimulatio
of death receptors, such as FASR or TRAIL-R, resifitthe formation of death inducing signaling
complex and the recruitment of the initiators casga8 or 10Caspase 8 cleaves and activates the
effector caspases 3, 6 and 7 to induce apoptosisyedl as, cleaves the pro-apoptotic protein Bid,
generating the truncated form (tBid) that causeahibndria damage and release of cytochrome c. The
mitochondrial membrane permeabilisation is regdldig the pro-apoptotic B-cell lymphoma protein-2
(Bcl-2) family proteins Bax and Bak and the pro4ajatic BH3 members of the Bcl-2 family, such as
Bad, Bik, Bim, Bid, Puma and Noxa, which causertiease of cytochrome c, and the anti-apoptotie Bcl
2 family members, such as Bcl-2, Bcl-XI and Mcl#att prevent this occurrence. The protein p53 can
interact with members of the Bcl-2 family to indutte release of cytochrome c. Following, in the
cytosol, cytochrome c interacts with the apoptptictease activating factor-1 (Apaf-1) and recrttiies
initiator caspase-9, in the presence of ATP, tanie the formation of the apoptosome, that in turns
activate the effectors caspases 3, 6 and 7 to exepoptosisThe transmembrane channels across the
mitochondrial outer membrane can also release gihaeins, such as second mitochondrial-derived
activator of caspase/direct IAP-binding proteintwibw pl (Smac/DIABLO), Omi/high temperature
requirement protein A (HtrA2), endonuclease G (EBd@nd apoptosis-inducing factor (AIF) that
translocate to the nucleus to induce apoptosisowititaspase involvement, or they could also aetivat
caspase pathway by inhibiting the inhibitor of apsfs proteins (IAPs)Adapted from [Ghavamet al,
2009; Qiao and Wong, 2009].
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2.4.1.2. The Death Receptor (extrinsic) Pathway

In the extrinsic pathway, apoptosis is mediated thg activation of the
transmembrane death receptors located in the @tibmane and they are activated by
extracellular ligands. The binding of TNF family mkeers, such as Fas-L or TRAIL-L,
to their receptors causes the formation of deatlndimg signaling complexes and the
recruitment, cleavage and activation of the irotiataspases 8 or 10. These caspases, in
turn activate a cascade of other caspases that keathe activation of the effector
caspases 3, 6 and 7 to execute cell death. Thub, dimssical apoptotic pathways
(intrinsic and extrinsic pathway) converge in thetivation of the same activator
caspases. In addition, these apoptotic pathwayisl @so crosstalk at the level of the
mitochondria, since caspase 8 can also cleavedivdta the pro-apoptotic protein Bid,
generating the active or truncated form (tBid) tmaturn cause mitochondria damage
and release of cytochromekid. 4) [Ghavamiet al, 2009; Pradellet al, 2010].

2.4.2.0thers Relevant Pathways to Apoptosis

2.4.2.1. Lysosomal Cell Death Pathway

Lysosomes are the main compartment for intra@llullegradation and
subsequent recycling of cellular constituents. Theywe a number of lysosomal
hydrolases, such as cathepsin proteases, capabldigesting all major cellular
macromolecules, being implicated in the controkell death at several levels [Boya
and Kroemer, 2008; Kirkegaard and Jaattela, 2Q88josomal cell death pathway can
activate apoptotic effectors, such as mitochondnd/or caspases, triggering cells to
death by classical apoptosis. An induction of lygnal membrane permeabilization
(LMP) causes the release of cathepsins to the @ytohich can activate pro-apoptotic
Bcl-2 proteins, such as Bid, Bax and Bak, leadiog ntitochondrial membrane
permeabilization and the release of cytochromead,saibsequently, to the induction of
apoptosis [Boya and Kroemer, 2008; Kirkegaard amdttdla, 2009]. However, a
massive induction of LMP results in an uncontrolideath by necrosis [Boya and
Kroemer, 2008]. In addition, lysosomes are als@ @blbreak down the extracellular
matrix, stimulating angiogenesis and migration, doegulate signaling from receptor
tyrosine kinases, as well as, participate in thmalfistep of the autophagic process
[Kirkegaard and Jaattela, 2009].
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A wide range of apoptotic stimuli can induce the RNBoya and Kroemer,
2008; Kirkegaard and Jaattela, 2009]. The TNF deatbptor family in the presence of
the death domain-containing receptor interactirajean-1 (RIP-1) can trigger LMP and
cell death. There are also evidences that p53nziurce LMP upstream of mitochondrial
pathway. Oxidative stress has also been showndecen LMP through generation of
reactive oxygen species (ROS), which cause oxidatiolysosomal membrane lipids,
resulting in the destabilization of the lysosoma&mbrane and leading to the release of
lysosomal contents. Moreover, PI3K pathway has béen reported to function as an
LMP inhibitor by regulating the lysossomal compaetrhthrough control of maturation,
size, activity and stabilization of lysosomes [B@arad Kroemer, 2008; Kirkegaard and
Jaattela, 2009].

The induction of LMP has recently emerged as aaceffe way to kill cells,
especially cancer cells resistant to apoptosis,andmber of compounds that induce
lysosomal cell death are being discovered [GrotthePsen and Jaattela, 2010].

2.4.2.2. PI3K and MAPK Pathways
PI3K and MAPK pathways may also be implicated ia itinduction of apoptosis,

since they are able to regulate the Bcl-2 famityt@ins and the protein p53. The protein
Akt is able to phosphorylate BAX by inhibiting itsonformational changes, which
avoid its translocation to the mitochondria andocihitome c release. Akt also
phosphorylates Mdm2 by enhancing its nuclear laatibn that, in consequence,
negatively regulates p53 expression [Manning anatl€g 2007; Stiles, 2009].

It has also been demonstrated that ERK1/2 is ablghosphorylate pro-
apoptotic Bcl-2 proteins, such as Bad and Bim, prtamg their degradation and, thus,
preventing cytochrome release [Balmanno and Co@B9R In addition, JNK and p38
kinases were also shown to regulate the expresdi&cl-2 proteins, such as Bax and
BAD, modulating the membrane mitochondrial permkzdiion [Wagner and Nebreda,
2009].

2.4.2.3. Role of p53 in Apoptosis
The tumor suppressor p53 mediates critical funstianthin cells, including

inhibition of proliferation by induction of cell ©fe arrest and induction of apoptotic
cell death [Charet al, 2009]. The p53 protein has a very short life @&nid usually

present at low levels within normal cells, althougkan be transiently stabilized and
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activated in response to several stresses, ingubiypoxia, heat shock and DNA
damage agents. The stability of p53 is regulatedhleyE3 ubiquitin ligase and by the
protein MDM2 that mediate the ubiquitination of p&3d allow its degradation by the
proteosome, maintaining low the levels of p53. Meey, MDM2, which can
ubiquitinate itself and regulate its own stabilitg,a transcription target of p53 in a
mechanism where p53 controls the expression ofats regulator [Charet al, 2009].

Upon p53 activation, this protein translocateshe nucleus where it binds to
specific DNA sequence elements within the regulategions of target gene promoters
regulating the transcription of several genes, sasipaf-1, BAX PUMA, NOXA
cathepsin DTNF family members and sonwaspasegChariet al, 2009]. In addition
to its transcriptional regulator activity, p53 calso directly activate components of the
apoptotic machinery through interaction with thenmbers of the anti-apoptotic and
pro-apoptotic Bcl-2 family proteins to induce th&auhondrial pathway [Vaseva and
Moll, 2009] .

2.4.3.Deregulation of Apoptosis in CRC

Deregulation of apoptosis has been linked to cadegelopment and resistance
to CRC treatment [Qiao and Wong, 2009]. In CRrations in caspase activation, the
central modulators of apoptosis, have been idedtifincluding mutations inaspase 3
caspase 7andcaspase 8[Hector and Prehn, 2009], as well as, mutationsaspase 4
andcaspase JGhavamiet al, 2009]. Alterations in the Bcl-2 family membersach as
high expressions of Bcl-2 and Bcl-XI anti-apoptgiroteins and decreased expressions
of the pro-apoptotic proteins Bax and Bak have hlsen demonstrated in CRC [Hector
and Prehn, 2009]. In fact, overexpression of Bglr@tein was related with negative
prognostic factor in CRC [Qiao and Wong, 2009].

The death receptors Fas and TRAIL have been showbet constitutively
expressed in CRC [Qiao and Wong, 2009]. Moreovegtatons in the tumor
suppressor gen€P53 have been reported in around 45% of CRC caseslandal
evidences suggest that p53 mutations associatelawtr survival for patients treated
by chemotherapy [lacopetta, 2003].
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2.5. Autophagy

Autophagy, which means self-eating in Greek, ipoesible to the elimination
of damaged structures and cell organelles, asasglbathogens and long-lived proteins,
contributing to the homeostatic function of thel eelder normal conditions. Under
stress, such as starvation, growth factors demivaand/or hypoxia, autophagy is
induced to provide essential nutrients and remosmaped constituents in order to
promote cell survival. Autophagy is therefore a heedsm of survival that maintains
the metabolic activity of the cell through lysosdmexycling of intracellular nutrients
[Mathewet al, 2007; Brechet al, 2009; Morselliet al, 2009].

In cancer cells, autophagy has been suggestedveoahdual role. In one way,
autophagy can stimulate oncogenesis by promotingesecells survival allowing their
adaptation to adverse metabolic conditions. Ondtieer hand, autophagy can also
function as a tumor suppressor by inducing cellidalf-degradation that leads to
autophagic cell death [Breatt al, 2009; Morselliet al, 2009].

2.5.1.The Autophagic Process

Autophagy is characterized by the capacity of callssequester and engulf
cellular proteins, organelles and cytoplasnainisolate membrane or phagophore that
closure to form a double membrane structure nametbphagosome. These
autophagosomes undergo a maturation process fusifglysosomes to form the
autolysosomes, where the sequestered contentshare degraded by lysosomal
hydrolyses and the amino acids and sugars recyuledhe cytosol. The formation of
the autophagosome is controlled by autophagy-elEty) proteins that participate in
the sequestration of intracellular constituents anthe elongation of the phagophore
membrane to form the autophagosome. The fusion degtwautophagosomes and
lysosomes is required for the completion of theophagic procesfMathew et al,
2007; Mizushima, 2007; Breddt al, 2009].

The mechanism that leads to the formation of awtgphomes was first
identified in yeast, where it was discovered overenthan 30 Atg genes. Many Atg
homologs have subsequently been identified andactexrized in higher eukaryotes,
suggesting that autophagy is a highly conservetdwst through evolution [He and
Klionsky, 2009]. The first identified regulator atitophagy was Beclin 1 that functions
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as a haploinsufficient tumors suppressor. Beclins 1the human homologue of
Atg6/Vps30, which is a key regulator of autophagyeast. Beclin 1 was also found to
be crucial for autophagy induction in mammalianiscekince it is involved in
autophagosome formation by recruiting proteins fritve cytosol, which will be used
for autophagic degradation, or in supplying theopbtagic pathway with membrane
components. The expression level of Beclin 1 igefoee usually increased during
autophagy [Breclet al, 2009]. Beclin-1 is part of the class Il PI3K cplex, where it
allows the recruitment of others essential Atg @iret to the membrane and produces
the lipid PI3 required for the formation of the gbahore. Moreover, Beclin 1 also
contains a BH3 domain that mediates its interactdgh Bcl-2 and other anti-apoptotic
proteins inhibiting its function, whereas its dissbion is required for autophagic
induction [Mathewet al, 2007; Breclet al, 2009; He and Klionsky, 2009].

The microtubule-associated protein 1 light chafM3P1LC3) is an ubiquitin-
like protein Atg8 that is cleaved during the autagik process producing an active
cytosolic precursor form, LC3-I, which subsequetinjugates with a phospholipid via
a ubiquitylation-like system to form the active L@3 LC3-l1l then becomes a
component of the inner membrane of the autophagesamd, following fusion with
lysosomes, LC3-Il is rapidly degraded by lysosoaralymes [Mathevet al, 2007; He
and Klionsky, 2009; Mizushimat al, 2010]. The relative amounts of LC3-Il reflect the
abundance of autophagosomes, which can occur imibdtction and inhibition of the
autophagic process. The level of mammalian polywbigbinding protein
p62/sequestosome 1 (SQSTML1), also called p62, whkielssociated with ubiquitinated
proteins and interact with LC3-Il incorporating anautophagolysosomes, has been
demonstrated to be a reflex of autophagic fluxesk et al, 2007; Mizushimaet al,
2010].

2.5.2.Some Modulators of Autophagy
Autophagy is a multistep process that could bereddten cancer cells at the
levels of induction, regulation and lysosomal ddgtamn [Hoyer-Hansen and Jaattela,
2008]. Several cancer-associated alterations ireg¢hat regulate various signaling
cascades such as PI3K, MAPK and p53 pathways, e implicated in up- or down-
regulation of autophagy [Brectt al, 2009; Corcellest al, 2009; Maiuriet al, 2009;
Morselliet al, 2009].
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2.5.2.1. PI3K Pathway
The best known regulator of autophagy in humars ¢glthe mammalian target

of rapamycin (MTOR) kinase, a downstream compooéthe class | PI3K pathway,
which downregulates autophagy when activated ipaese to growth factor signaling,
nutritional status and energy level [Breehal, 2009; Morselliet al, 2009]. Activated
Akt promotes phosphorylation of the protein encobdgdhe tuberous sclerosis complex
(TSC) 2 tumor suppressor gene, blocking the intenadetween TSC2 and TSC1 and
preventing the formation of the TSC1/TSC2 compl&xe inhibition of this complex
prevents the stimulation of the GTPase activityRbieb, causing the presence of the
active GTP-bound form that directly binds and at#g the mammalian target of
rapamycin complex 1 (mTORC1). Consequently, mTOR@&Kes part in multiple
signaling cascades that control cell growth, proteynthesis and promote mRNA
translation through phosphorylation of its dowratnetargets, the kinase p70S6K1 and
the elongation factor 4E-BP1. In addition, mTOR&&lso involved in the autophagic
process by directly interacting with atg proteif$g( 5). The mTORCL1 interacts with
the autophagic regulator kinase ULK1 and the pno#gl3 leading to the inactivation
of the complex Atgl3-ULK1 causing suppression ofophagy [Brechet al, 2009;
Corcelleet al, 2009; He and Klionsky, 2009].

Nevertheless, studies have demonstrated that aistlasses of PI3K control
autophagy in opposite directions. While productslass | PI3K have showed to inhibit
autophagy, class lll PI3K has been demonstratgotrdmote autophagy. The class Il
PI3K is part of a complex of proteins where BedindVRAG and Bif-1 belong, which
are essential to the formation of autophagosomec|Bet al, 2009; Corcelleet al,
2009; Mizushimeet al, 2010].

2.5.2.2. MAPK Pathways
Similar to Akt, ERK1/2 has also been reported tgutate the formation of

autolysosomes by inhibiting the complex TSC1/TS@@ugh TSC2 phosphorylation
[Ma et al, 2005] and consequently inducing the suppresdi@utophagy. Moreover, it
was also demonstrated that ERK1/2 regulates theiratatn of autophagosomes by
affecting the lysosomal membrane protein LAMP-Zympoting the formation of large
defective autolysosomes and thus blocking autopl{ga@y 5) [Corcelle et al, 2007;
Corcelleet al, 2009].
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It has also been demonstrated that p38 pathwaya@agole in autophagy by
inhibiting the formation of autolysosomes, functiop as a negative regulator of
autophagy [Corcelleet al, 2007; Webber and Tooze, 2010]. Thus, ERK and p38
kinases can control autophagy, however, possesipgsing effectsKig. 5) [Corcelle
et al, 2007; Corcelleet al, 2009].

Recent studies have also demonstrated the rol®&lkfphthway in autophagy
induction via different forms. Activation of JNK aupregulate Beclin-1, since JNK
phosphorylates Bcl-2 in three residues resultinthexdissociation of the complex Bcl-
2/Beclin 1 and the release of BeclinFid. 5) [He and Klionsky, 2009]. In addition, the
JNK' target, c-Jun transcription factor, has alsenbeshown to upregulate the
transcription of autophagic genes, such as Begliartl thereby increasing autophagy
[He and Klionsky, 2009; Lit al, 2009]. Recently, it was also found that JNK can
induce the lysosomal protein damage-regulated &atppmodulator (DRAM) that play
a key role in controlling autophagic cell deathiincet al, 2010].

2.5.2.3. p53 Protein
Recent evidences indicate that p53 regulates aagyplexerting, however,

contradictory effects dependent on its localizatiothe cell [Tasdemiet al, 2008]. In
the cytoplasm, p53 despite inducing mitochondrisdmbrane permeabilization and
apoptosis, it can inhibit autophagy. In the nuclgai3 acts as an inducer of apoptosis
and an autophagy-promoting transcription factorsfleaniret al, 2008]. Moreover, it
was also demonstrated that some variants of p5ations that localize the protein to
the cytoplasm repress autophagy, while p53 mutaitks nuclear distribution failed to
inhibit autophagy [Morsellet al, 2008].

In the cytoplasm, basal levels of p53 mediate &ibition of autophagy directly

at the endoplasmatic reticulum. However, an agtimabf p53 by cellular stresses and
oncogenic signals have been reported to inducghatgy [Vousden and Ryan, 2009].
It has been demonstrated that p53 activates the-adfivated kinase (AMPK), which
is known to phosphorylate TSC2 or directly inhimTORC1, inducing autophagfig.
5) [Fenget al, 2005b; Corcelleet al, 2009]. Other p53 target genes such as Bax and
PUMA, besides contributing to the induction of aysié, have also recently been shown
to be positive regulators of autophagy [Yeeal, 2009].

In the nucleus, p53 can promote autophagy via ¢rgot®nal upregulation of

the gene coding for the lysosomal protein DRAM (dgeiregulated autophagy
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modulator), a p53 target gene, which also contebub damage-induced cell death
[Crightonet al, 2006].
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Fig. 5. Schematic model of the autophagic process and bgulation by the major signaling pathways
in mammals. Autophagy begins with an isolate membithat sequesters and engulfed cellular proteins,
organelles and cytoplasm to form a double membsinecture named autophagosomes, during the
initiation phase. These autophagosomes fuse vetistymes to undergo a maturation process forming the
autolysosomes. Then sequestered contents are dddrgdysosomal hydrolyses and the amino acids and
sugars recycled into the cytosol. The autophagorgss is regulated by several important signaling
pathways. The activation of the class | PI3K infsiihe formation of the complex tuberous sclerosis
complex 1/2 (TSC1/TSC2) that in turn activates RhEflis protein induces the mammalian target of
rapamycin complex 1 (mTORC1) that is involved imtpin synthesis and mRNA translation through
phosphorylation of its downstream targets, the $énp70S6K1 and the elongation factor 4E-BP1. In
addition, mTORC1 also inhibits the autophagy-relafgoteins (atg) causing the suppression of
autophagy. The mTORCL1 can be inhibited by variougsl such as rapamycin and its analogues, CCI-
779 and RAD-001Contrarily, an activation of the class Il PI3K protes autophagy by inducing the atg
proteins. This is negatively regulated through Betlinteraction with Bcl-2, which could be disregt

by the JNK pathway to induce autophagy. The adtiwabf the AMP-activated kinase (AMPK) by p53
can also induce the formation of the complex TSGTZ promoting autophagy. Additionally, ERK and
p38 pathways have been showed opposite effecteiodntrol of autophagy during the maturation step.
Adapted from [Brectet al, 2009; Corcelleet al, 2009; He and Klionsky, 2009].
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2.5.3.Impact of autophagy in CRC

The autophagic process is regulated by importagitaing pathways that are
frequently altered in CRC. Activating mutations afass | PI3K, Akt and Ras, or
inactivating mutation in PTEN, have been shown txrrdase autophagy through
activation of mMTORC1 [Maiuret al, 2009; Morselliet al, 2009].

In advanced CRC cases, a high activity of mTOR besn observed, which is
associated with increasau vitro andin vivo cell growth, demonstrating the importance
of mMTOR pathway in CRC progression [Zhagtgal, 2009a] and the possible role of
autophagy in CRC. In addition, an inhibition of p38 CRC cell lines showed to cause
autophagic cell death, suggesting an involvemerthefp38 pathway in autophagy in
CRC [Comest al, 2007].

3. THERAPY IN CRC

3.1. Some Compounds Modulators of Cancer Cell Sighiag

3.1.1.Inhibitors of KRAS

KRAS is an important therapeutic target due tofdot that activates important
signaling pathways. Farnesyltransferase inhibibarge been developed to inhibit RAS
(Fig. 2), however, pre-clinical results were disappointlmgcause Ras could bypass
farnesyltransferase  blockage through the other tegkla enzyme, the
geranylgeranyltransferase [Schubletral, 2007; Sousat al, 2008].

3.1.2.Inhibitors of PI3K Pathway

The strategy to target PI3K pathway consists in tise of inhibitors for
individual components of this pathway, such as RPIBkt, PDK-1 and mTOR, [Cheng
et al, 2005; Granvilleet al, 2006]. A number of drugs have been developedsanie
of them are in preclinical evaluation or in clinitaal showing synergistic effect with
different types of therapies and the ability to r@eene therapy resistances [Hennesisy
al., 2005; LoPiccoloet al, 2008]. However, it should be kept in mind thaigéding
PI3K pathway is likely to be most effective in casehere tumors bear activation of this
pathway, suggesting that a proper selection okptiis important [LoPiccolet al,
2008]. Interestingly, it was found recently that KD is not only important in
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regulating components downstream of PI3K signalng also in phosphorylating
components downstream of MAPK pathway, showingithgortance of PDK-1 as a
target in CRC therapy regulating two different pedlys [Luet al, 2010].

The best known pharmacological inhibitors of PI3Ke avortmannin and
LY294002 Fig. 2), which target the pl11l0 catalytic subunit of cldsPI3K with
antitumor activityin vitro andin vivo [Hennessyet al, 2005; LoPiccoloet al, 2008].
Wortmannin, a natural fungal metabolite, althouglvas shown its ability to inhibit
PI3K at low concentrations, was found to be soliblerganic solvents and insoluble in
water, which may limit its use in clinical trial€henget al, 2005]. LY294002 is a
derivate of the flavonoid quercetin, which is effee in inhibiting PI3K, requiring,
however, a higher concentration when compared waltmannin. LY294002 has low
solubility in water and, it not only inhibits theTR binding site of PI3K, but also other
downstream components of the PI3K pathway [Chenhgl, 2005; Granvilleet al,
2006].

Despite the poor solubility and high toxicity of wmannin and LY294002,
these commercially available PI3K inhibitors in damation with chemotherapeutic
agents have been shown effective results, demadingtridie advantage of their use in
combination therapies. These compounds are nataliy useful but could provide
powerful tools to study the cellular effects of RIBhibition and to develop other PI3K
inhibitors [LoPiccoloet al, 2008]. Derivates of LY294002 and wortmannin aeib
developed to bypass their undesirable propertiesfidssyet al, 2005; Granvilleet al,
2006].

3.1.3.Inhibitors of BRAF

A number of RAF inhibitors have been developed andte of them have
entered clinical trials [Halilovic and Solit, 2008Pne of the first RAF inhibitors in
clinical trial was sorafenib (BAY 43-9006), howevbrs drug showed to inhibit both wt
and mutant BRAF (V600E), with also effects on amotBubset of RTKKig. 3). A
second generation of RAF inhibitors have been dg@esl that have greater selectivity
for mutant BRAF [Halilovic and Solit, 2008]. In faanore recently, it was found that
ATP-competitive RAF inhibitors block MAPK signalingathway, decreasing tumor
growth in mutant BRAF (V600E) tumors, but surprigin they activate RAF-MEK-
ERK signaling in mutant KRAS and wt BRAF tumors,hancing tumor growth
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[Hatzivassiliou et al, 2010; Poulikakoset al, 2010]. These findings suggest RAF
inhibitors are only effective in tumors in which BR is mutated.

3.1.4.Inhibitors of MAPK Pathways

Several compounds have been found to inhibit theyree activity of MAP
kinases [Malemud, 2007]. One of them, PD98059.(3), showed to inhibit MEK1 and
MEK2 and partially MEK5 with an impact on ERK siding [McCubreyet al, 2006].
Second-generation MEK inhibitors have also been eldped with Dbetter
pharmacological properties, higher effect again&KMVactivity and longer duration of
suppression, demonstrating good results in clirticals [Fang and Richardson, 2005].
Alterations in PI3K pathway, such as mutation®IK3CA gene, have been recently
found to be a major mechanism of acquired resistandVEK inhibitors, suggesting a
combination therapy of PI3K and MEK inhibitors tocrease sensitivity to MEK
inhibition [Weeet al, 2009].

Inhibitors of p3& and JNK have been developed to trigger deathnieracells
when combined with other chemotherapeutic drugsiGardet al, 2009; Wagner and
Nebreda, 2009]. SP600125 is a commonly used JNKiiohdemonstrating, however,
little specificity and selectivity for the differedNK isoforms [Wagner and Nebreda,
2009]. SB203580 is an inhibitor of pd8 that acts through blockage of the ATP
binding site [Coultharcet al, 2009] Fig. 3). Although there are a number of p38 and
JNK inhibitors in ongoing clinical trials, it is gsntial to take in consideration the type
of tumor for INK and p38 targeted therapy [Wagmat Blebreda, 2009].

3.1.5.Potential Molecular Targets to Cell Death

Most of the chemotherapeutic drugs induce cell lddat apoptosis through
receptor or mitochondrial pathways. Molecules invedl in these pathways have been
demonstrated to be good targets in the discovernyeaf anticancer drugs [Qiao and
Wong, 2009; Taret al, 2009]. The alteration of the balance betweengmoptotic and
anti-apoptotic Bcl-2 family proteins, the cell sasé death receptors, such as Fas,
TRAIL and TNF and inhibition of components of thiBR and MAPK signaling have
been shown to be good strategies to trigger ap@pi@&go and Wong, 2009; Taet al,
2009]. Currently, strategies to restore p53 fumctiand/or to specifically target
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regulators of p53, such as Mdm2, have appearedepdasand Moll, 2009], with a
number of novel compounds demonstrated to modp&2fNVang and Sun, 2010].

Furthermore, lysosomes have also been increasmeglygnized as a promise
target for cancer treatment, by allowing cell deatloccur even in cells with defects in
the classical apoptotic pathways [Kirkegaard arattdm, 2009]. Various drugs have
been identified that affect the integrity of thedgome membranes by inducing LMP,
which results in cathepsin-mediated cell death @tner and Jaattela, 2005].

3.1.6.Inducers/Inhibitors of Autophagy

The impact of autophagy on cancer cells seems perdkon tumor type, in its
intrinsic properties and on the nature of the aptmt therapy that is combined with it
[Brech et al, 2009]. Many compounds present in clinical havevah the ability to
inhibit or induce autophagy with anticancer effettdibitors of autophagy have been
shown more likely to succeed when they are combinig other types of cytotoxic
drugs that activate a protective autophagy. Onother hand, inducers of autophagy
that trigger autophagic cell death in various carcedls, may succeed when tumors
have defects on the apoptotic machinery [Hoyer-darad Jaattela, 2008].

Rapamycin, produced naturally by the bacteriBtreptomyces hygroscopigus
was the first identified compound to target mTORjicl possesses poor aqueous
solubility and strong immunosuppressive propertiegapamycin was found to inhibit
MmTOR with anti-proliferative effects against severancer cell lines and to induce
autophagyin vitro andin vivo. Various analogues of rapamycin, such as CCI-Tib a
RAD-001, have been developed and entered in cliniGs with promising results
when combined with other chemotherapeutic drigg. 6) [LoPiccoloet al, 2008]. On
the other hand, a number of different autophadibitors were also developed. The
drug 3-methyladenine is one example that showedptxifically inhibit autophagy
through effects on class Il PI3K [Taat al, 2009].

3.2. Clinical Chemotherapeutic Drugs

In CRC, chemotherapeutic agents have been develmmdime and they have
showed different mechanisms of action. The genedrdability is an important factor
that regulates the response and toxicity of a dndjthe introduction of genetic tests to
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individualize treatment will allow better respornsethese therapeutic agents [Bhushan
et al, 2009]. Currently, drugs such as 5-FluorouraciF(3), oxaliplatin, irinotecan,
capecitabine, bevacizumab cetuximab and panitumpm@used as clinical options
and in most of the cases in combinations to iner€2RC treatment efficacy [Bhushan
et al, 2009; De Dosset al, 2009; Segal and Saltz, 2009].

3.2.1.5-Fluorouracil (5-FU)

The best known and most used chemotherapeutic ag&@RC treatment is 5-
FU that has been used in clinical since more titapeérs [Bhushaet al, 2009]. 5-FU
is a nucleoside analog that incorporates its actietabolites, the fluorodeoxyuridine
triphosphate (FAUTP) and fluorodine triphosphatdTF), into RNA and DNA leading
to the disruption of their synthesis. In additi®@f-U inhibits the enzyme thymidylate
synthase (TS) that is essential in DNA synthesid agpair [Warusavitarne and
Schnitzler, 2007; Bhushaet al, 2009]. Resistance to 5-FU appears in tumors with
alterations in enzymes associated with 5-FU meechasiof action, including high TS
expression [Warusavitarne and Schnitzler, 2007;sBaunet al, 2009]. Moreover, 5-FU
is also able to induce apoptosis through intriasid extrinsic pathways and thus defects
in these apoptotic pathways contribute to 5-FUstasce [Hector and Prehn, 2009].

Currently, the response rate to 5-FU has increageeh used in combination
with other chemotherapeutic drugs, such as iriresteand oxiplatin [De Dosset al,
2009; Segal and Saltz, 2009].

3.2.2.0ther Chemotherapeutic Drugs

A number of drugs had appeared to improve survatgl being used alone or in
combination with 5-FU. Capecitabine is a prodrugttis converted to 5-FU at the site
of the tumor and administered orally, demonstraéingpod response rate [De Dosto
al.,, 2009; Segal and Saltz, 2009]. Irinotecan, a d&ivfrom the natural alkaloid
camptothecin, was a second-line agent followinglufai of 5-FU. This
chemotherapeutic drug has effect by interactingh wite enzyme topoisomerase |,
which causes transient single-strand DNA breaks #re stabilized by irinotecan,
leading to DNA fragmentation and cell death.[Bhuskt al, 2009; Segal and Saltz,
2009]. Oxaliplatin is a platihnum compound that ferna cross-link between
complementary DNA strands, thereby blocking DNA lisgion and transcription
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leading to apoptosis [Bhushaet al, 2009; De Dossat al, 2009; Segal and Saltz,
2009].

More recently, inhibitors of growth factor recemorhave appeared.
Bevacizumab, a monoclonal antibody directly targktsvascular endothelium growth
factor (VEGF), was shown to inhibit angiogenesisnew blood vessel formation.
Cetuximab and panitumumab, two monoclonal antidieveloped to target the
human epidermal growth factor receptor (EGFR), sttbwo block the binding of EGF
to its receptor, which is overexpressed in up & &3 CRC tumors and responsible for
a poor prognosis [Bhusha al, 2009; De Dosset al, 2009; Segal and Saltz, 2009].

3.2.3.Resistance and Limitations

Even though a wide range of chemotherapeutic dargsavailable for the
treatment of CRC, resistances and limitations ® dbove drugs have been shown.
Different types of tumors have different behaviarsd consequently have different
responses to CRC therapy. It is also essentiatép kn mind that the use of a specific
drug that inhibits only one target may not be erpagainst CRC progression. Thus, it
is important to know the biology of the tumor at&l mutations in signaling mediators
to choose the best treatment.

Mutations in the MMR genes and in thi®53have been shown to influence the
cellular response to some chemotherapeutic agéitsusavitarne and Schnitzler,
2007; Bhusharet al, 2009]. CRC cells with loss of MMR system, esplciavhen
combined with loss of p53, have showed to gendnagle cisplatin resistance during
sequential drug exposure [Lin and Howell, 2006]. &ddition, despite some
controversy, evidences have also demonstratedugeddesponse of CRC MSI tumors
to 5-FU treatment [Joveat al, 2006; Warusavitarne and Schnitzler, 2007]. CR@drs
with mutations InTP53, TS enzyme and/or alterations on Bcl-2 family protelres/e
also shown to be resistant to 5-FU-induced apop{ddolette et al, 2002; Adamseet
al., 2007; Warusavitarne and Schnitzler, 2007]. Moezppoor prognosis and reduced
sensitivity to 5-FU were also shown to CRC tumorghwMSI status and p53
overexpression or high TS activity, compared willmbrs without these alterations
[Mori et al, 2004; Warusavitarne and Schnitzler, 2007]. TreeafsTS inhibitors, such
as CDK inhibitors, in combination with 5-FU has beshown to reduce TS expression,
improving 5-FU responses [Takaggial, 2008].
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The use of drugs inhibiting only one signaling pedly has failed in some
subsets of tumors. For example, deregulation ofRhs/Raf/MAPK/ERK pathway in
cancer cells has been associated with resistanc®I3& inhibitors, suggesting
combined targeting of PISK and MEK to an effectaeticancer strategy [Yet al,
2008]. Another example is the resistance of CRC otsmto cetuximab and
panitumumab, which happen when tumors hafRi&t3CA mutationPTEN loss and/or
RASBRAFmutations. These mutations are present downstoed&@®FR and, therefore,
related signaling pathways are activated even I E€zeptor is inhibited [Jhawet al,
2008; Laurent-Pui@t al, 2009; Siddiqui and Piperdi, 2010]. In fact, gamumab was
the first drug to be approved for use only in casghout mutation of RAS, being
required the applicability of genetic tests bef&@FR therapy [Baselga and Rosen,
2008]. MEK inhibitors, such as BRAF inhibitors, leawalso shown to be good
candidates in cases where MAPK/ERK1/2 is activatedyever, they demonstrate less
favorable response in the presence of RAS or tyeokinases mutations, such as PI3K,
where these alternative downstream pathways calddtsute ERK in maintaining cell
survival [Balmanno and Cook, 2009].

4. POTENTIAL OF NATURAL COMPOUNDS TO MODULATE
MOLECULAR SIGNALING PATHWAYS IN CRC

Cancer cells are known to have alterations in plelsignaling pathways, which
could lead to a disappointing inefficiency of sfiecsynthetic inhibitors used as
anticarcinogenic agents in cancer treatment, whbicly target one pathway. On the
other hand, many natural compounds have been skowmodulate multiple cellular
signaling pathways being usually classified as rtatget agents [Surh, 2003;
Aggarwal and Shishodia, 2006; Sarkat al, 2009], being therefore interesting
compounds for anticancer interventions. In fact, @mormous progress in the
characterization of natural products-related antiea effects has been made. Not
surprisingly, 60% of all cancer drugs that are udetcally are either natural products
or owe their origin to a natural source [Heinrighal, 2003]. Thus, natural compounds
are continuing to be widely studied as possiblé&canter agents and/or as enhancers of
therapeutic responses of chemotherapeutic drugs wadrabined with them.
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In CRC, several bioactive food components have sbenvn to modulate cell
signaling pathways related to proliferation andl daath, being the PI3K/Akt and
MAPKs (ERK, JNK and p38) pathways, as well as, roales involved in apoptosis the
most promising targets of these compounds [Aggaemal Shishodia, 2006; Khast
al., 2008; Rajamanickam and Agarwal, 2008; Ramos, ;28@8karet al, 2009]. In
addition, effects on the autophagic process hase bBeen demonstrated for some
natural compounds, which may be used in order nsigsee cells to death [Singletary
and Milner, 2008].

4.1. Medicinal Plants

The National Cancer Institute (NCI) identified agl number of plant-based
foods with anticancer properties through benefigékects in a single or multiple
molecular targets [Surh, 2003]. With respect to (feam the plantCamellia sinensis
although some studies did not found positive effeechany epidemiological and
laboratory studies have been found a positive i@ between tea consumption and
reduction of human cancer risk, including CRC [Yamgl Landau, 2000; Yangt al,
2007].

Many other plant extracts have been shown to peoaidich source of bioactive
food compounds especially of phenolic compoundschwiare considered to play an
important role as anticarcinogenic agents due &ir tintioxidant properties [Yanegt
al., 2001; Yanget al, 2008]. Reactive oxygen species (ROS) and freécal
produced by cancer cells, activate a number ofgand signal transduction pathways
that mediate cancer cell proliferation and survivlherefore, radical scavenging
activity by the phenolic compounds present in plodds by reducing ROS levels
contribute to a decrease in the activity of redersstive pathways, thus decreasing
cancer progression [Loo, 2003; Fruehauf and Meysk&007]. In addition, direct
interactions between plant food constituents andipie key elements in signaling
transduction pathways have been reported [Surl8; Z&mos, 2008].

4.1.1.GenusSalvia

The wordSalviacomes from the Latisalvarethat means “to save”. Plants of

the genusSalvia (family Lamiaceae) are aromatic plants that haeenbused by folk
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medicine since Roman times due to its antiseptit;iaflammatory and hypoglycemic
properties, among others. About 18@lviaspecies have been characterized. They are
plants native to the Mediterranean region and altevated nowadays all over the world
[Topcu, 2006]. Studies have shown biological antiart effects ofSalvia (sage),
which have become an important source of bioacta@mpounds with health benefits
for cosmetic and pharmaceutical industries [Lin@G0& Limaet al, 2007].

Due to the increasing scientific evidences of retantioxidants in inhibiting
cancer cell proliferation [Loo, 2003], sage plahts/e been suggested to be a natural
source of potential antitumor agents. The anticagenic effect of sage was
demonstrated in several species, suctsasia miltiorrhizaand Salvia menthaefolia
where their antiproliferative activity on severgbés of tumor cells was osberved [Liu
et al, 2000; Fioreet al, 2006].

4.1.1.1 Salvia fruticosa and Salvia officinalis

The anticancer activity obalvia fruticosa(SF) andSalvia officinalis(SO), to
our knowledge, were never reported until now. Tampositions of the water extracts
(tea) produced from these plants and used in tlugk vare presented ifable 1
Rosmarinic acid (RA) is the major phenolic compoupgesent in both sages,
constituting about 58% of all phenolic compoundssent in SF water extract and 70%
in SO water extract [Lima, 2006; Linet al, 2007]. In addition, derivatives of luteolin,
6-hidroxyluteolin-7-glucoside (in SF) and luteolirglucoside (in SO) are present as
the major flavonoids in the sage extracts. Botlesadso contain an important bioactive
triterpenoid, ursolic acid, in their compositionjthaugh present at very low
concentration in the water extracts (Bragal, unpublished results).

Studies have demonstrated that RA, in the wateretst is a major contributor
to the antioxidant activity at cellular level of SQima et al, 2007]. In fact, this
phenolic compound has shown to possess high adéiokiand anti-inflammatory
activities [Limaet al, 2006]. Effects of RA on several signaling patheay cancer
cells were also reported. RA showed to inhibit EittOsphorylation in colon and breast
cancer cells [Scheckel al, 2008] and activate PKA without effects on Akt gri#B in
melanoma cells [Leet al, 2007]. Studies also reported effects of RA oructehn of
apoptosis via mitochondrial pathway in human hepateells [Linet al, 2007] and
human Jurkat lymphoma cells [Kolettesal, 2006]. Therefore, RA could be one of the

bioactive compounds present in sages.
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Table 1- Composition g/mg extract) in phenolic compounds and ursolid aci
of Salvia fruticosaand Salvia officinaliswater extracts after lyophilization
([Lima, 2006; Azevedo, 2008] and BragaePal., unpublished results).

Component S. fruticosa S. officinalis

(1g/mg extract) (1g/mg extract)

Phenolic compounds

Phenolic acids

rosmarinic acid 71.49 52.00
caffeic acid 0.13 0.82
ferulic acid 0.03 0.52
3-caffeoylquinic acid tr# tr?
S-caffeoylquinic acid tra tra
Flavonoids
6-hydroxyluteolin-7-glucoside 22.66 -
not identified flavone* 28.64 -
apigenin-T-glucoside 0.59 0.43
luteolin-7-glucoside tr# 19.74
4’ 57 8-tetrahidoxiflavone - 0.90

Triterpenoides

ursolic acid 0.05 0.03

T Cluantified as apigenin-7-gilucoside
2 Trace amounts. compounds present in concentration below 0.01ugimg extract

4.1.2.GenusHypericum

Plants of the genusypericum(family Hypericaceae), which contain a variety of
phenolic compounds, are been attributed some mnmadliproperties. There are about
twenty seven species of this genus, whdreandrosaemunand H. perforatumare
widely used as herbal drugs in Portugal [Valerdggal, 2003].

4.1.2.1 Hypericum androsaemum

Hypericum androsaemufitA) is a medicinal plant, native to Europe andaAs
and traditionally used in Portugal as diuretic, dteprotector, cholagogue, and also
used in kidney failure and in the relief of digesttract disorders [Guedes al, 2004].
Studiesin vitro have confirmed its reputed antioxidant and hepateptive activities
[Valentaoet al, 2002; Valentat al, 2004b], although these results were not observed
in in vivo studies [Valenta@t al, 2004a]. The effects of HA have been attributed, a

least in part, to the presence of several flavosi@dch as quercetin and its glycosides,
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and phenolic acids, such as chlorogenic acid [\faeet al, 2004b]. However, the
anticancer activity of HA was never been studisdaa as we know.

The composition of HA water extract (tea) produfredn this plant and used in
this work is presented ihable 2. Chlorogenic acid (CA; 5-caffeoylquinic acid) aitsl
isomer (3-caffeoylquinic acid) are the main phenobmpounds present, and quercetin
and derivatives of quercetin represent the maguofhoids. Studies have demonstrated
that CA has high antioxidant properties and antiiugffects in several cancer cells [Jin
et al, 2005; Belkaidet al, 2006], where effects on MAPK and MNB- signaling were
reported [Fenget al, 2005a]. Anticarcinogenic effects of CA in CRC wever, have
not been observed [Xkt al, 2009; Parlet al, 2010].

4.1.2.2 Hypericum perforatum

Hypericum perforatunfHP), also known as St. John’s wort, is Higpericum
specie more studied and used for its medicinal gnegs. This plant is found
throughout the world and it is known for its highgsmacological activities, including
antidepressant, antiviral and antibacterial progert{Barneset al, 2001]. The
anticarcinogenic activity of HP has been repontesieveral cancer cell types [Martarelli
et al, 2004; Roscettet al, 2004; Skalko®t al, 2005; Stavropoulost al, 2006].

The composition of HP water extract (tea) produiteth this plant and used in
this work is presented ihable 2. This plant has the glycoside of quercetin, guerc®
rutinoside (also known as rutin), as the major @arent. Hypericin, which is also
present in this plant, has been found in sétypericumspecies (its main source), being
extensively studied for its enormous applicatioms the photodynamic therapy,
including in cancer therapy. This compound, wheadiated with visible light, is
capable to generate ROS that are toxic when pradatédigh levels leading cells to
death [Barnegt al, 2001; Kitanov, 2001]. Although the anticanceeets of HP could
be related with the presence of hypericin evem ifmall amounts, other studies have
demonstrated that different types of compoundsdcdn@l responsible for the plant's
anticancer effects [Roscett al, 2004; Skalko®t al, 2005]. Effects on MAP Kinases
have also been reported for this plant [Karioti &nld, 2010].

4.1.2.3 Hypericum undulatum

Hypericum undulatunfHU), a plant native to Europe and north of Africapne

of the less studied herbal plants, being usedhHersame ailments as HP. A stuidy
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vitro found high antioxidant activity of HU, as well aan inhibitory effect on
acetylcholinesterase with beneficial effects on mmem[Ferreiraet al, 2006]. The
composition of HU water extract (tea) produced fithiis plant and used in this work is
presented infable 2. This plant has glycosides of quercetin, querc8tgalactoside
(also known as hyperoside) and quercetin 3-glueo&@tso known as isoquercitrin), as
the major constituents. Hypericin is also preseiil)’s composition.

Table 2 — Composition fg/mg extract) in phenolic compounds ldfpericum androsaemum, Hypericum
perforatum and Hypericum undulatumater extracts after lyophilization (Lima &.al, unpublished results).

Component H. H. H.
androsaemum perforatum undulatum

(Hg/mg extract) (Hg/mg extract) (Hg/mg extract)

Phenolic acids

3-caffeoylquinic acid 19.64 0.81 8.40
{chlorogenic acid isomer)
S-caffeoylquinic acid 34.18 4.94 6.45

{chlorogenic acid)

Flavonoids
Quercetin 3-rutinoside (rutin} 273 38.07 -
Quercetin 3-galactoside (hyperoside) 16.35 16.00 34.12
Quercetin 3-glucoside (isoquercitrin 5.41 6.47 21.70
Quercetin 3-rhamnoside {quercitrin} - 0.24 1.97
Quercetin 1.32 3.39 4.97
Amenthoflavone tr@ 0.33 0.30
Hyperforin - - -
Hypericin - 0.03 0.03

a Trace amounts: compounds present in concentration below 0.01pg/img extract

4.2. Flavonoids

Phenolic compounds are highly abundant in fruitsgetables, cereals and
medicinal plants with more than 8000 different phlencompounds described. They
are characterized by the presence of one or moeaqglib rings being divided in
different classes based on their chemical strucfthre most abundant dietary phenolic
compounds are the flavonoids (such as quercetsveratrol, kaempferol, genistein,
myricetin and luteolin) and phenolic acids (suchrasmarinic acid and clorogenic
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acid), that accounts of 60% and 30%, respectivdlgall polyphenols [Nichenametkt
al., 2006; Ramos, 2008].

Flavonoids are the largest class of phenolic comgsuvith more than 5000
varieties described and ubiquitously distributednost of plants [Yangt al, 2001].
Studiesin vitro andin vivo have shown the potential of some flavonoids to unetd
many steps of the carcinogenic process, althougiglokependent on tissue, cell type
and doses [Nichenametda al, 2006; Ramos, 2008].

4.2.1.Quercetin

Quercetin (3,3",4",5,7-pentahydroxyflavorieg. 6)
is one of the main flavonoids present in the hurdian

. . . HO
and it can be found in many fruits, vegetables ¢
beverages, particularly in onions, apples, cherri

broccoli, tomatoes, barriers, tea, red wine andk I
[Ramos, 2008]. Fig. 6. Chemical structure of
guercetin.

Quercetin (Q) usually occurs in the diet as glydesiin which at least one
hydroxyl group is substituted by a sugar. Onionthe major vegetable source of
guercetin glycosides. The sugar group is frequebtynd at the 3-position forming
different conjugates, such as quercitrin, isoqaemci hyperoside and rutin. These
conjugated metabolites are found in circulatingoliobeing stable precursors that could
be converted to the active aglycome.(quercetin without a sugar group) and exert its
function at the target site [Murakamt al, 2008]. Q is known for its prominent dietary
antioxidant activity and its strong anti-inflammagta@apacities [Bootst al, 2008].

Studies with Q have demonstrated its anticarcinocgsstential in many types of
cancer cells. The ability of Q to inhibit severgiasine kinases especially PI3K, has
been shown and compounds such as LY294002, a Pil3iKitor, have been designed
based on quercetin’s structure [Walket al, 2000]. Effects of Q in suppressing
survival and inducing apoptosis through PI3K/Akdar MAPK/ERK pathways have
been found for several types of cancer cells, sischepatoma [Granado-Serragtaal,
2008], neural [Spencat al, 2003], skin epidermal [Leet al, 2008] and breast [Gulati
et al, 2006], while in lung cancer cells ERK activatisras required for quercetin-
induced apoptosis [Nguyeat al, 2004].
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In CRC, effects of Q on PI3K/Akt and MAPK/ERK sidimg pathways were
also reported. Studies on gene expression have rdgrated effects of Q in genes
involved in the MAPK signal pathways [van Egk al, 2005], as well as, in cell cycle
and apoptosis regulation genes [van Etlal, 2005; Murtazeet al, 2006]. Proteomic
studies also showed effects of Q via inhibitionAdt [Kim et al, 2005b] and MAP
kinase p38 [Wenzadt al, 2004], as well as, induction of the mitochondpiathway of
apoptosis [Kimet al, 2005b; Volateet al, 2005]. One of the most relevant reported
effects of Q is its ability to effectively inhibthe expression of the 3 types of RAS
proteins (H-Ras, K-Ras and N-Ras) in different Cé&@ lines [Ranellettet al, 2000].

A specific inhibition on mutated RAS was then déssat where Q only decreased RAS
protein level in cells expressing oncogenic RASa[Railiaet al, 2007b]. In addition, it
was found that Q sensitizes CRC cells to apoptigiath in tumors cells resistant to
death receptor TRAIL directed therapies [Psahaatlial, 2007a].

Studiesn vivowere also performed to validate the anticarcin@gaativity of Q
in CRC. This flavonoid showed to decrease 75% eframt crypt foci (ACF) incidence
in azoxymethane (AOM)-induced CRC mice [Volateal, 2005]. A more recent study
[Warrenet al, 2009] also showed a reduction on ACF developnre®OM model,
however, without effects on PI3K/Akt signaling. dontrast with data from cell culture
experiments, in thisn vivo study a decrease in COX-1 and COX-2 expression was
found, suggesting that effects on proliferation apdptosis may result from the ability
of Q to suppress the expression of proinfammatoediators. This was confirmed by
another study where authors showed that AMPK-CO3ighaling is important in
guercetin-mediated cancer control [Leteal, 2009].

4.2.2.Luteolin
Luteolin (37,4°,5,7-tetrahydroxyflavon€&jg. 7) is an important member of the
flavonoid family being present in various fruitsdan
vegetables, such as parsley, thyme, celery, oreg
green chili and peppers [Ramos, 2008]. Luteolin
usually occurs in the diet as luteolin-7-O-glucesic
being biotransformed into the aglycone, luteolnthe

intestine by microorganisms and hydrolases. T

compound is structurally related with Q but has Fig. 7. Chemical structure of luteolin.
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hydroxyl group at position 3, which renders it mép@philic. This higher lipophilicity
may explain the potent intracellular antioxidantihaty because it may confer better
access to intracellular targets within the celhjliet al, 2006]. Besides its antioxidant
activity, some studies have demonstrated the aoinzgenic activity of L in several
cancer cell lines, such as leukemia [Bbal, 2002], pancreatic [Leet al, 2002] and
human hepatoma [Chargg al, 2005; Leeet al, 2005; Leeet al, 2006] cells. Effects
on PI3K/Akt and MAPK/ERK pathways [Leet al, 2006], JNK signaling [Leet al,
2005] and the involvement of the mitochondrial pedi [Changet al, 2005; Leeet al,
2005] were also reported to contribute to cell glownhibition and induction of
apoptosis in human hepatoma cells.

In CRC, some reports have also shown that L hasaachogenic effects. In
particular, studies demonstrated apoptosis indactioy L mediated through
downregulation of Bcl-2 and Mdm-2 proteins, by e&@sed caspase activities [Lim €
al,, 2007] and by inhibition of TNF [Shet al, 2004]. Effects on cell cycle arrest were
also found in different CRC cell lines [Warmg al, 2004; Lim doet al, 2007]. It was
also found that L is able to inhibit NéB signaling and suppress MAP kinases [Kam
al., 2005a]. Activation of JNK was also reported [8hial, 2004]. In addition, L was
able to sensitize colon cancer cells to cisplatshuced apoptosis, one of the most
commonly cancer therapeutic agent, via increageb8fprotein level and activation of
JNK pathway [Shet al, 2007].

Studiesn vivo were also performed where L was able to reducenthéence of
ACF and enhance the activity of antioxidants enzyme AOM-induced colon
carcinogenesis mice [Ashokkumar and Sudhandira®d§]2@n addition, L decreased the
multiplicity of foci and their incidence in 1,2-dethyl hydrazine (DMH)-induced
tumorigenesis in mice [Manju and Nalini, 2007], ioning the potential of this natural
compound as possible anticancer agent in CRC.

4.3. Triterpenoids
Triterpenoids are compounds structurally relatedtévoids synthesized by great

number of plants. They are especially abundantresegg, legumes and oats, among

others. Currently, more than 80 different triterpienstructures have been identified,
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which are spread in the plant kingdom in the foririree acid or aglycones and their
importance in medicine have been growing [Ikedal, 2008].

4.3.1.Ursolic acid
Ursolic acid Fig. 8), a natural pentacyclic
triterpenoid carboxylic acid, is the majc
component of some traditional medicinal hert

such as rosemary, sage, olive, oregano, and

also found in some fruits, such as apple, bluebe

cranberry and guava. Fig. 8. Chemical structure of ursolic acid.

A wide range of biological functions has been kndenursolic acid (UA), such
as anti-infammatory, hepatoprotective and antieancombined with low toxicity
[lkeda et al, 2008]. The potential of UA to modulate severapeortant signaling
pathways related to proliferation and cell deatts @is0 demonstrated in several types
of cancers with few studies reported in CRC.

In CRC, UA showed the ability to suppress MAP Kem$Sharet al, 2009],
activate caspases [Andersseinal, 2003; Sharet al, 2009] and to induce cell cycle
arrest [Liet al, 2002]. In other cell types, such as prostate @acell lines [Kasset al,
2007; Zhanget al, 2009b; Zhangt al, 2010a; Zhangt al, 2010b] and leukemia cells
[Liu and Jiang, 2007], UA induced apoptosis througfmosphorylation of Bcl-2,
activation of caspases and induction of JNK pathwayle in breast cancer cells [Yeh
et al, 2010] UA suppressed the JNK pathway. Effects @Kkt and/or MAPK/ERK
pathways are also reported in prostate [Zhaingl, 2010a], breast [Yebt al, 2010],
endometrial [Achiweet al, 2007] and ovarian [Wanet al, 2009] cancer cells, as well
as, effects on cell cycle progression in lung camedls [Hsuet al, 2004]. In addition,
effects on angiogenesis through inhibition of VEBWeIs and effects on the expression
of matrix metalloproteinases MMP-2 and MMP-9 proseivere reported in B16F-10
melanoma cells [Kanjoormana and Kuttan, 2010].

UA has also been linked to anti-inflammatory atyivin several studies in
melanoma [Manu and Kuttan, 2008], leukemia [Shisghad al, 2003] and breast
cancer [Yehet al, 2010] cells, where an inhibition of the nucleancription factor
NF-kB activity by UA was reported. More recently, UA lew doses, was also found to
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be able to sensitized cancer cell lines to chenmagigitic agents, such as taxol and
cisplatin, through suppression of NB; helping in the induction of apoptosis and the
reduction of the necessary drug doses for caneatmrent [Liet al, 2010]. An effect on
mitochondrial membrane permeability through deaea$ sodium pump NAK®
ATPase by UA was recently reported in several logancer cell lines [Yaet al, 2010].

4.4. Natural Compounds in Clinical Trials

For a compound to enter clinical trial many steps required. The compound
must be promising irvitro andin vivo to proceed for in-depth efficacy evaluation
concerning toxicity and pharmacokinetics. The courgs that prove to have low
toxicity and high efficiency in animal models altoaed to enter for clinical evaluation
in studies involving humans. Only compounds sudoégsarriving the phase Il are
considered as possible future chemotherapeuticsiakizoe, 2003]. It is not high the
number of natural compounds that have passed thihigyprocess.

4.4.1.Curcumin

Curcumin, a polyphenol, is an active principle bétherbCurcuma longa
commonly known as turmeric and it is one of the hveall studied natural compounds.
Curcumin possesses anticancer effects on diffestages of carcinogenesis in several
cancer cell lines and exhibits antitumor activityanimal models, including in CRC.
Curcumin is able to downregulate the activity ofltiple kinases and to interact with
important targets, affecting different signalingtipmays. Current clininal trials of
curcumin are ongoing for different diseases, iniclggpancreatic and colorectal cancers,
oral premalignat lesions and in conditions linkedrnflammation such as psoriasis and
alzheimer’s disease. Although with poor bioavalighicurcumin was remarkably well
tolerated and safe in phase | clinical trial, tlausromising outcome is awaited [Gal
al., 2008; Hatcheet al, 2008]. Currently, some analogues of curcuminhsas JC-9,
have progressed to phase Il clinical trials agapsistate cancer, demonstrating
candidates to anticancer drugs [Lee, 2010].
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4.4.2 Resveratrol

Resveratrol is a natural polyphenol found in graped wine, berries, peanuts
and other plants, which was first described as enplic component of the medicinal
herb hellebore \(eratrum grandifloruqn The ability of resveratrol to bind several
biomolecules involved in different signaling pattysahas been shown to result in
diverse biological effects with interest for anticar treatment. Resveratrol has
anticancer effectsn vitro andin vivo, with effects on cell proliferation and death,
inflammation, angiogenesis and metastasis procegdg®ugh data in humans have
revealed that resveratrol is pharmacologicallyeysife, few clinical studies in humans
have been performed. Clinical trials for patientshwcancer and type 2 diabetes are
underway. Because of its low bioavailability, stural analogues of resveratrol are also
being improved as potential therapeutic agentscémcer treatment [Aggarwak al,
2004; Marqueet al, 2009].

Natural compounds are possible pharmacologicaltagémemselfes or can be
used as leads to design new compounds based ansthastures creating synthetic
analogues with better pharmacological activities.
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Salvia fruticosa, Salvia officinalis and Rosmarinic acid
induce apoptosis and inhibit proliferation of human
colorectal cell lines: The Role in MAPK/ERK pathway

The work presented in this chapter has been pw@alish
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Salvia fruticosaSalvia officinalisand rosmarinic acid induce apoptosis and inhibit
proliferation of Human Colorectal cell lines: thiea in MAPK/ERK pathway.
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constitutively activates both MAPK/ERK and PI3K/Ak#th-
Epidemiological studies have shown that nutrition $ a key factor in ways, and the latter activates the MAPK/ERK path&#,6—

modulating sporadic colorectal carcinoma (CRC)risk. Aromatic

plants of the genusSalvia (sage) have been attributed many medic-

inal properties, which include anticancer activity. In the present
study, the antiproliferative and proapoptotic effeds of water ex-
tracts of Salvia fruticosa (SF) and Salvia offidnalis (SO) and of
their main phenolic compound rosmarinic acid (RA) vere evalu-
ated in two human colon carcinoma-derived cell ling, HCT15 and
CO0115, which have different mutations in the MAPK/ERK and
PI3K/Akt signalling pathways. These pathways are aomonly al-
tered in CRC, leading to increased proliferation ad inhibition of
apoptosis. Our results show that SF, SO, and RA intte apoptosis
in both cell lines, whereas cell proliferation wasnhibited by the

8). As presented by Schubbert et al. (9), mutatiorGRC of
either KRAS or BRAF genes occur in 32% and 14%asfes,
respectively. Studies have also shown that CRCeigukently
associated with mutations in genes that encod@ 8K, p110
catalytic subunit PI3KCA, and PTEN (an endogenahghitor
of PI3K activity), resulting in an overexpressiofnAkt (10—
13). Considering the high incidence of CRC, inlutstof these
pathways are actively being searched for use irctimtrol of
cancer progression (14-16).

Epidemiologic studies have shown that Westgpe tiets,

two sage extracts only in HCT15. SO, SF, and RA iittited ERK  poor in vegetables and fruits, are risk factorswkmdo be as-
phosphorylation in HCT15 and had no effects on Akiphosphory- sociated with CRC, suggesting that nutritionaldagimay also
lation in CO115 cells. The activity of sage extrastseems to be due, o preventive and also helpful in the control afaea (17-19).
atleastin part, to the inhibition of MAPK/ERK pat hway. In fact green and black tea consumption has beewrsto
be effective in the initiation, promotion, and pregsion stages
of carcinogenesis, although effects on colon caaoerincon-
INTRODUCTION clusive (20). Plants of the gen&alvia (sage) such aSalvia
Cancer is an important health problem and dnthe most Miltiorrhiza and Salvia menthaefolihave also been suggested

common forms is colorectal carcinoma (CRC). Phatigiyia t0 have anticancer properties based on antipratifer activ-
nositol 3-kinase (PI3K)/Akt and mitogen-activatetgin ki- ity on tumor cells (21,22). In addition, reactiveygen species
nase/extracellular signal-regulated kinase (MAPKfERsig- (ROS) have been reported to play a role in sigmltrans-
nalling pathways play critical roles in cell pradifition and duction enhancing proliferation and survival of aancells.
survival and are frequently activated in CRC (1-33regula- Antioxidant phytochemicals, through their ROS scayieg ac-
tion of these pathways is also thought to determasponse to tivity, may suppress altered redox-sensitive sigmgkvents in
treatment (4). Mutations of KRAS and BRAF in spacadRC Cancer (23,24).

(70-80% of total cases) (5) are alternative in Whie former ~ Salviafruticosa (SF) andSalviaofficinalis (SO), poorly stud-
ied with regard to their anticancer activity, arediterranean

medicinal and aromatic plants that contaismarinicacid (RA;
Fig. 1) as major phenolic compound in their watdracts. RA
constitutes about 58% of all phenolic compoundsqmein SF
water extracand70%in SOwater extract (25,26). Thighenolic
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FIG. 1. Chemical structure of rosmarinic acid.

compoundhas highantioxidantandanti-inflammatoryactivities
(22,27), but little is known about its effects aancer cells and
especially on CRC.

In the present article, we report on the aaotiferative and

jor phenolic compounds RA (52.@/ml), luteolin-7-glucoside
(19.7ug/ml) and the remaining phenolic compounds repitesen
2.7 pg/ml.

Stocks solutions of PD and W were made in diylesul-
foxide (DMSO), and aliquots were kept at <€0 Therefore,
DMSO (0.5%) was included in cell culture for théext condi-
tions (controls and extracts/RA) to exclude anysfgs DMSO
effect.

Cell Culture

HCT15 and CO115 human CRC-derived cell linesewa
gift from Dr. Raquel Seruca (IPATIMUP, University Borto,
Portugal)and weremaintainedn cultureat37°C in a humidified
5% CQ atmosphere in RPMI-1640 medium (Sigma-Aldrich)

supplemented with 10 mM HEPES, 0.1 mM pyruvate, 1%

proapoptotic effects of ZBalvia water extracts, SF and SOantibiotic-antimycotic solution (Sigma-Aldrich), dri0% fetal

and their major phenolic compound, RA, in 2 humaitoe
cancer-deriveccell lines,HCT15 andC0O115, through effecten

bovine serum (FBSEU standard; Cambrex, VervierBelgium).
Cells were seeded onto 6-well plates at a densidy7® x 10°

the MAPK/ERK and PI3K/Akt pathways and caspase-mediat@CT15) and 1.0x 10°(CO115) cells/well. Incubations with

apoptosis. These 2 cell lines possess differemtaticiy muta-
tions in these Ppathways:HCT15 has &RAS (G13D)mutation
(28), whereas CO115 has a BRAF (V599E) mutatioi. (29

In view of these genetic differences, we furthgeculate on
the mechanisms behind the antiproliferative ancapoptotic
effectsof sageextractsand RA and thénvolvementof PI3K/Akt
and MAPK/ERK signalling pathways in these effects.

MATERIAL AND METHODS

Reagents and Plant Extracts

All reagents and chemicals used were of amalltgrade.
Wortmannin (W), RA, and staurosporine were purctideem
Sigma-Aldrich (St. Louis, MO) and PD-98059 D{P was
from Calbiochem (San Diego, CA). The primary antiiles
anti-phospho-Akt (Ser473), anti-Akt total, anti-gpbo-PTEN
(Ser380/Thr382/383), anti-PTEN total, anti-p44/42RK to-
tal, and anti-cleaved caspase-9 (Asp315) were paechfrom
Cell Signalling (Danvers, MA); the anti-phosph& and
caspase-3 (H-277) were from Santa Cruz Biotechnpling.
(Santa Cruz, CA); and thanti# -actin was fromSigma-Aldrich.
The secondary antibodies HRP donkey antirabbitsdmegp an-
timouse were from GE Healthcare (Bucks, United idiog).

The water extracts of Salvia fruticosa and iBabfficinalis
were prepared as previously described by Lima .e(34l) by
pouring boiling water onto the dried plant mategéla ratio of
150 ml of water to each 2 g of plant) and allowingp steep
for 5 min. After filtering, the water extract wagophilized to
dryness. The extracts of both sages were made bsitaes
of the plants whose composition, in terms of phesotom-
pounds, have already been published (25,26). &f,8F water
extract contains as major phenolic compound RAFg/ml),
6-hydroxyluteolin-7-glucoside (22.jag/ml), a not identified

different concentrationef sage extracts and RA weperformed
in serum free medium for 48 h to quantify BrdU inmoration
andTUNEL positivecells and for 24 h fowesternblot analysis.

Assessment of Proliferation by BrdU ncorporation
Preliminary experiments using the MTT assayewper-
formed in order to choose concentrations of SFEDdxtracts
that inhibited around 50% cell proliferation withaeytotoxic
effects. RA was tested in similar concentrationghe ones
found in the extracts at the concentrations usedaso did
not induce cytotoxic effect. After 45 h of treatrhevith sage
extracts or RA at different concentrations, bronmgeridine
(BrdU; Sigma-Aldrich)was added to the culture medium to give
a final concentration of 1AM and then incubated for another
3 h. Both adherent and nonadherent cells wereatetlefrom
each sample, fixed with 4% paraformaldehyde forniif at
room temperature, and then attached into a pohgysieated
slide using a Shandon Cytospin (Thermo Fisher 8éienc,
Waltham, MA). Cells were incubated with HCI 2 M 20 min,
washed in PBS containing 0.5% Tween-20 and 0.05% BS
(TPBS-B) and then incubated with monoclonal mouse- a
BrdU antibody (DakoCytomation, Glostrup, Denmardg L h
at roontemperature After washing inTPBS-B, cells were incu-
bated with antimouse IgB&IT C-conjugatedsecondary antibody
(Sigma-Aldrich)for 1 h at roomemperaturewashed again, and
then incubated with Hoechst for nuclei staininge Percentage
of proliferating cells was calculated as the rétween BrdU
positive cells and total number of cells (nuclaimhg with
Hoechst), from a count higher than 500 cells peesinder a
fluorescent microscope. Results are presented as m8EM
of at least 3 independent experiments.

Assessment of Apoptosis bJUNEL Assay

flavone heteroside (28.Ag/ml), and the remaining phenolic Cells treated as above for 48 h were colle¢bedh float-

compounds represent Op&/ml. SO water extract contain asa-

ing and attached cells) afided with 4% paraformaldehyde for
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15 min at room temperature and then attached ipilydysine- trations of sage extracts for 48 h, concentratareach extract
treated slide using a Shandon Cytospin. Cells wershed in that were not cytotoxic and inhibited cell prol&&on around
PBS andbermeabilizedwith 0.1% Triton X-100 in 0.1% sodiunmb0% were chosen for the subsequent studies. SiAcis e
citrate for 2 min on ice. TUNEL assay was performisthg a main phenolic compound of these extracts, we asted RA
kit from Roche (Mannheim, Germany) following the magac- in similar concentrations to the ones found ingkigacts under

ture’sinstructions.Cells were incubated with Hoechst for nucleiur experimental conditions.

staining. The percentage of apoptotic cells wasutaled from
the ratio between TUNEL positive cells and totahter of
cells (nuclei staining with Hoechst) from a courgher than
500 cells per slide under a fluorescent microscBpsults are
presenteddsmean+ SEM of atleast3independenéxperiments.

Protein Extraction and Westemn Blotting

After 24 h of treatment with sage extracts @ & the high-
est concentration used in the BrdU and TUNEL assals
were washed with PBS and lysed for 15 min &€ 4vith ice
cold RIPA buffer (1% NP-40 in 150 mM NaCl, 50 mMsT(pH
7.5), 2 mM EDTA), supplemented with 20 mM NaF, 1 m
phenylmethylsulfonyl fluoride (PMSF), 20 mMa, V; O4 and
protease inhibitor cocktail (Roche). Protein com@ion was
guantified using a Bio-Rad DC protein assay (BiatRabo-
ratories, Inc., Hercules, CA) with BSA as a protstandard.
Twenty micrograms of protein for each sample wergasated
by SDS geklectrophoresisind therelectroblottedo a Hybond- P
polyvinylidene difluoride membrane (GE Healthcar&)em-
branes were blocked in TPBS (PBS with 0.05% Twe®nedn-
taining 5% (wt/vol) non-fat dry milk or BSA, incutead with the
primary antibody, and followed by the secondaryibarmty
conjugated with IgG horseradish peroxidase. Mendsamere
washed 3 times with TPBS between the different bations.
Immunoreactive bands were detected using the Inpmlsio-
lutions (Millipore, Billerica, MA) under a chemilumescence
detection system, the Chemi Doc XRS (Bio-Rad Latouies,
Inc.). Band area intensity wasantifiedusing the Quantity One
software from Bio-Ragh? -actin was used as a loading control.
Results are presented as mea8EM of at least 3 independent
experiments.

Statistical Analysis

One-way ANOVA followed by the Student—Newmanulse
test was used to perform statistical analysis fiailB TUNEL,
and Westernblot dataGraphPad Prism.0 software(San Diego,
CA) was used, anB values< 0.05 wereconsideredstatistically
significant.

RESULTS

Effects on Cell Proliferation

To test the effects of SF, SO, and RA on calliferation of
human colon cancer cells, 2 different colon cantiaederived
cell lines, HCT15 and CO115, were used.

Basedon preliminary experiments usinthe MTT assay(data
not shown) in which cells were incubated with saveoncen-

The effects of sage extracts and RA on cellifpration of
both cell lines were tested using the BrdU incoagtion as-
say. As shown in Fig. 2A, a significant inhibitiaf HCT15
cell proliferation by both SF and SO was obsenvedllacon-
centrations tested. Levels of BrdU incorporatiogngicantly
decreased from 26.2% in the control to 4.7% in HECEélls
treated with 5Qug/ml of SF and SO extracts. In CO115 cells, SF
and SO did not significantly inhibit cell proliféran (Fig. 2B).
No significant inhibition of cell proliferation wasbserved in
neither of the cell lines when treated with RA (R Compar-
ing the effects of sage extracts in the 2 celldjmee observed
mat SF extract was somewhat more active than SOHET15
cells were more sensitive to the sage extracts.

A BrdU incorporation in HCT15
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FIG. 2. Effect of different concentrations S&lvia fruticosa(SF), Salvia
officinalis (SO), and rosmarinic acid (RA) for 48 h on bromodenidine
(BrdU) incorporation in A: HCT15 and B: CO115 cel&lues are meatt
standard error of the mean of at least 3 indeparmdgeriments:P < 0.05
and*** P < 0.001 when compared to control. DMSO, dimethylaxide.
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A TUNEL assay in HCT15
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FIG. 3. Effect of different concentratioBslvia fruticosgSF),Salvia offic-
inalis (SO), and rosmarinic acid (RA) on apoptosis fori8s assessed by

the TUNEL assay of A HCT15 and B: CO115 cell lingslues are meatt
standard error of the mean of at least 3 indepermgeriments'P < 0.05,
P <0.01,and**P <0.001wheromparedo control TUNEL, terminalde-
oxynucleotidyl transferase-mediatdd TP nick-end labelingPMSO, dimethyl
sulfoxide.

Effects onApoptosis

The ability of SF, SO, and RA to induce apspadn hu-
man CRC-derived cells were studied using the TUNE$ay.
As shown in Fig. 3, botBalviaextracts and RA significantly
induced apoptosis in@ncentration-dependemanner in both
HCT15 and CO115 cells. Apoptotic cells in HCT15reased
from 0.4% in the control to 6.6%, 5.8%, and 2.5%5k SO,
and RA treatments, respectively, at the higher eotnations
tested (Fig. 3A). In CO115 cells, apoptotic callseased from
1.8% in the control to 6.8%, 3.8%, and 3.6% indbeditions
treated with the higheoncentrationgested of SF, SO, and RA,
respectively (Fig. 3B). Since the basal levelsmffosis were
higher in the CO115 cell line, overall it seemd the HCT15
cells were more sensitive to the extracts and Rgairy SF
extract showed to be more active than SO extratRavalone.

The involvement of caspases 3 and 9 in the tapapin-
duction by sage extracts and RA was also studiedistern
blot. After 24 h of treatment with the highest cemications
used of SF, SO, and RA, we did not observe cleassgase-9

and caspase-3 in either cell line in contrast whihreference
compound, staurosporine (data not shown).

Effects onMAPK/ERK Pathway

The effects of sage extracts and RA for 24 érevstudied
on the MAPK/ERK pathway by Western bl@&alvia extracts
and RA significantly decreased phospho-ERK proteirls
in HCT15 cells (Fig. 4A), whereas no effects webseaved
in CO115 cells (Fig. 4B). The reference inhibitérptospho-
ERK, PD-98059 (PD), was effective in both cell 8r&ig. 4)
in a similar way to SF, SO, and RA in HCT15 cells.

Effects onPI3K/Akt Pathway

The effects of sage extracts and RA lo@ texpression
of phospho-Akt and phospho-PTEN (a negative regulaf
PI3K/Akt pathway) were also tested. Phospho-Akt weas
served in CO115; however, it was not detected inTHEIn
mediumwith andwithout serum(data noshown). Neitheof the
Salviaextracts nor RA inhibited significantly the expriessof
phospho-Akt in CO115 cells (Fig. 5A). A significanhibition
of Akt phosphorylation was observed for the refeeeRI3K
inhibitor, wortmannin (W). HCT15 cells expressedgbho-
PTEN, and this expression was not significantlyngjeal by
Salviaextracts, RAor W (Fig. 5B). CO115 cells did nopeess
phospho-PTEN or total PTEN in medium with and witho
serum (data not shown).

DISCUSSION

To assess the potential of sage in the contr@RC pro-
gression, the antiproliferative and proapoptotiee$ ofSalvia
fruticosa(SF)andSalvia officinalis(SO) water extracts anttheir
main phenolic compound, rosmarinic acid (RA), wsitedied
in two humarCRC-derivedcell lines, HCT15 and CO115. Both
sage water extracts (SF and SO) were effectivehibiting pro-
liferation in a concentration-dependent manner @TH5 but
not in CO115 cells. SF, SO, and RA induced apopt&t was
more effective than SO with regard to both antiifechtive and
proapoptoticeffects. To identify the bioactivampoundbehind
these effects, sage’s major phenolic compound () tested
individually at concentrations similar to those qaet in the
extracts. However, RA was found not to have anlifgtative
activity but to be proapoptotic in both cell linathough to less
extent than sage extracts. In view of these restiisems that
other active compounds present in the extracts lmagspon-
sible for the antiproliferative and proapoptotieefs of SF and
SO.

The 2 cell lines used harbor different activgtmutations:
HCT15 has a KRAS (G13D) activating mutation (28)hwo-
tentialto constitutively activatdoothPI13K/Akt and MAPK/ERK
pathways, whereas CO115 harbors a BRAF (V599E)tionta
(29) that affects the MAPK/ERK pathway. The higheshsi-
tivity of HCT15 could be a result of these genelifterences.
HCT15 cells, even though presenting an activatiogation of
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the RAS oncogene, did not express phospho-Akt plysas a  SF, SO, and RA induced apoptosis in both de#sl It
consequence of the high levels of the strong nematigulator seems, however, that under these conditions, agispi® not
of this pathway, phospho-PTEN, found in this celél In these dependent on the cleavage of either caspase-9spasz3 in
cells, theantiproliferativeeffects of SF and SO correlate with atboth cell lines. Nevertheless, some authors haeashhat

inhibition of phospho-ERK. However, RA showed angfigant

inhibition of phospho-ERK without inhibiting HCT1&ell pro-

liferation. Inhibition of phospho-ERK seems, theref not to
be the only factor involved in inhibition of celtgdiferation in

this cell line. Our findings are in agreement wittevious stud-
ies (6,31), which have shown that an inhibitionMAPK/ERK

pathway in KRAS mutated cell lines is not suffidiém inhibit

cell proliferation. Therefore, the KRAS mutated HiGTcells
do not depend exclusively on MAPK/ERK pathway toliber-

ate, and as a result, SF and SO seem also to ib&indnother
proliferation pathways, which in these cells do imziude Akt

phosphorylation (Fig. 6).

In CO115 cells, where SF and SO did not hav&pran
liferative effect, there was no inhibition of phbspERK or
phospho-Akt. RA also did not inhibit proliferatiaf CO115
cells. However, in contrast to the effects on thikes cell line RA
was without effect ophospho-ERK.Inhibition of MAPK/ERK

RA promotes apoptosis in human Jurkat cells and32eqells
via the mitochondrial pathway and Bcl-2 suppresgiomhich
caspases are involved (36—38). Also, the mitochahgath-
way was induced by RA in activated T cells fromutmatoid
arthritis patients (39). It seems, therefore, thatinduction of
caspase pathways by RA is cell type specific andiégpendent
on concentration and time of exposure, which mayaéx the
discrepancy between these and our results. Théitiam of
MAPK/ERK pathway may contribute, at least in paot,the
effects on apoptosis in HCT15 cells.

Besides a possible interaction with KRAS, saxgeacts may
act as antiproliferative and proapoptotic in thesacer cell
lines through their antioxidant activity. It is kmp that cancer
cells produce increased amounts of ROS, in padiduldrogen
peroxide, which could inhibit protein fosfatasesl aso be
associated with signalling events in MAPK pathwthat lead
to activation of redox-sensitive transcription tast mediating

pathway by sage extracts and RA in HCT15 and nol 180 cancer cell proliferation and survival (23,24). figfere, the

indicates that the effect may be upstream of BRAd-@uld be
on KRAS (Fig. 6). In CO115 cells, a potential irtitm of RAS
by sage extracts would not result in antiprolifeeeffects due
to the downstream activating mutation of BRAF (F&y. An
inhibition of RAS oncogene has also been receribns for
guercetin, a common, natural-occurring, phenoliengound
(32,33). It seems that the effects of RA dependcelh type
and/or genetic background because others haveshtson that

radical scavenging activity of the phenolic compdsipresent
in the sage extracts may be reducing the ROS |évelsese
cancer cells contributing also to a decreasedipct¥ redox-
sensitive proliferative pathways through RAS signgl Based
on RAresults, the effects described in this seehm, however,
not to be totally explained by the antioxidant pndigs of the
sage extracts.

In conclusion, our results show that SF andv&®er ex-

RA decreases ERghosphorylationin cardiac muscle cells, buttracts inhibit proliferation and induce apoptosi€iRC-derived

it is without effect on Akt and ERK in melanomals€B4,35).
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&
/

L sz \/

oW ORHON

Inhibition of ERK phosphorylation

PI3K/Akt
pathway

|:| Activating mutation

FIG. 6.

=== Mutagenic constitutive activation

cell lines, whereas RA was only effective on theuiction of

PI3K/Akt
pathway

o
@@

/ MAPK/ERK
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\L
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=—p Abnormal activation

Model for the inhibition of extracelluteegulated kinase (ERK) phosphorylation®givia fruticosgSF),Salvia officinalifSO), and rosmarinic acid

(RA) in HCT15 but not in CO115 cells. SF, SO, amdliRhibit mutant \-Ki-ras2 Kirsten rat sarcoma Viomcogene homolog (KRAS) leading to a decrease on
the levels of phospho-ERK in HCT15 cell line. In €13 cells, SF, SO, and RA do not change ERK phagjaimn levels due to a \fraf murine sarcoma viral
oncogene homolog B1 (BRAF) activating mutation dstneam of RAS oncogene. The missing phosphataseeasth homolog (PTEN) in CO115 cells and
phospho-v-akt murine thymoma viral oncogene hom@a) in HCT15 cells were also observed in thisdst MAPK, mitogen-activated protein kinase; PI3K,
phosphatidylinositol 3 kinase.
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apoptosis. Sage extracts and RA did not affectRIBK/Akt 11
pathway but inhibited the MAPK/ERK pathway in thé&RKS
mutated HCT15 cell line. The inhibitory effectsszge extracts
on phospho-ERK seem to result from an inhibitionkKd¥AS,

upstream to BRAF, because it was not observed ihlGQells.

The inhibition ofMAPK/ERK by sage extracts seems, howevas.

not to completely explain the inhibition of cellofiferation in
HCT15 because RA inhibits phospho-ERK without affep
cell proliferation. These data add S. fruticosa 8nafficinalis

to the list of potential sources of new active eanicer com- 15

pounds useful in particular in tumors with a murag&KRAS
activationandalso suggest their possiblese indietary strategies
for the control of CRC progression.
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Chapter Il Anticarcinogenic effects dfiypericumextracts

Hypericum androsaemum water extract inhibits mutant
BRAF with inhibition of human colorectal cancer cels

proliferation

The work presented in this chapter is submittedbtarnal of Biomedicine and
Biotechnology

Xavier CP, Lima CF, Fernandes-Ferreira M, Pereira-Wilsor2CLQ. Hypericum
androsaemunwater extract inhibits mutant BRAF with inhibitia human colorectal
cancer cells proliferation.
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Hypericum androsaemum water extract inhibits mutant BRAF with

inhibition of human colorectal cancer cells prolifeation

Cristina P.R. Xaviér Cristovao F. Limg Manuel Fernandes-Ferréirsand Cristina Pereira-Wilson

*CBMA — Centre of Molecular and Environmental Bighidepartment of Biology, University of Minho, 470%7 Braga, Portugal
’CITAB — Centre for the Research and Technologygod-&nvironmental and Biological Sciences/DepartnarBiology,
University of Minho, 4710-057 Braga, Portugal
*Department of Biology, Faculty of Science, Univgrsf Porto 4169007 Porto Portugal.

Abstract

MAP kinase and PI3K/Akt signalling pathways are ocoonly altered in
colorectal carcinoma (CRC) leading to increasedlifpration and inhibition of
apoptosis. Several species of the gehlypericumare medicinal plants to which
digestive tract effects have been attributed. ka piresent study, the antiproliferative
effects of the water extracts &f. androsaemunf{HA), H. perforatum(HP) andH.
undulatum(HU) were investigated in two human colon carcineseaved cell lines,
HCT15 and CO115, which harbour activating mutaticors KRAS and BRAF,
respectively. Contrarily to HU and HP, HA signifit®y inhibited cell proliferation and
induced apoptosis in both cell lines. HA decrea®#RAF and phospho-ERK
expressions in CO115 cells, but not in HCT15. Heoalecreased Akt phosphorylation
in CO115, suggesting an inhibition of PI3K/Akt pathy. Furthermore, an induction of
p38 and JNK stress-activated kinases were obsenvéxbth cell lines. Chlorogenic
acid, the main phenolic compound present in theeiikact and less represented in the
other two species, did, however, not show any oké¢heffects. In conclusion, HA
controlled CRC proliferation and specifically actaa mutant BRAF.

Keywords: Chlorogenic acid, Colorectal Carcinontdypericum androsaemunMAP
kinases, PI3K/Akt Pathway
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Introduction

Environmental factors, many of which diet relatatk responsible for 70-80% of
total cases of colorectal carcinoma (CRC), an irtgmdrhealth problem worldwide [1,
2]. Activating mutations of KRAS, BRAF and/or Pl3kave been found in more than
50% of CRC cases and constitutively activate theogen-activated protein
kinase/extracellular  signal-regulated kinase (MAPRK) and/or  the
phosphatidylinositol 3-kinase (PI3K)/Akt signallingathways [3, 4]. The constitutive
activation of these pathways plays an importané mliring CRC progression and
results in a higher cell proliferation rates andnhibition of apoptosis [3, 5-7]. Since
MAPK/ERK and PI3K/Akt pathways are involved in CR@&ogression and drug
resistance, proteins associated with these pathwaegsgood molecular therapeutic
targets for drug discovery [8, 9].

The stress-activated protein kinases, c-Jun Niutainkinase (JNK) and p38 are
two other major MAPK pathways also frequently detated in cancers, including
CRC [9, 10]. These pathways are activated by diveelular stresses including UV
light, X-rays, hydrogen peroxide, heat and osmsiiock and have been implicated in
the control of cell proliferation, differentiatiomyigration, apoptosis and survival and
their effects appear to be largely dependent drtyqet and/or cellular context [10, 11].
In particular, JNK activation is involved in thentool of cell growth and proliferation,
as well as apoptosis, since JNK may induce aabimatf the mitochondrial pathway
[11, 12]. Activation of the p38 pathway has als@mshown to promote growth arrest,
to induce apoptosis by activating p53 and to blaskor growth. On the other hand,
p38 inactivation has been shown to induce cellijgmaition and enhance cellular
transformation [13, 14]. Therefore, p38 and JNK MkiRases may also be considered
as potential targets for cancer therapy [10].

Plants of the genuslypericum (family Hypericaceae) have been attributed
important medicinal propertieblypericum perforatunfHP), also known as St. John’s
wort, is the species more studied and it is knommit$ high pharmacological activities,
such as antidepressant, antiviral and antibacter@derties [15]. The anticarcinogenic
activity of HP has also been reported in sevematencell types, but not in CRC cells
[16-19]. Its antitumor effects have been relatedhwone of its main constituents,
hypericin [20-22]. Hypericum androsaemur(HA) is less known and it is used as

diuretic, hepatoprotector, cholagogue, and als&idmey failure and in the relief of
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digestive tract disorders [23, 24]. Its anticargeanic activity has, to our knowledge,
never been reported. Recenh vitro studies showed the antioxidant and
hepatoprotective activities of HA water extract,[2B]. The effects of HA have been
attributed, at least in part, to the presence wésd flavonoids, such as quercetin and its
glycosides, and phenolic acids, such as chlorogacid [26]. Hypericum undulatum
(HU) is the least known of the three species. Antioxidactivity and effects on
memory have been found [27]. Plants containingréetaof phenolic compounds have
been shown to play an important role as dietaryosaiiants in cancer prevention [28,
29]. However, evidence is increasing that the antinogenic properties of plant food
constituents is not only the result of their anid@at activity. In fact, many of these
natural compounds have been demonstrated to acinuwltiple key elements in
signalling transduction pathways related to cellplaliferation and apoptosis [30, 31].

Since H. androsaemuimH. undulatumand H. perforatum(HP) are popularly
consumed as herbal tea (water extract) for thefrefidigestive tract disorders and they
contain quercetin (mainly as glycosides), which lvee shown in a previous study to
possess anticarcinogenic activity against colorcearells [32], the antiproliferative
and proapoptotic effects of the water extractshafse threeHypericumplants were
tested in two human colon cancer-derived cell lird€T15 and CO115. These cell
lines harbour different activating mutations thdte@ both MAPK/ERK and/or
PI13K/Akt pathways: HCT15 has a KRAS (G13D) mutatjdf] while CO115 harbour a
BRAF (V599E) mutation [34], being representative ofany CRC cases. The
involvement of stress induced kinases p38 and M, apoptotic markers were also
studied.

Materials and methods

Reagents and Antibodies

All reagents and chemicals used were of analygjcade. Wortmannin (W), LY-
294,002 (LY), staurosporine, 3-(4,5-dimethylthia2eyl)-2,5-diphenyltetrazolium
bromide (MTT) and chlorogenic acid (CA) were pursbe from Sigma-Aldrich (St.
Louis, MO, USA); PD-98059 (PD) was from Calbiochéd®an Diego, CA, USA).
Stocks solutions of W, LY, PD and STS were madeimnethyl sulfoxide (DMSO) and
aliquots were kept at -20 °C. DMSO (0.5%, final cemration) was used in the other

conditions (control and HA extract alone) to ex@why solvent effect.

75



Cristina Xavier

The primary antibodies, anti-phospho-Akt (Ser47a8pti-Akt, anti-phospho-
PTEN (Ser380/Thr382/383), anti-PTEN, anti-p44/42 RKA and anti-phospho-p38
MAPK (Thr180/Tyr182) were purchased from Cell Sigmg (Danvers, MA, USA); the
anti-phospho-ERK, anti-Raf-B, anti-K-Ras, anti-Pkatal, anti-PARP-1, anti-p38, anti-
phospho-JNK and anti-JNK were from Santa Cruz Biot®logy, Inc. (Santa Cruz,
CA, USA); the anti-caspase-3 was from Calbiochean(Biego, CA); and the arfi-
actin from Sigma-Aldrich. The secondary antibodi##®P donkey anti-rabbit and sheep
anti-mouse were from GE Healthcare (Bucks, UK).

Cell culture and conditions

HCT15 and CO115 human colon carcinoma-derivedliteds were a gift from
Dr. Raquel Seruca (IPATIMUP, University of Portgritigal) and were maintained in
culture at 37 °C in a humidified 5 % ¢@tmosphere in RPMI-1640 medium (Sigma-
Aldrich) supplemented with 10 mM HEPES, 0.1 mM psate, 1 % antibiotic-
antimycotic solution (Sigma-Aldrich) and 6 % fetadvine serum (FBS; EU standard,
Cambrex, Verviers, Belgium). Cells were seeded sid@2 ml) and twelve (1 ml) well
plates at a density of 0.#50° (HCT15) and 1.810° (CO115) cells/ml. Incubations for
48 h with different concentrations of the waterragts were performed for MTT and
TUNEL analysis, and for 24 h and 48 h for westdat.b

Preparation of HA extract

Plant ofHypericum androsaemu(iA) was cultivated at Canidelo, Northern of
Portugal, in a farm owned by Cantinho das Aromatitaa., whereadHypericum
perforatum(HP) andHypericum undulatunHU) were obtained from Mapprod Lda.,
Braga, Portugal; plants are kept in active bankeutide responsibility of the respective
companies. The aerial parts of the plants wereeci@tl in July 2008 for HA and HU,
and in July 2009 for HP; then, they were air-dieddore being subjected to the water
extraction by infusion. Batches of dried plant miateare maintained at -20 °C under
the responsibility of CITAB with the accession nwend HA102008, HP072009 and
HU122008, for HA, HP and HU, respectively. The plarfusions were prepared by
pouring 150 ml of boiling deionized water onto 2ofyjair-dried plant material and
allowing it to steep for 5 min. After filtering, ¢hwater extracts were lyophilized to
dryness and yields in terms of initial crude plardterial dry weight of 27.0% (w/w),
16.7% (w/w) and 13.0% (w/w), for HA, HP and HU, pestively, were obtained.
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Phenolic compounds were analyzed by HPLC as prskioperformed [23] and, for
HA, a similar composition with a previous reportafvater extract was obtained [26].
The main phenolic compounds found in the plant watdracts differ in quantity
between them. The following compounds are predanHA: chlorogenic acid (CA)
and isomer (B and 50-caffeoylquinic acid; 53.82:g/mg), quercetin 3-galactoside
(16.35u19/mQ), quercetin 3-glucoside (5.4%/mg), quercetin 3-rutinoside (2.78/mg)
and quercetin (1.32g9/mg). In HU: quercetin 3-galactoside (34:4&#mg), quercetin 3-
glucoside (21.70ug/mg), chlorogenic acid (CA) and isomer @-and 50-
caffeoylquinic acid; 14.8%9/mg), quercetin (4.97:9/mg), quercetin 3-rhamnoside
(2.97 ug/mg), amenthoflavone (0.3pg/mg) and hypericin (0.03:,g/mg). In HP:
guercetin 3-rutinoside (38.Q//mg), quercetin 3-galactoside (160§ mg), quercetin
3-glucoside (6.47ug/mg), chlorogenic acid (CA) and isomer @3-and 50-
caffeoylquinic acid; 5.7xg/mg), quercetin (3.38g9/mg), quercetin 3-rhamnoside (0.24
1g/mg), amenthoflavone (0.32)/mg) and hypericin (0.08g/mg). CA is much more
abundant in HA water extract than in the other species where quercetin and related

compounds are the most representative.

Cell proliferation/viability assay

MTT reduction assay was used as previously desti®2]. Cells were treated
with different concentrations of water extracts &8 for 46 h followed by two hours
in the presence of MTT (final concentration 0.5 mky/ Hydrogen chloride 0.04 M in
isopropanol was then used to dissolve the formapgstals. The number of viable cells
in each well was estimated by spectrophotometrguReare presented as mean + SEM
of at least three independent experiments.

Assessment of apoptosis by TUNEL assay

Cells treated with different concentrations of bk 48 h were collected (both
floating and attached cells) and fixed with 4% pamaaldehyde for 15 min at room
temperature and then attached into a polylysiretdceslide using a Shandon Cytospin
4 (Thermo Scientific, Waltham, MA, USA). Cells wemrwashed in PBS and
permeabilized with 0.1% Triton X-100 in 0.1% sodigitnate for 2 min on ice. TUNEL
(TdT mediated dUTP Nick End Labelling) assay wadgsmed using a kit from Roche
(Mannheim, Germany), following the manufactureristructions. Cells were incubated

with Hoechst for nuclei staining. The percentagamdptotic cells was calculated from
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the ratio between TUNEL positive cells and totainer of cells (nuclei staining with
Hoechst), from a count higher than 500 cells peleslinder a fluorescent microscope.
Results are presented as mean + SEM of at least thdependent experiments.

Protein extraction and western blot

After incubation periods, cells were first washveth PBS and then lysed for 15
min at 4 °C with ice-cold RIPA buffer (1% NP-40150 mM NaCl, 50 mM Tris (pH
7.5), 2 mM EDTA), supplemented with 20 mM NaF, 1 npgWienylmethylsulfonyl
fluoride (PMSF), 20 mM N&/30,4 and protease inhibitor cocktail (Roche, Mannheim,
Germany). Protein concentration was quantified gignBio-Rad DC protein assay
(Bio-Rad Laboratories, Inc., Hercules, CA, USA) lwiBSA as a protein standard.
Twenty micrograms of protein from each sample weeparated by SDS gel
electrophoresis and then electroblotted to a HyH®ngdolyvinylidene difluoride
membrane (GE Healthcare). Membranes were blockedPBS (PBS with 0.05%
Tween-20) containing 5% (w/v) non-fat dry milk o6B, incubated with the primary
antibody followed by the secondary antibody conjadawith 1gG horseradish
peroxidase. Immunoreactive bands were detectedgugie Immobilon solutions
(Millipore, Billerica, MA, USA) under a chemilumiseence detection system, the
Chemi Doc XRS (Bio-Rad Laboratories, Inc.). Bandaaintensity was quantified using
the Quantity One software from Bio-RgHactin was used as a loading control. Results
are presented as mean + SEM of at least three emdent experiments.

Statistical analysis

Student’s t-test or one-way ANOVA followed by tistudent-Newman-Keuls
test was used to perform statistical analysis fNEL and western blot data.
GraphPad Prism 4.0 software (San Diego, CA, USA3 wsed andP-values< 0.05
were considered statistically significant.

Results

Anticarcinogenic effects of threeHypericum species
The effects of water extracts frord. undulatum H. perforatumand H.
androsaemumon cell viability/proliferation, in HCT15 and COAlhuman colon

carcinoma-derived cell lines, were investigatedhgshe MTT assay. As shown in
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Figure 1A, HCT15 cells were more resistant to HWraot than CO115 cells, while
having the same sensitivity to the HP extract. Hexeeffects on cell viability of both
cell lines incubated with HU and HP were only oledrfrom concentrations above
200 pg/ml. The HA extract was the most efficientnhibiting cell proliferation in a
concentration-dependent manner in both cell limah an IC50 (the concentration that
inhibited cell growth by 50%) of around $&/ml in HCT15 and 6ug/ml in CO115
cells. The higher concentration tested of HA in HG&Tcells induced cell death by
necrosis (negative value in Fig. 1A). IncubatiorC&C cells with HA also significantly
induced apoptosis in a concentration-dependent erannboth cell lines (Figure 1B).
HA was the only extract with anticarcinogenic paigin CRC.
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In order to characterize effects of HA on signalipgthways related to
proliferation and/or apoptosis, the IC50 concemrafor each cell line (8pg/ml for
HCT15 and 65ug/ml for CO115) and a concentration below this wesed and the
effects on the levels of relevant molecular tardetl®wed in subsequent experiments

by western blot.

Effect of chlorogenic acid (CA) on cell proliferaton

H. androsaemunwas the most efficient plant water extract in lmtmg cell
growth in HCT15 and CO115 CRC cell lines. In aremt to find the compound
responsible for these effects, the main phenobsenmt in this extract, chlorogenic acid
(CA), which also distinguishes this extract fronodke of the other two plants, was
evaluated individually at different concentrationsjng MTT assay. CA is present at
about 54ug/mg in HA water extract, while in HU and HP CApsesent in smaller
amounts (about 15 and /&y/mg, respectively). No effects were observed ol ce
proliferation in both cell lines treated with CA @p 200 uM, which corresponds to a
concentration 20 times higher than the one found0@ pg/ml of HA (Figure 2). It
seems therefore that the inhibition of cell prodtgon produced by HA is not due to
CA.
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Figure 2. Effects ofdifferent concentrations of chlorogenic acid or gigbility/proliferation assessed by
MTT reduction.

Effects of HA on PI3K/Akt and MAPK/ERK pathways

Constitutive activations of MAPK/ERK and PI3K/Akathways are present in a
large number of CRC cases, leading to an increhpeotiferation and an inhibition of
apoptosis [3]. Phosphorylation of ERK and Akt, mdjvely, are indicators of their
activation. As shown in Figure 3A, HA significantyecreased phospho-Akt protein
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level in CO115 cells, in a concentration-dependeahner, after 24 h of incubation.
This effect was not observed in HCT15 since theexewno detectable amounts of
phospho-Akt in these cells (data not shown), whghn agreement with previous
observations [32]. As expected, reference inhibitwrPI3K, wortmannin (W) and LY-
294,002 (LY), also significantly decreased phosplkbdevels. The effect of HA on
phospho-PTEN, a negative regulator of PI3K/Akt path, was also tested. As shown
in Figure 3B, HA did not change phospho-PTEN lewel8iCT15 cells. As previously
reported [32], no detectable expression of PTEN elaserved in CO115 cells (data not

shown).
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Figure 3. Effects ofHypericum androsaemu(hiA) for 24 h on the levels of phospho-Akt in C&ldells
(A), phospho-PTEN in HCT15 cells (B) and phosphokER HCT15 and CO115 cells (C) at 85 pg/ml
(HA85), 65 pg/ml (HA65) and 45 pg/ml (HA45), usimgestern blot.p-Actin was used as loading
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+ SEM of at least 3 independent experimentss 05, ** P< 0.01 and *** < 0.001 when compared to
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Concerning effects on the MAPK/ERK pathway, a digant decrease in
phospho-ERK protein level was observed in CO11E delit not in HCT15, induced by
the higher concentration of HA tested (Figure 3&.expected, a significant reduction
of phospho-ERK levels in both cell lines was alsduced by PD-98059 (PD), a
reference inhibitor of the MAPK/ERK pathway. In dtth, we also treated both cell
lines with CA. This compound did not decrease phospkt or phospho-ERK protein
levels at 10 and 100 uM in both cell lines (datastmwn).

Effects of HA on BRAF and KRAS levels

Subsequently, since KRAS activates both MAPK/ERI{ &t3K/Akt pathways
and BRAF activates MAPK/ERK pathway, effects of IdA the protein expression of
KRAS and BRAF oncogenes were studied. As shownigurgé 4A, the higher HA
concentration tested was able to significantly ease the levels of BRAF in CO115
cells (cells with mutant BRAF), after 24 h. In HGItells, which express the wild type
BRAF, no effect of HA on BRAF protein expressionsmabserved. No significant
changes were observed in wild type or mutant KRé&®Is induced by HA (Figure
4B). CA did not change KRAS or BRAF levels at 1@a00 puM in both cell lines

(data not shown).
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Figure 4. Effects ofHypericum androsaemuifiHA) for 24 h on BRAF (A) and KRAS (B) levels in
HCT15 and CO115 cells at 85 pg/ml (HA85), 65 pg(hh65) and 45 pg/ml (HA45), using western
blot. B-Actin was used as loading control. Values are nieSEM of at least 3 independent experiments.
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Effects of HA on p38 and JNK pathways

The effect of HA on p38 and JNK signalling pathwatso stress-activated
protein kinases that are involved in the control pwbliferation and induction of
apoptosis [10], were also studied. Our results saaemarkable induction of phospho-
p38 expression at both concentrations tested apthagpho-JNK expression mainly at
the higher concentration tested after 48 h in lethlines (Figure 5A and 5B).

Effects of HA on Caspase-3 and PARP-1

In order to verify the role of caspase activatiantbe apoptotic effect of the
extract HA, we studied caspase-3 and Poly (ADPsehopolymerase-1 (PARP-1)
expressions by western blot. As shown in Figure B®, water extract increased
cleaved caspase-3 and cleaved PARP-1 in CO115 bek$CT15,we did not observe
cleaved caspase-3 or cleaved PARP-1, although eeas in total PARP-1 was
detected. A higher expression level of total PARMds observed in HCT15 as
compared to CO115 cells. The cleavage of caspaselFP ARP-1 were also induced by
staurosporine, an apoptotic inducer used here sisyeocontrol, in both cell lines (data

not shown).
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Figure 5. Effects ofHypericum androsaemu(itA) for 48 h on the levels of phospho-p38 (A)pphho-
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representative of at least 3 independent expersnent
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Figure 6. Proposed model for the inhibition of cell proliféaoca and induction of apoptosis in colon
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PI3K/Akt pathway, a decrease on BRAF mutation legdd an inhibition of MAPK/ERK pathway and
an induction of both p38 and JNK signalling.

0 . ' . .
- R .

Discussion

In the present study, the potential anticarcinageifffects of water extracts of
the medicinal plantsl. androsaemugH. perforatumandH. undulatumas well as, the
main phenolic constituent present in HA extractpagenic acid (CA), were studied
vitro using HCT15 and CO115 human colorectal-derivedl lceds. The extracts HU
and HP did not show significant effects on celbvlity in both cell lines. Previously we
showed that quercetin has antiproliferative effextisthese colorectal cancer cells [32],
and since HU and HP water extracts are rich incpi@r and related compounds, these
results were somewhat surprising. On the other haAl efficiently inhibited cell
proliferation and induced apoptosis in a conceiwtnatiependent manner in both cell
lines. CO115 cells showed to be more sensitive Aoebdtract (IC50 ~65ug/ml) when
compared with HCT15 cells (IC50 ~8§/ml). As far as we know, this is the first report
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of the anticarcinogenic effect dd. androsaemumwhich is popularly used to treat
problems of the gastrointestinal tract. Anticargeoic activities have been found far
perforatumin other cell types [16-19] and related with orfeits main constituents,
hypericin [20-22], which is present in HP and HUteraextracts (although at very small
amounts) but not in the water extractkbf androsaemunfi35]. These results suggest
that the anticarcinogenic effects observed for HXlect the presence of other
compounds in this species. We, therefore, studiedantiproliferative effect of the CA,
which is abundant in HA and present only in smaibants in HP and HU. However,
this compound did not have any effect on cell fpeddition in neither of the cell lines at
the concentrations tested.

The differences on genetic background of the twiblices used allowed the
study of the relevance of KRAS mutation versus BRA#tation for HA's effects. In
CO115 cells (that harbour a BRAF mutation and oyeress Akt) a significant
decrease of phospho-Akt expression was observe@ inoncentration-dependent
manner. HA had no effect on PTEN, the endogendubitor of PI3K, in HCT15 cells.
These results show the ability of HA to decreasgKFAkt signalling probably by
inhibiting PI3K activity, as happens with the initdss W and LY, and have also been
shown for some flavonoids, such as quercetin [8233]. HA was also able to decrease
MAPK/ERK signalling in CO115 cells, as shown by ignfficant decrease in the
phospho-ERK expression levels, an effect also @bdewith the inhibitor PD [38].
Importantly, HA also decreased BRAF expressionhiesé cells. Since HA did not
affect the expression of phospho-ERK or BRAF in H& Tour results indicate that the
HA water extract only affects mutant BRAF. Previostudies have shown that
pharmacologic inhibition of RAF is highly effectia inhibiting the growth of BRAF
mutant CRC cells [39]. Moreover, recent reportsnibuhat RAF inhibitors block
MAPK signalling in tumor cells harbouring mutant BR but activate RAF-MEK-ERK
pathway in cells harbouring wild-type BRAF, indicaf the importance to inhibit
specifically mutant BRAF to avoid secondary effepd®, 41]. It seems that the
anticarcinogenic effects of HA in CO115 cells aa, least in part, related to an
inhibition of PI3K/Akt and MAPK/ERK pathways, anti¢ latter effect is associated
with decreased levels of mutant BRAF (Figure 5)., @#e main phenolic compound
present in HA water extract, has no effect on kwdlphospho-Akt, phospho-ERK and
BRAF in CO115 cells.
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Regarding the RAS oncogene, no changes on thesle¥dkRAS induced by
HA extract were observed in neither of the celedinPreviously, we have shown that
guercetin, at around 20uM, inhibits the prolifesatiof these cell lines in association
with a decrease in KRAS levels [32]. Although thA Eixtract contains quercetin and
glycosides of quercetin, their concentrations ane [less than 5uM), which may
explain the lack of effect on KRAS. Mainly in theCHI15 cells that harbour the KRAS
activating mutation, the HA-induced inhibition otlt proliferation and increased
apoptosis seems to not result from effects on MARK or PI3K/Akt pathways. Since
no effect on cell proliferation was observed for @Aen tested individually, other
compounds or a synergism between the compoundsrresthe water extract of HA
may be responsible for the inhibitory effects oledr Studies with CA in skin cancer
have shown that this phenolic acid has an anamnfhatory effect, interfering with NF-
kB activation and COX-2 activity, and has an inhibjteffect on skin cancer promotion
[42, 43]. However, studies in CRC agree with osufts where no effect on colonic cell
proliferation has been observed for CA [43, 44].

The effect of HA on two other major MAPK pathwayise p38 and JNK, were
also studied, since these stress-activated kinaseslso involved in the control of
proliferation and/or apoptosis. HA significantlydimced the phosphorylation of p38 and
JNK in both cell lines (Figure 5). HA could act @m upstream regulator of both
pathways which could explain, at least in part, dhécarcinogenic activity [10, 45] of
HA in these cells, and in particular in HCT15 cefs induction of caspase-3 and Poly
(ADP-ribose) polymerase-1 (PARP-1) cleavage was alsserved in CO115 cells when
incubated with HA. The induction of JNK by the edr may contribute to the
activation of the mitochondrial caspase cascad¢ &h2l lead to the high levels of
apoptosis observed in these cells. On other hanBldT15 cleavage of caspase-3 or
PARP-1 were not observed despite the inductiorN$t. dn fact, these cells showed to
be more resistant to apoptosis. Also in a prevgiudied [32], the ability of quercetin to
induce apoptosis in HCT15 cells was weak, and ieddpnt of caspase induction. The
p53 mutation in HCT15 cells [33] may explain thghiapoptosis resistance of these
cells [46, 47]. In HCT15, the antiproliferative eft of HA is much more relevant then
the effect on apoptosis, which suggests that affect cell cycle could be involved
through induction of p38 [10].
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Conclusion

Our study shows that the water extract kf androsaemumnhibits cell

proliferation and induces apoptosis in CRC-derigetl lines more efficiently thai.

perforatum the most well knowmHypericumspecies. The effects of HA may partially

result from a specific inhibition of mutant BRAF,high leads to an inhibition of
MAPK/ERK pathway only in BRAF mutant cells. Inhiloih of PI3K/Akt pathway, as

well as, an induction of both p38 and JNK pathwayay also contribute to the

anticarcinogenic activity of HA. Chlorogenic actle main phenolic compound present

in the HA extract, seems not to be responsibleéiferanticarcinogenic effects observed.

These data add. androsaemuno the list of potential plants used in dietamatdgies

for the control of CRC progression and, as souf@nticarcinogenic compounds.
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Chapter IV Anticarcinogenic effect of quercetin, luteolin amdolic acid

Luteolin, quercetin and ursolic acid are potent inhbitors
of proliferation and inducers of apoptosis in bothKRAS

and BRAF mutated human colorectal cancer cells

The work presented in this chapter has been pw@alish

Xavier CP, Lima CF, Preto A, Seruca R, Fernandes-Ferreir&eira-Wilson C
(2009. Luteolin, quercetin and ursolic acid are potahtbitors of proliferation and
inducers of apoptosis in both KRAS and BRAF mutdtecshan colorectal cancer cells.

Cancer Letters, 281:162-170.
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Chapter IV Anticarcinogenic effe¢ quercetin, luteolin and ursolic acid

Luteolin, quercetin and ursolic acid arepotent inhibitors of
proliferation and inducers of apoptosisin both KRAS and BRAF
mutated humancolorectal cancer cells
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ABSTRACT

KRAS and BRAF mutations are frequent in colorec&tinoma (CRC) and have the poten-
tial to activate proliferation and survival throupAPK/ERK and/or PI3K signalling path-
ways. Because diet is one of the most importanerddtants of CRC incidence and
progression, we studied the effects of the diepdniytochemicals quercetin (Q), Iluteolin
(L) and ursolic acid (UA) on cell proliferationdapoptosis in two human CRC derived cell
lines, HCT15 and CO115, harboring KRAS and BRARvatihg mutations, respectively. In

Keywords KRAS mutated HCT15 cells, Q and L significantly desed ERK phosphorylation, whereas
Flavonois in BRAF mutated CO115 cells the three compoundeedsed Akt phosphorylation but had
Ursolic acid no effect on phospho-ERK. Our findings show thaséheatural compounds have antipro-
Colorectal carcinoma liferative and proapoptotic effects and simultasépseem to act on KRAS and PI3K but
MAPK/ERK andPI3K not on BRAF. These results shed light on the mddecnechanisms of action of Q, L and
pathways

. UA and emphasize the potential of dietary choioeshe control of CRC progression.
Molecular nutrition

1.Introduction

10]. Mutations of either KRAS (32%) or BRAF (14%)genes

Colorectal carcinom&CRC) is the third most common  occyr alternatively11] in CRC, causing activationf either
cancer worldwideln particular sporadi€RCcorrespond- \aAPK/ERK and PI3K pathways or MAPK/ERK pathway,
ing to 70-80% oftotal casefl] is influencedby environ-  regpectively. Activatiorof MAPK/ERK pathway regulates
mental factors, manyf which diet related2]. The  he expressionf a large numberof proteins involved in

mitogen-activated protein kinase/extracellular algeg- e controbf cell proliferation, differentiation and apopto-
ulated kinasgMAPK/ERK) and the phosphatidylinositol s (4 12} Activation of PI3K gene and inactivatioof PTEN,

3-kinase(PI3K)/Akt are signalling pathways that have beencommonin CRC,resultin overexpressiorof downstream

implicatedin oncogenic transformatiom CRC. They con- targets, includingtkt and PKC, which promotecell growth

fer a proliferative phenotype and resistartoetherapy gnd rescue from apopto$is—17)

which is reflectedin low patient surviva[3—7]. Compo- Epidemiological studies show that cancer incideize

nents of MAPK/ERK and PI3K/Akt pathways constitute, jhyersely correlated with the consumptioihdiets rich in

therefore, molecular targefsr anticancer strategie8— fruits and vegetablefi8]. Natural compounds present in
the diet, suchas resveratrol and curcumin have been
shownto be protective against cancer, contributitig de-
crease cancensk and progression rate through their ef-
fects on signalling pathways relatedo proliferation and
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apoptosis[18,19]. Studiesin cell lines and animal models
have shown that flavonoids inhilm¢ll proliferation and
induce apoptosia many typeof cancerells through dif-
ferent signalling pathways, which corroborate thgges-
tion that dietary choices may limit cancer progi@sg20—
22]. Quercetin(Q) and luteolin(L) (Fig. 1) are two flavo-
noids foundn fruits, vegetables and aromatic plants with
high antioxidant activityf23] to which anticancer proper-
ties in CRC areattributed[24—27] In addition,a recent
study showed that quercetin reduces the formanio
aberrant crypfoci in arat colon cancer induction model,
suggesting the importan@é this compoundilso in the
preventionof colon canceby decreasing cancer initiating
events[28]. Although structurally related, the absence of
the hydroxyl group at positiahof L renderst more lipo-
philic thanQ which may confer better accessntracellu-
lar targets.In agreement with thiswe have previousi
shown thatL is a more potent intracellular antioxidant
thanQ, and that thisvas related withits higher lipophilic-
ity [23]. Ursolic acid (UA; Fig. 1), anatural pentacyclic tri-
terpenoid carboxyliacid, present ubiquitouslyn plant
foods andalso amajor constituentin some medicinal
plants possessaswvide rangeof biological activities, such
as hepatoprotective and anti-inflammatory combined with
low toxicity [29—31]} However, contrariljjo Q andL, UA is
not an antioxidant at relevant cellular redox conditions
[32]. Antitumor properties havelso been attributed to
UA andin colon cancecells UA has been showito induce
apoptosis and inhibit proliferatiofB3—35] Although po-
tential effectson proliferation have been described for
these three compounds their effests MAPK/ERK and
PI3K pathways haveot been established

In spiteof the general benefif plantrich diets, varia-
tion in cancer incidence among individuals with similar
dietary habits suggests interactiasfsfood constituents
with genetic factor§2,18]. In the present studwe report
on the effectof Q,L andUA on two human derived cell
lines which harbor different oncogene activatingtaau
tions, representativef a large numberof CRC: HCT15
has a KRAS (G1l3D)mutation[36] whereasCO115 hasa
BRAF (V599E) mutation[37]. These mutations impact on
MAPK/ERK and PI3K pathways The relevanceof effects
on both these pathwayer successful cancer treatment
has recently been emphasizg8]. CRCremainsa human
malignant tumor often resistatt available treatment and
knowledgeof anticancer propertiexf dietary constituents
may guide dietary choicdsr cancer patients with partic-
ular genetic backgrounds and possillbp suggest their
use incombination with conventional therapy order to
enhance therapeutic effef39,40]

2. Materialand methods
2.1. Reagentand antibodies

QuercetinQ), ursolicacid (UA),wortmannin(W) and 3-
(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbro-
mide(MTT) were purchased from Sigma-—Aldri¢$t. Louis,
MO, USA). Luteolin (L) was from Extrasynthese (Genay,
France) and PD-98058D) from Calbiochen{San Diego,
CA). All other reagents and chemicals used wémmalyt-
ical grade.Stock solutionsof Q,L andUA were maden di-
methyl sulfoxidgDMSO) and aliquots kept at20°C.

Primary antibodies were purchased from the follgwin
sourcesCell Signaling (DanversMA, USA) the anti-p44/

42 MAPK (ERK1/2) total, anti-phospho-Akt (Ser473), anti-
Akt total, anti-phospho-PTEN (Ser380/Thr382/383) and
anti-PTEN total; Sant&ruz Biotechnology,Inc. (Santa Cruz,
CA, USA) the anti-phospho-ERK1/Raf-B and K-Ras; and
Sigma—Aldrich the anti-b-actin. Secondary antibediRP
donkey anti-rabbit and sheep anti-mouse were psecha
from GE HealthcargBucks, UK).

2.2. Cellculture

HCT15 andCO115 human colon carcinoma-derived cell
lines were maintained &7 °C in a humidified 5% CO,
atmospheren RPMI-1640 medium (Sigma—Aldrictgup-
plemented witil0 mM HEPES, 0.1 mMpyruvate, 1% anti-
biotic/antimycotic solution (Sigma—Aldrich) arid®% fetal
bovine serun{FBS; EUstandardlonza, Verviers, Belgium).
Cells were seeded ontaix (2 ml) and twelve(l ml) well
plates ata densityof 0.75x 10° (HCT15) and 1.0 x 10°
(CO115) cells/ml. Incubations with different ncentra-
tionsof test compounds were maideserumfree medium
for 48 h for MTTtest,BrdU incorporation andUNEL assay,
andfor 24 h (Akt, ERKandPTEN) or 6 h (BRARRNdKRAS)
for westerrblot analysis.

2.3. Assessmemf cell toxicity/proliferationby MTT reduction
test

AMTT reduction assawas performedn orderto select
concentration®f the test compounds that wer@ cyto-
toxic and significantly inhibitectell proliferation Cells
were treated with test compourfds 46 hbefore the2 h
incubation with MTT (final concentration0.5 mg/ml).
Hydrogen chloridéd.04 M in isopropanolwas then added
to dissolve the formazan crystalthe numberof viable
cells ineachwell was estimateddy the cell capacityto re-
duceMTT. The results were expressasipercentage rela-

Luteolin

Quercetin

Ursolic acid

Fig. 1. Chemical structuresf quercetinQ), luteolin (L) and ursolic acid (UA).
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tive to the control (cells withouany test compoundMTT
reduction at the beginniraf) incubation (&= 0 h) was sub-
tracted fromall the experimental conditions used above,
including the controlSince the effectof the compounds
were studied aftet8 h ofincubation andells grow signif-
icantly within this time period, the point at thedinning

of the incubation allowt distinguish betweenell death
and inhibitionof proliferation MTT negative values indi-
cate necroticell death duéo cytotoxicity. Valuedetween
0%and 100% indicate inhibitionof cell proliferation.

2.4. Assessmenbf proliferationby BrdU incorporation

mented witl20 mM NaF, 1 mMphenylmethylsulfonyl fluo-
ride (PMSF), 20 mMNa,V;0, and protease inhibitor cocktail
(Roche,Mannheim, Germany). Protein concentration was
quantified usin@ Bio-Rad D(protein assay (Bio-Rad Labo-
ratories,Inc., Hercules CA, USA) andBSAusedas aprotein
standard. Twenty microgramstotal protein from each cell
lysate were separatdyg SDS gelelectrophoresis and then
electroblottedto a Hybond-P polyvinylidene difluoride
membrane(GE Healthcare). Membranes were blocked in
TPBS (PBSwith 0.05% Tween-20) containing% (w/v) non-

fat dry milk or BSA (bovine serum albumin), washadTPBS
and then incubated with primary antibodgter washing,
membranes were incubated with secondary antibody co

After 45 h oftreatment with test compounds at the cho- jugated withlgG horseradish peroxidase and immunoreac-

sen concentrationsgells were incubated with bromode-
oxyuridine 10 pM (BrdU; Sigma-Aldrich)for another3 h.
Both adherent and non-adhereetls were collected from
each sample, fixed witd% paraformaldehydér 15 min at
room temperature and attached iatpolylysine treated
slide usinga Shandon Cytospin (Thermo Fisher Scientific
Inc, WalthamMA, USA).

Cells were incubated withiCl 2 M for 20 min, washed
in PBScontaining0.5% Tween-20 and.05% BSA (TPBS-B)
and then incubated with monoclonal mouse BrdlJ
antibody (DakoCytomation, Glostrup, Denmaft) 1 h at
room temperatureAfter washingin TPBS-B, cells were
incubated with anti-mouslgG FITC conjugated secondary
antibody (Sigma-Aldrichjor 1 h at room temperature,
washed again and then incubated with Hoefohstuclei
staining. The percentagef proliferatingcells was calcu-
latedas the ratio betweeBrdU positivecells and total cell
number (nuclei staining with Hoechst) francount higher
than500 cells perslide undera fluorescence microscep
Resultsare presenteds meant SEM of at least three inde-
pendent experiments

2.5. Assessmemnf apoptosisy TUNEL assay

tive bands were detected using the Immobilon solutions
(Millipore, Billerica, MA, USA) undera chemiluminescence
detection system, the Chemoc XRS (Bio-Rad Laboratoes,
Inc.). Bandarea intensitwas quantified using the Quantity
One software fronBio-Rad. b-actinwas usedas loading con-

trol. Resultsare presentedis meant SEM of at least three
independent experiments.

2.7. Statistical analysis

One-way ANOVA followed by the Student-Newman—
Keuls testwas usedto perform statistical analysis, using
GraphPad Prism.0 software(San Diego, CA, USA)and P-
values<0.05 were considered statistically significant.

3. Results
3.1. Effects of Q, andUA on cell proliferation

In order to choose doses that do not cause signifioaitity (necro-
sis) and have antiproliferative effects on the timomanCRC derived cell
lines, HCT15and CO115, a MTassay was performed with different con-
centrationsof the test compound$he results showed that necrotic cell
death (negative values iFig. 2) occurred in HCT15 cells with. at
20M and in CO115witHJA at 15LIM. All the test compounds inhibited

Cells treated with the test compounds at chosen Con_(:ell proliferation in a concentration-dependent nmer in both cell lines

centrationsfor 48 h were collected (both floating and at-
tached cells) and fixed with% paraformaldehyde for
15 min at room temperature and attacheda polylysine
treated slide using Shandon CytospirCells were washed
in PBSand permeabilized witB.1% Triton X-100in 0.1%
sodium citratefor 2 min on ice. TUNEL (TdT mediated
dUTP Nick End Labelling) assaywas performed using a
kit from Roche (Mannheim Germany), followingthe man-
ufacture’s instructionsCells were incubated with Hoechst
for nuclei stainingThe percentagef apoptoticcells was
calculated from the ratio betweelNEL positive cells
and total numbeof cells (nuclei staining with Hoechst),
from a count higher tha’00 cells perslide undera fluo-
rescence microscope. Results presenteds meant SEM
of at least three independent experiments.

2.6. Protein extractiorand western blotting

After treatment with the chosen concentratwntest
compoundscells were washed witlPBS and lysed for
15 min at 4 °C with ice cold RIPAbuffer (1% NP-40 in
150 mM NaCl, 50 mM Tris (pH 7.5), 2 mM EDTAupple-

as shownby MTT assay(Fig. 2). Both reference inhibitors, wortmannin
(W) and PD-9805@D), at the higher tested concentration did not induce
cell toxicity. Based oMTT results, three concentratioosQ, LandUA (2

in caseof CO115 cells)that inhibited cell proliferation without significan
toxic effects, were selected and used in the fdhgnBrdU andTUNEL
assays.

For the BrdU incorporation assay, cells were treatethwiompounds
for 48h. As shown inFig. 3 a significant inhibitionof proliferation indi-
catedby lower levelsof BrdU incorporation was observear Q, Land
UA in both celllines, in a dose dependent manineHCT15 cells the lev-
els of BrdU incorporation decreased froP.0% in the control to 5.2%,
3.4% and9.8% in cells treated withQ 20UM, L 15LM and UA 4 UM,
respectively(Fig. 3a). In CO115cells, the percentagd cell proliferation
significantly decreased from9.1% in the control t03.8%, 11.1% and
10.2% in cells treated witlQ 15LIM, L 121LM andUA 10 UM, respectively
(Fig. 3b). The structurally-related flavonoid§ andL, showed different re-
sponses in the two cell linek:was a stronger proliferation inhibitor in
HCT15than in CO115, wherea@ was more effective in CO115 than in
HCT15. The reference inhibitorsW, a PI3K inhibitor, andPD, a phos-
pho-ERK inhibitor, significantly inhibited celbroliferation in HCT15
and CO115cells, respective(fig. 3).

3.2. Effects of Q, landUA on apoptosis

The ability of the test compounds to induce apoptosis was addiesse
by the TUNEL assay.As shown inFig. 4, all compounds significantly in-
duced apoptosis in both HCT15and CO115 céllsoptotic cells in
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Fig. 2. Effectof treatment with different concentratiarisquercetinQ), luteolin (L) and ursolic aciqUA) for 48 h
on MTT reduction inHCT15 (a) andCO115(b) cells. Wortmannin (W) and PD-980%@D) were used as reference
inhibitors of PI3K/Akt and MAPK/ERK pathways, respectively. Values are me8BM of at least three independent

experiments*.P <0.05,"P=<0.01 and™ P< 0.001 when compared to control

HCT15increased fron®.3% in the control to4.4%, 3.9%and6.6% in cells
treated with the higher concentratioofs Q, L and UA, respectively
(Fig. 4a).In CO115cells, apoptotic cells increased frb8% in the control

to 36.2%, 15.1%and12.4% in cells treated with the higher concentrations
of Q, LandUA, respectivelyFig. 4b). Between the two flavonoid3,seems

to be a more potent inducefrapoptosis in both cell lines comparedLto

In addition, UA showed to be the most effective in HCT1Bhere it in-
duced 20 times more apoptosis gtlM when compared with control.

3.3. Effects of Q, landUA on ERKphosphorylation

Activation of MAPK/ERK pathwayis representativef a large number
of CRCcases and the phosphorylatdrERK is an indicatowf this activa-
tion. We observed high levetd phospho-ERK in both cell line§ig. 5).
Incubations withL (15 UM) andQ (20 LLM) significantly decreased phos-
pho-ERK protein level in HCT15 cell§ig. 5a), but not in CO115cells,
while UA did not have any effect on eithef the cell lines(Fig. 5a and
b). A significant reductiorof phospho-ERK by PDa reference inhibitor
of MAPK/ERK pathway, was observed in both cell lines. Interegiyi, L
was a stronger inhibitaf ERK in HCT15 cellsthan the reference inhibitor
PD and than the structure-related compound Q.

3.4. Effects of Q, landUA on Ak phosphorylation

BecausdMAPK/ERK and PI3K/Aktpathways are both activateyl RAS,
we also checkeifl the PI3K/Aktpathway was affectely the test com-
pounds, measuring phospho-Akt and phospho-PTEKeszn levels.
In HCT15cells, there were no detectable amowiftphospho-Akt, in
incubations with and without serufig. 6a). High expression levels of
phospho-PTEN were detected in HCT15cells butewrot altered by
the test compounds (data not showm).CO115 cells, phospho-Akt
expression was observed and significantly decredge® (15UM), L

(12HM) andUA (10M), as shown irFig. 6b. Wortmannin, a reference
PI3K inhibitor, also significantly decreaseikt phosphorylation, con-
trarily to PD that did not alter phospho-Akt levels in CO115sefhos-
pho-PTEN and totaPTEN expression were not observed in CO115cells,
in medium with and without serum, in contrast witlhat was observed
with HCT15 cells(Fig. 6c). The lack of phospho-Akt in HCT15 and®TEN
signal in CO115 cells was reproducible and chedkethe presencef a
positive reactive sampl@Fig. 6a andc). These observations seem, there-
fore, also not to be the resuf protein degradation during protein
extraction or sample preparation.

3.5. Effects of Q, landUA on KRASandBRAFexpression

To checkif the effectof the test compounds reflect direct effects on
KRAS or BRAF, expressiorf these proteins was also monitorieyd wes-
tern blot.As shown inFig. 7, QandL remarkably decreased the expression
of KRAS but notBRAF in both cell lines.UA significantly changed the
expressiomf KRAS only in HCT15 cells but not as efficientlyas the flavo-
noids.No significant changes were induckyl UA in BRAF expression.

4. Discussion

The effectsof quercetin(Q), luteolin (L) and ursolic acid
(UA), natural compounds commamn dietsrich in fruits
and vegetables, were studiedwo different human colon
carcinoma-derivedcell lines representativeef common
CRC cases.We observed that the three test compaind
at concentrations thalid notinduce significantell toxic-
ity (necrosis), inhibited proliferation and induced pfoe
sis in both cell lines in a concentration-dependent
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Fig. 3. Effect on cell proliferationof different concentrationsf quercetin(Q), luteolin (L), ursolic acid(UA) and
reference compounds, wortmannin (Af)dPD-98059(PD), for 48 h in HCT15a) and CO118b) cells, using the

BrdU incorporation assay. Values are me&EM of at least three independeaxperimentsfPs 0.05,"P=<0.01

*k

and™ P=<0.001 when compared to control.

manner.The purposeof the present studyas to identify
in HCT15 andCO115 cells molecular targetfor Q,L and
UA related with their antiproliferative and proapoptatf-
fects. HCT15andCO115 have activating mutatiorsf KRAS
andBRAF, respectively

Q andlL decreased the expressmirphospho-ERKn the
KRAS mutatedHCT15 cell line butnot in the BRAF mutated
CO115 cell line. Theseresults suggest that 8#AF muta-
tion in CO115 cellsoverridesany inhibitory effectof Q and
L on phospho-ERK, indicating that these flavonoias on
KRAS upstreanof BRAF (Fig. 8). This was further confirmed
by adecreasén the expressionf KRASbut not BRAF in-
ducedby both flavonoidsOur findings corroborate recent
reports where quercetin treatment resulted reduction
of Ras protein levelsin coloncell lines expressing onco-
genicRas[41,42] Arecent studyn skin epidermakell line,
showeda different effectof quercetin, whichn these cells
inhibited bothRaf and MEK activity [43]. In addition, we
observedn HCT15 cells that Q andL decreased phospho-
ERK levelsas efficiently as PD-98059(PD), aspecific inhib-
itor of MEK downstreamof RAF [44]. Inhibition of prolifer-
ation and inductionf apoptosishy Q andL in HCT15 cells
does howevenot seemto be dueto phospho-ERKinhibi-
tion alone sincéD inhibited phospho-ERK butvas with-
out effecton cell proliferation and inductionf apoptosis
This finding is in agreement with other reporf$0,45]

which showed that tumocells carrying KRAS mutation
do not rely only on MAPK/ERKoathwayto proliferate.
Since HCT15 cellproliferationwas inhibited by wortman-
nin (W), a PI3Kinhibitor, it seems that inhibitioof prolif-
erationby QandLl treatment coulde through inhibition of
PI3K dependent pathway€ontrarilyto a previous report
[46], we did notdetect phospho-Akt HCT15 cells, which
could be explainedby the high levelsf phospho-PTENbb-
served(Fig. 8). It is known that other downstream targets
of PI3K besidesAkt also contributeto cell proliferation
and apoptosjsuchas PKC, whichis knownto be inhibited
by Q andlL [47-51] PKCisozymes have been shownbe
commonly deregulatedh colon cancer and other natural
compoundssuchas curcumin, havealso shownto inhibit
PKC in CRC cells[17]. Thus, inhibition of proliferation in
HCT15 cells by QandL seemsgo be dueto effectson KRAS,
affectingnot only the MAPK/ERK pathway butalso other
alternative pathwaysuchas PI3K/PKCpathway. However,
apoptosis induceldy QandL in HCT15 cells doesnot seem
to be dueto inhibition of PI3K, sinceW did not induce
apoptosisn this cell line. Other apoptotic targes these
compounds shoulee considered.

Studies have shown th&RAF mutatedcell lines rely
moreon MAPK/ERK pathwayfor proliferation thankRAS
mutatedcell lines [10,45] However,our results show that
the dependena# CO115 cells on MAPK/ERKathway for
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compounds, wortmannin (W) and PD-98089), for 48 h in HCT1%a) and CO11%b) cells, using thelUNEL assay.
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Fig. 5. Effectsof treatment with querceti(@), luteolin (L) and ursolic acidUA) for 24 h on phospho-ERK
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and PD-98059 50 uNPD50) were used as reference inhibitafr®I3K andMEK, respectively, in both cell lines. Values

are meart SEM of at least three independeaxperimentsfPs 0.05 and™ P< 0.001 when compared to control.

proliferationis not exclusive, sincall test compounds in- phospho-Akt expressioby Q,L andUA. Thesesuggest an
hibit proliferation without affecting phospho-ERevels. inhibition of PI3K activity, in additionto an inhibition of
CO115 cells,besides harboring BRAF mutation,also pres- KRAS (Fig. 8. Several studies have shown that quercetin
ent highPI3K activity [52]. In agreement with thisg high and analogare potent inhibitorsof PI3K activity [53,54]
expressiorof phospho-Aktwas observed while®TEN was However,W although inhibiting phospho-Akdid not in-

not detectableOur results shova significant decrease in  hibit proliferationor induce apoptosisihe effectof the
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cells were cultured in serum free medium. Valuesrmeant SEM of at least threendependent experiment*éu.k P<

0.001 when compared to control.

natural compoundsn PI3K may, thereforeonly partially
explain their antiproliferative and proapoptotididtes
in CO115 cells. Theinhibition of phospho-Akt and phos-
pho-ERK by QandL has been reporteth human hepatoma
cell line (HepG2) and brain tumofs5-57]

RegardingUA, our results show that this compound
doesnot affect phospho-ERK expression, beingly effec-
tive in inhibiting phospho-Akin CO115 cells. liseems that
UA does not affect significantly KRAS (althoughit de-
creased expression levals HCT15 cells) andhas PI3Kas
one of its molecular targets. Interestingly,was the most
efficient proliferation inhibitor and inducef apoptosis in
HCT15 cells, whichdo not express phospho-Akt. Contrarily
to the effectof the antioxidant®) andL, the antitumor

test compounds showeal be more efficient than the ref-
erence compound®D and W, in inhibiting cell prolifera-
tion and inducing apoptosistheir wider range of
molecular targets therefore advantageoirsthe controlof
tumor progressiof26] and the importanced modulat-ing
several signal transduction pathways associatech wit
carcinogenesis once again reinforced.
In summary, the antiproliferative and proapoptotic ef-
fectsof Q andL seemto be, at leasin part, dueto effectson
KRAS through regulationof both MAPK/ERK and PI3K
pathways.The BRAFmutation overrides the compounds
inhibition of KRAS on the MAPK/ERK pathway butnot on
the PI3K pathway.UA seemsio act on PI3KwhereQ andL
may also act, independentlyof KRAS mutation. The re-

propertiesof UA through redox-sensitive pathways aresults of this study suggest, therefore, the applicability of

mostlikely not the resultof its reactive oxygen species
scavenging ability, sincé was previously shown that/A
is inactiveas freeradical scavengdB?2]. Interestingly, all
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these phytochemicals dietary strategies anas possible
adjuvantsin CRC therapy bothin KRAS and BRAF gene
mutation profiles.
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Fig. 7. Effectsof treatment with quercet{Q), luteolin (L) and ursolic aciduA) for 6 h onKRAS andBRAF expressionin
HCT15(a) and CO11%b) cells, using western blog-Actin was used as loading control. Images andeshkre

representativef three independent experiments.
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Abstract

Background:Colorectal carcinoma (CRC) is a common cause otearelated death.
Tumors with microsatellite instability (MSI) haveeén shown to be resistant to
chemotherapy with 5-fluorouracil (5-FU), the mostely used pharmacological drug
for CRC treatment. It is therefore essential ta feompounds that could contribute to
treatment efficacy through increases in sensitiatyhis drug.

Aim and Methodsin this study, we used two MSI human CRC derieedl lines,
CO115 that is wild-type for p53 and HCT15 that lvegba p53 mutation. The sensitivity
of these cells to 5-FU was evaluated and the affect apoptosis induction of co-
incubation of the flavonoids, quercetin (Q) or alie (L), with 5-FU were performed
using TUNEL assay. The mechanisms of apoptotisaholiu of these flavonoids were
assessed by western blot.

Results Our results demonstrate that CO115 is more semdiv 5-FU than the p53
mutant HCT15. The two cell lines also respondedewthtly to the induction of
apoptosis by the flavonoids. Apoptosis inductiorswaher and dependent on caspase
activation in CO115 cells but not in HCT15 cells. HCT15 cells, Q and L had an
additive effect on apoptosis when combined withlb-E) was the most efficient
compound in enhancing the apoptotic effect of 5T 0115 cells where a synergistic
effect was observed. This effect seems to invadhe mitochondrial caspase pathway
since a remarkable increase in the expressioreatetl caspase 9, caspase 3 and PARP
and a decrease in Bcl-2 expression were observed.

Conclusion This study suggests the potential applicabilifytieese phytochemicals,
especially Q, for enhancement 5-FU efficiency inCRierapy in resistant MSI p53
wild-type cells.

Keywords: Quercetin, Luteolin, Colorectal carcinoma, ApojpS-Fluorouracil
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Introduction

Chemotherapy with 5-fluorouracil (5-FU) is the isd®r treatment of colorectal
carcinoma (CRC), which is the third most commonnfoof cancer in developed
countries [1]. However, significant resistancehi tdrug has been reported [2]. Drugs
such as irinotecan and oxaliplatin are used in doation with 5-FU and have
demonstrated increase treatment efficacy althoughim all patients [3-5]. Genetic
variability is one important factor that regulaths response and toxicity of a drug and
should be taken in account when a therapy is ch{Sernrhe enzyme thymidylate
synthase (TS) is essential for the synthesis okylbgmidine-5’-monophosphate, a
precursor for DNA replication. An inhibition of fhhenzyme by the active metabolite of
5-FU (5-fluoro-2"-deoxyuridine-5"'monophosphatate)the main mechanism of 5-FU
action, resulting in DNA strand breaks and inhditiof DNA synthesis, induction of
apoptosis and cell cycle arrest [6]. A constitutaaivation of TS contributes to 5-FU
resistance in some tumors [5].

Mutations in mismatch repair (MMR) genes resulthe inability of the MMR
system to correct DNA replication errors leadinghe accumulation of mutations and
giving rise to microsatellite instability (MSI). Twors presenting MSI occur
approximately in 15% of patients with sporadic CR@l are generally associated with
resistance to 5-FU [7-9]In vitro studies have shown that DNA MMR deficiency may
be responsible for tumor resistance to 5-FU andceli evidence is suggestive of little
or no benefit from 5-FU treatment in MSI patien?%8]. Previous studies have also
shown that mutations in the geR&3 contribute to 5-FU resistance in CRC and have
profound effects on drug responses [10] with reduceduction of apoptosis and
inhibition of cell cycle [11,12]. In agreement withis, prognosis in patients having an
MSI tumor with p53 mutation have been shown to bergompared to the ones with
wild-type p53 [13].

The induction of apoptosis by 5-FU occurs througithbthe intrinsic and
extrinsic pathways with activation of caspases.[14] the intrinsic pathway, Bcl-2
family proteins modulate mitochondrial membranenpesgibilization, which leads to the
release of cytochrome c and activation of caspatha&®in turn activates the effector
caspase-3. Activation of death receptors on thengembrane (extrinsic pathway),
which subsequently activates caspase-8 and ca8pasay also be induced by 5-FU
[14].

110



Chapter V Combined effectgjaércetin, luteolin and ursolic acid with 5-Fluoracil

The c-Jun N-terminal kinase (JNK) and p38 are twess-activated protein
kinases of the family of the mitogen activated piotkinase (MAPK) that have key
roles in inflammation, in controlling cell prolifation, differentiation and apoptosis, and
their effects appear to be largely dependent drtyqe and/or cellular context [15-18].
They are activated by diverse cellular stresseduding UV irradiation, oxidative
stress, DNA damage, heat and osmotic shock [15jer@éstudies in CRC cells show
the ability of some phytochemicals, such as siiihicurcumin and flavones to induce
apoptosis through different signalling pathways -219. Some of these dietary
phytochemicals to which anticarcinogenic effectgsehbeen attributed are involved in
the modulation of INK and p38 signalling [22,23].

Compounds that alter the expression of apoptotmteprs may, therefore,
contribute to decrease tumor malignance and chesistaace [23]. In our previous
study, we showed that quercetin (Q) and luteoli)} {lvo flavonoids found in fruits and
vegetables, have antiproliferative effects in HCTartd CO115 human CRC cells
through regulation of KRAS and both MAPK/ERK and3RIpathways [24]. HCT15
and CO115 are two cell lines derived from spordd&l CRC: HCT15 harbors B53
inactivating mutation whereas CO115 is wild-type thois gene [25,26]. In the present
study, we investigate the ability of Q and L toucd apoptosis in these MSI CRC cell
lines and their possible therapeutic enhancingeftden used in combination with the
pharmaceutical drug 5-FU. Our data suggest a teat@p potential of these
phytochemicals in combination with 5-FU in CRC, tgararly for Q, in the MSI p53
wild-type background.

Material and methods

Reagents and antibodies

Quercetin (Q), z-VAD-fmk (zVAD), staurosporine (S)[ 5-Fluorouracil (5-FU)
and 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetddmm bromide (MTT) were
purchased from Sigma-Aldrich (St. Louis, MO, USAliteolin (L) was purchased from
Extrasynthese (Genay, France). Stock solutionsest tompounds were made in
dimethyl sulfoxide (DMSO) and aliquots were kept-20°C. All other reagents and
chemicals used were of analytical grade.

Primary antibodies were purchased to the followswmurces: anti-cleaved
caspase-9 and anti-phospho-p38 MAPK (Thr180/Tyri82Lell Signaling (Danvers,
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MA, USA); anti-caspase-3 to Calbiochem (San Digg8); anti-Bcl-2, anti-Bax, anti-
PARP-1, anti-phospho-JNK, anti-JNK, anti-p38 totald anti-p53 to Santa Cruz
Biotechnology, Inc. (Santa Cruz, CA, USA) and d@n#etin to Sigma-Aldrich.
Secondary antibodies HRP donkey anti-rabbit an@slaati-mouse were purchased to
GE Healthcare (Bucks, UK).

Cell lines

HCT15 and CO115 human colon carcinoma-derivedliveds were maintained
at 37°C in a humidified 5% CCatmosphere in RPMI-1640 medium (Sigma-Aldrich)
supplemented with 10mM HEPES, 0.1mM pyruvate, 1#bextic/antimycotic solution
(Sigma-Aldrich) and 10% fetal bovine serum (FBS; Btandard, Lonza, Verviers,
Belgium). Cells were seeded onto six (2ml) and wergllml) well plates at a density of
0.75¢<10° (HCT15) and 1.810° (CO115) cells/ml.

Cell proliferation/viability assay

To investigate the effects of 5-FU on cell vialyilgroliferation in HCT15 and
CO115 cells, the MTT reduction assay were usedeasridbed previously [24]. Cells
were treated with different concentrations of 5#6U46h and then two more hours in
the presence of MTT (final concentration 0.5 mg/niHydrogen chloride 0.04M in
isopropanol was then used to dissolve the formamgstals. The number of viable cells
in each well was estimated by the cell capacity remluce MTT using a
spectrophotometer. Results are presented as m&&tof at least three independent

experiments.

TUNEL assay
TUNEL (TdT mediated dUTP Nick End Labelling) assagps performed to

estimate the percentage of apoptotic cells in bethlines treated for 48h with different
concentrations of 5-FU alone and in combinatiomv@tand L. The concentrations of Q
and L used induce significant inhibition of celbpferation without substantial necrotic
death, as determined by BrdU assay and MTT tesuimprevious work using the same
cells and conditions [24]. Both cell lines wereoaleeated with Q and L in combination
with 20uM z-VAD-fmk (zVAD), a general caspase intob, for 48h, to assess the
involvement of caspases activation in the apoptptiocess induced by the test
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compounds. Staurosporine (STS) 0.25uM, an apopiadiccer, was also used as a
positive control.

After treatments, cells were collected (both flogtand attached cells), fixed
with 4% paraformaldehyde for 15min at room tempemtand attached into a
polylysine treated slide using a Shandon Cytosp#ils were then washed in PBS and
permeabilized with 0.1% Triton X-100 in 0.1% sodigitrate for 2min on ice. TUNEL
assay was performed using a kit from Roche (Mammh&ermany), following the
manufacturer’s instructions. Hoechst was used taien staining. The percentage of
apoptotic cells was calculated from the ratio betwd@ UNEL positive cells and total
number of cells, from a count higher than 500 cels slide under a fluorescent
microscope. Results are presented as mean = SENMt ddast three independent

experiments.

Western blot analysis

Cells were treated with Q, L, 5-FU and STS alon@ em+incubated with Q and
5-FU for 48h and total cell lysates were prepacetheasure the expression of different
proteins. The cells were washed with PBS and lfsedl5min at 4°C with ice cold
RIPA buffer (1% NP-40 in 150mM NaCl, 50mM Tris (pRA5), 2mM EDTA),
supplemented with 20mM NaF, 1mM phenylmethylsulfofiyoride (PMSF), 20mM
Na&V30, and protease inhibitor cocktail (Roche, Mannhei@®ermany). Protein
concentration was quantified using a Bio-Rad DQginoassay (Bio-Rad Laboratories,
Inc., Hercules, CA, USA) and BSA used as a proseamdard. To perform western blot
analysis, 20ug of protein were resolved by SDSduolylamide gel and then
electroblotted onto a Hybond-P polyvinylidene diflile membrane (GE Healthcare).
Membranes were blocked in TPBS (PBS with 0.05% Twe® containing 5% (w/v)
non-fat dry milk or BSA (bovine serum albumin), \wad in TPBS and then incubated
with primary antibody. After washing, membranes evémcubated with secondary
antibody conjugated with IgG horseradish peroxidase immunoreactive bands were
detected using the Immobilon solutions (MilliporBijllerica, MA, USA) under a
chemiluminescence detection system, the Chemi DBS XBio-Rad Laboratories,
Inc.). Band area intensity was quantified using @ueantity One software from Bio-
Rad.p-actin was used as loading control.
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Statistical analysis
Statistical analyses were done usirgst, GraphPad Prism 4.0 software (San
Diego, CA, USA).P-values< 0.05 were considered statistically significant.

Results

Colon cancer cells” sensitivity to 5-FU

The effect of 5-FU on cell growth and apoptosigH6T15 and CO115 cells
were established by the MTT and TUNEL assays, &s@dy. As shown in Figure 1a,
5-FU was more effective in inhibiting cell growtim iCO115 than HCT15. The
concentrations that inhibit cell growth by 50% (@}%re around 100uM in HCT15 and
1uM in CO115. The differences in susceptibilitytio¢ two cell lines to 5-FU were also
observed for the induction of apoptosis (Figure. Tif)e concentrations of 5-FU that
inhibited cell proliferation by around 50% and sigmantly increased apoptosis were
selected for the next experiments (100uM for HCaa8 1uM for CO115).

A MTT reduction test
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Fig.1. Effect on cell proliferation/viability (a) and apmsis (b) of different concentrations of 5-
fluorouracil (5-FU), for 48h, in HCT15 and CO115la@wo cancer cells, using MTT and TUNEL assay,
respectively. Results are presented as mean + SEleast 3 independent experiments.< @05, **
P<0.01 and ** X 0.001. In A, full line represents quantity of seith the beginning of the assay (t=0h)
and values below this after 48h incubation with wsmpound mean cell toxicity by necrosis; dot line
represents the concentrations that inhibit celwgindoy around 50% (IC50).
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Combined effect of 5-FU and test compounds on apapgis

The induction of apoptosis in both cell lines teshtwith Q or L, at
concentrations that induce significant inhibitiohcell proliferation without substantial
necrotic death, as tested previously [24], and 5{FCb0) was monitored by the
TUNEL assay. As shown in Fig.2, flavonoids indueeigh rate of apoptosis in CO115
cells when compared with HCT15. In HCT15 cells, . in combination with 5-FU
demonstrated an additive effect in the inductionapbptosis (Figure 2a). In CO115
cells, L in combination with 5-FU showed an additigffect in apoptosis induction
while Q demonstrated to synergistically induce apop cell death when combined
with 5-FU (Figure 2b). In all cases, the effects apoptosis of co-incubations were

higher than 5-FU alone or test compound alone.

TUNEL assay
HCT15 CO115
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Fig.2. Effect on apoptosis by 5-fluorouracil (FU) 50001&nd 1M, quercetin 12uM (Q12) and luteolin
12uM (L12) alone, as well as the natural compowwdgcubated with FU for 48h, in HCT15 (a) and
CO0O115 (b) cells, using TUNEL assay. Results arsgmed as mean + SEM of at least 3 independent
experiments. *** [ 0.001, when compared with control; +« B.01, when compared with the respective
natural compound alone; ##4F0.01 and ### ® 0.001, when compared with FU alone; NS, not
significant differences observed between each other

Effects on caspases and other molecular markers apoptosis

In order to determine the role of caspase actimatin the apoptotic effects of
the test compounds, the caspase inhibitor zZVAD wsexl and apoptosis measured by
TUNEL assay. As shown in Figure 3a, apoptosis ieduzy the test compounds, Q and
L, and the apoptotic inducer, STS, were not inadiby zVAD in HCT15 cells. In

contrast, in CO115 cells apoptosis was totally segged when test compounds and
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STS were co-incubated with zVAD (Figure 3b). In #idd, effects on caspase-3,
caspase-9 and PARP expressions were analysedwesstgrn blot. As shown in Figure
3c, in HCT15 cells, the test compounds, 5-FU an8 8ifl not induce cleaved (active)
caspase-9, and only STS induced cleavage of caSpémeive form) and cleavage
PARP (inactive form). On the other hand, in COlHsccleaved caspase-9 and
caspase-3 was observed with all test compoundsthsisvcleavage of PARP and/or a
remarkable decreased of uncleaved PARP (active)fdmterestingly, the expression
levels of PARP are higher in HCT15 than in CO115.
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Fig.3. Effect of a caspase inhibitor zZVAD-FMK (zVAD) 20ubh the apoptosis induction by quercetin
12uM (Q12), luteolin 12uM (L12) and staurosporiBd $) 0.25uM, for 48h, in HCT15 (a) and CO115
(b) cells, using TUNEL assay. Results are presemednean + SEM of at least 3 independent
experiments. * R 0.05, ** P< 0.001, when compared to control; +« B.01 and +++ £ 0.001, when
compared with the respective compound alone; #0P1 and ### € 0.001, when compared with
zVAD alone; NS, not significant differences obsehveetween each other. (¢) Effects on caspase-9,
caspase-3 and PARP-1 expressions, for 48h, of §;HL) (FU) and STS alone, in HCT15 and CO115
cells, by western blot. Images are representafia least 3 independent experiments.
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To further elucidate the apoptotic effects of thsttcompounds and 5-FU, the
expression of p53, Bax and Bcl-2 were also analysedestern blot (Figure 4). It was
observed that Q, L and 5-FU induce p53 in both be#s, this effect being more
remarkable for Q in CO115 cells. Expression of Balas notably decreased by all the
compounds in both cell lines and Bax expressioreased only in HCT15 since CO115
does not express Bax, as also shown by others [27].

HCT15 CO115

~ N N
CcT Q12 L12 STS FU CcT Q12 L12 STS FU

p53 [ ---- -— -
--. Q|.~""""-ﬁ
oo [0 -&n-."']

SN p——— | — —— -—

Fig.4. Effects on p53, Bax and Bcl-2 expressions, for,4&hquercetin 12uM (Q12), luteolin 12uM
(L12), staurosporine (STS) 0.25uM and 5-fluorodré€) 1uM and 100uM, in HCT15 and CO115
cells, by western blot. Images are representafia least 3 independent experiments.

Effects of Q and 5-FU in co-incubation on moleculamarkers of apoptosis

To determine the possible causes of the synergffict of Q with 5-FU on the
induction of apoptosis in CO115 cells, the exprmssif molecular markers was further
evaluated. Co-incubation of Q and 5-FU synergifljicancreased the cleavage of
caspase-3, caspase-9 and PARP and decreased Bulea®on, but had no effect on
p53 expression (Figure 5).

Effects on JNK and p38 pathways
The possible involvement of the JNK and p38 pagsvm the induction of

apoptosis by the test compounds and 5-FU was aiatuaed. Our results show no
effect on phospho-JNK expression by Q, L and 54frdaither of the cell lines (Figure
6a). In HCT15 cells no effect on phospho-p38 expressias observed by the
flavonoids and 5-FU while in CO115 cells Q and iglsily increased the expression of
phospho-p38 (Figure 6b). STS, an apoptotic indusignificantly induced phospho-
JNK expression and decreased the expression oppbgs38 in both cell lines.
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Fig.5. Effects on caspase-9, caspase-3, PARP-1, p53 ah@ &pressions, for 48h, of co-incubation of
quercetin 12pM (Q12) and 5-fluorouracil 1puM (FUL) €O115 cells, by western blot. Images are
representative of at least 3 independent expersnent
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Fig.6. Effect on phospho-JNK and total JNK (a) and phospB8 and total P38 (b) expressions, for 48h,
of quercetin 12uM (Q12), luteolin 12uM (L12), 5diouracil 1uM (FU1) and 100uM (FU100) and
staurosporine (STS) 0.25uM, in HCT15 and CO115%ckll western blot. Images are representative of at

least 3 independent experiments.
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Discussion

5-Fluorouracil (5-FU) is the pharmacological drugshcommonly used in CRC
chemotherapy, however tumor cell resistance todhig remains a significant concern.
Several mechanisms of resistance involving failtoeinduce apoptosis have been
reported to reduce the efficacy of 5-FU [6,12],lsas MSI and mutant p53 [7,11,12].
Thus, new compounds are needed to use in comhbinatith 5-FU to increase
treatment efficacy. The potential of Q and L, tvsturally related natural flavonoids,
to enhance the apoptosis induction when used irbtcation with 5-FU on two MSI
CRC cell lines, as well as their possible mechasisiaction, are presently reported.
Inhibition of cell proliferation and induction opaptosis by 5-FU were observed in a
dose-dependent manner in both cell lines that stpweowever, different
susceptibilities to the drug. As expected, HCT1Bsdearboring a p53 mutation were
more resistant to 5-FU than CO115 cells (wild-typep53). The anticancer effects of
flavonoids are widely known, and we previously mépd that both Q and L inhibited
cell proliferation and induced apoptosis on CROsdeH]. Here, we show that Q and L
differently affect 5-FU cell death induction in twbfferent genetic background CRC
cell lines.

Our data show a significant ability of Q and L tecrease 5-FU induced
apoptosis in both MSI cell lines. Q (in HCT15 cedad L (in both cell lines) additively
enhanced apoptosis induced by 5-FU. A remarkabhergystic effect was detected
when treating CO115 cells with Q and 5-FU. The @ff this combination was even
more pronounced than that of a 100 times highecewotnation of 5-FU when tested
alone. However, this synergistic enhancement optgsts in Q combined with 5-FU
was only obtained in the p53 wild-type backgrouhcC®115 MSI cells. Other natural
compounds, such as triptolide and rosiglitazongghaso been studied in combination
with 5-FU and shown to enhance the anticancer teffethis drug in the microsatellite
stable (MSS) HT-29 CRC cell line [28,29]. In anatrstudy, notoginseng and its
ginsenosides were also shown to enhance the diftépaive and pro-apoptotic effects
induced by 5-FU in the MSI p53 wild type HCT116Id&le [30] using, however, high
concentrations of compounds.

In a previous study, we have shown that Q anddude apoptosis in both
CO115 and HCT15 cells [24], at the concentratiozstetd here. The mechanisms of

apoptosis induction by these flavonoids have, hawnewvot been studied previously in
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these cells and, as shown here, appear to bereeltlépendent. We observed that, in
CO115 cells, the caspase inhibitor zVAD totally adated apoptosis induction by Q
and L. This was in agreement with the expressioapoptotic-associated markers, such
as induction of cleavage (activation) of caspase® caspase-3 as well as a decrease in
Bcl-2 expression. It seems, therefore, that Q anthduce apoptosis via caspase
dependent pathways in CO115 cells with a contidvutf the mitochondrial pathway,
even in the absence of Bax expression. The testpgonus also induced p53
expression, which indicate that they may inducepégsas in p53 wild-type CO115 cells
by modulating p53. The induction of apoptosis by1pFU in CO115 cells was low,
but caspase dependent. Although Q was the compthatdnore remarkably induced
p53 expression, the synergism with 5-FU observedfan CO115 cells seems not be
due to a further increase in p53 expression. A rkafde increase in the expression of
cleaved caspase 9, caspase 3 and PARP as welleasemse in Bcl-2 expression were
observed when Q and 5-FU were combined, as compaitedcompounds alone. In
addition, since Q and L inhibit the PI3K/Akt pathywvem CO115 cells [24] and Akt is
involved in the suppression of apoptosis contriytio the resistance of CRC cells to
chemotherapy [31-33], the effect observed here mag have a contribution of an
inhibition of Akt.

On the other hand, in HCT15 cells zVAD did not mhapoptosis induced by
any of the compounds or the reference inducer Ih®. lack of caspase-dependent
apoptosis was corroborated by the absence of deeaspase-9 and caspase-3 when
these cells were incubated with Q and L, as weWi#s 5-FU. Low levels of cleavage
of caspase 3 and PARP were, however, observed Wiese cells were treated with
STS. It seems, therefore, that in HCT15 the testpmunds did not induce apoptosis
through caspase activation although they decre@sle® and increased Bax expression.
Q, L and 5-FU also induced p53 expression in thesdls. However, since HCT15
harbors aP53 inactivating mutation, alteration in the expressaf this protein is not
expected to be of functional significance for aps in these cells. In a previous study
[24], we showed that the Q and L in HCT15 haverdmbitory effect on MAPK/ERK
pathway. Since this pathway is also associated antinhibition of apoptosis and drug
resistance [34,35], this effect may also contridotéhe enhancement of apoptosis of Q
and L with 5-FU.

Regarding the two stress-activated protein kinasesie of the flavonoids

induced the JNK pathway in neither of the cell $inhey seem, however, to induce the
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p38 pathway in CO115 cells. 5-FU also did not altdK or p38 expressions in neither
of the cell lines. The induction of apoptosis bya@d L in combination with 5-FU
could, therefore, also have a contribution of aduition of p38 pathway in CO115
cells. The lack effect of 5-FU on JNK pathway wé&oabserved by others in HT-29
cells [36], and effects of 5-FU on p38 stimulativave been reported in KM12C CRC
cells [37]. On the other hand, our results showt ®E&S induces phosphorylation of
JNK and decreases p38 expression in both cellsadtreation of INK pathway by STS
associated with an induction of apoptosis has beln reported in breast cancer cells
[38] and the effect of this compound on these ttmess activated kinases in CRC is not
well established. The effect of 5-FU and the twavdinoids on these MAP kinase
pathways seems to be largely dependent on cellagddreatment conditions.

In conclusion, this study shows the potential aggtlility of Q and L in the
enhancement of the apoptotic effects of 5-FU in NIRC cells. CRC MSI patients
would gain from customized treatment modalities edasn p53 status in order to
enhance therapeutic efficacy. Although, the datewiged here cannot be generalized to
all CRC MSI cases, it suggests that treatmentegiied, in particular with Q, may
benefit selectively p53 wild-type MSI patients.
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Manuscript 2

Ursolic acid synergistically enhances apoptosis inded
by 5-Fluorouracil through JNK pathway and induces

LC3 accumulation in colorectal cancer cells

The work presented in this chapter is in prepanatosubmit tdnternational Journal
of Cancer

Xavier CP, Lima CF, Pereira-Wilson @2010.
Ursolic acid synergistically enhances apoptosisiaed by 5-Fluorouracil through JNK
pathway and induces LC3 accumulation in colorezaater cells.
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Ursolic acid synergistically enhances apoptosis imded by 5-FU
through JNK pathway and induces LC3 accumulation incolorectal

cancer cells

Cristina P.R. Xaviér Cristovao F. Limaand Cristina Pereira-Wilsbn

*CBMA — Centre of Molecular and Environmental Bighidepartment of Biology, University of Minho, 470%7 Braga, Portugal
’CITAB — Centre for the Research and Technologygod-&nvironmental and Biological Sciences/DepartnarBiology,
University of Minho, 4710-057 Braga, Portugal

Abstract

Colorectal carcinoma (CRC) is a common cause ofcerarelated death.
Microsatellite instability (MSI) tumors witfP53 mutation and thymidylate synthase
(TS) activation have been shown to be resistanhé&motherapy with 5-fluorouracil (5-
FU), the most widely used pharmacological drug@RC treatment. Here we tested
effects of ursolic acid (UA), a natural triterpethoon cell death mechanisms in two
MSI human CRC derived cell lines, one with mutabB @nd TS activation (HCT15)
and the other wild-type for these two genes (CO1lb}his study, we demonstrated
that UA synergistically enhances apoptosis indune8-FU in HCT15 cells. This effect
was associated with an activation of INK by UA. idduction of ROS levels by UA
also showed to contribute to apoptosis inductidme increased apoptosis induced by
UA in HCT15 and CO115 cell lines does, however, erplain all the cell death
observed, which suggests the involvement of otheed of cell death independent of
caspases. The involvement of UA in the autophagacess was investigated. UA
demonstrated to induce LC3 accumulation, an eflegipressed by inhibition of JNK.
In conclusion, this study emphasises the poteofidJA for enhancement apoptosis
induced by 5-FU and suggest a role for UA on auagphrelated cell death.
Importantly, UA had a more pronounced effect orurtebn of cell death than 5-FU.

Keywords: Ursolic acid, Colorectal carcinoma, Apoptosis, L.GRK, 5-Fluorouracil
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Introduction

Colorectal carcinoma (CRC) the second cause of death for cancer worldwide
and 5-fluorouracil (5-FU) is the main chemotheradmeagent used in the treatment of
this diseasé.However, significant resistance to 5-FU has beponed, and drugs such
as irinotecan and oxaliplatin are used in comhbmmatvith 5-FU to increase treatment
efficacy? 3 The enzyme thymidylate synthase (TS), essentiakife synthesis of a
precursor (deoxythymidine-5’-monophosphate) for DMflication, is inhibited by the
active metabolite of 5-FU (5-fluoro-2°-deoxyuridibémonophosphatate) resulting in
the induction of cell cycle arrest* Resistance to 5-FU has associated with TS
activation # In addition, cells that harbo®53 mutations when exposed to 5-FU have
also showed reduced apoptosi§.Tumors presenting microsatellite instability (MSI)
status, which accounts for 15% of sporadic CRCehdsmonstratesh vitro resistance
to 5-FU/® suggesting, little or no benefit from 5-FU treatrhnén MSI patients,
although clinical evidences are not always consist&hese patients would clearly gain
from new treatment modalities with enhanced efficac

Apoptotic cell death is a fundamental cellular gex that plays an important
role during development and tissue homeostasig, dlsa has profound effects on
cancer growth and progressihApoptosis is one form of regulated cell deathpals
called programmed cell death. The apoptotic pathwayediated by death receptors on
the cell membrane (extrinsic pathway) or by theoofibndrial pathway (intrinsic
pathway) and involves the activation of caspa&es.Death by necrosis occurs when
the cellular contents are released in an uncoattatianner into the cell’s environment,
due to a rapid and drastic induction of death. bigisris often associated with an
inflammatory respons®.Other alternative cell death mechanisms have pegposed.
Autophagy, or called type Il cell death or autopbagll death, although considered a
mechanism of survival, has also been demonstratedssume a role in cell death,
especially when apoptosis is not functiotfal.’! Some natural products have
demonstrated the ability to modulated apoptosis antbphagy through different
signalling pathways in CRC, thereby contributingréaluce cell growth and increase
cell death** 3

The c-Jun N-terminal kinase (IJNK), a stress-acivaprotein kinase of the
family of the mitogen activated protein kinase (MAPhas been implicated in many

cellular events including apoptosis signalliig™® JNK is activated by diverse cellular

128



Chapter V Combined effectgjaércetin, luteolin and ursolic acid with 5-Fluoracil

stresses, such as UV irradiation, DNA damage, apdtosmotic shock and oxidative
stress, and its function has been shown to be depénn cell type and stimuld3JNK
has been shown to induce apoptosis through dMRd via modulation of proapoptotic
Bcl-2 family proteins:* More recently, JNK was found to be a mediator wtbphagy,
contributing for autophagic cell death in some &/pé cancer cell?° Studies have
shown that an activation of JNK can mediate Betliexpressiolf, regulate damage-
regulated autophagy modulator (DRAM), # as well as, mediate p53
phosphorylatiort® leading to autophagic cell death.

Ursolic acid (UA) is a naturally occurring tritempad that is found in fruits and
medicinal herb$? Several biological properties have been attributetA including
anti-inflammatory and anticancer activitésin our previous study we demonstrated
that UA has anticancer activity through effects BIBK pathway, in two human
derived-colorectal cancer cell lines, HCT15 and C®1These are MSI CRC cell lines.
HCT15 harbors additionally B53 inactivating mutation and &S activating mutation
while CO115 is wild-type for these two gerfé<® Our data shows that UA induces cell
death through apoptosis and other death mecharishseem to involve autophagy,
being more efficient than 5-FU in inducing cell te&A therapeutic potential for UA in
combination with 5-FU on the induction of cell deain cells with a apoptosis resistant
profile, was demonstrated.

Material and methods

Reagents and antibodies

Ursolic acid (UA), z-VAD-fmk (zVAD), staurosporingTS), 5-Fluorouracil (5-
FU), SP600125 (SP), 3-(4,5-Dimethylthiazol-2-yI5-2liphenyltetrazolium bromide
(MTT) and N-Acetyl-L-cysteine (NAC) were purchadeom Sigma-Aldrich (St. Louis,
MO, USA). All the compounds were resuspended inedliml sulfoxide (DMSO).

Primary antibodies were purchased to the followangrces: anti-phospho-JNK,
anti-JNK, anti-p53 and anti-MAPLC3 to Santa CrubtBchnology, Inc. (Santa Cruz,
CA, USA); anti-phospho-mTOR and anti-mTOR to Celgrialing (Danvers, MA,
USA); and antB-actin to Sigma-Aldrich. Secondary antibodies HRRBl@y anti-rabbit
and sheep anti-mouse were purchased to GE HeatfBacks, UK).
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Cell lines

HCT15 and CO115human colon carcinoma-derivedlioe were maintained at
37°C in a humidified 5% CfOatmosphere in RPMI-1640 medium (Sigma-Aldrich)
supplemented with 10mM HEPES, 0.1mM pyruvate, 1#bextic/antimycotic solution
(Sigma-Aldrich) and 10% fetal bovine serum (FBS; Btandard, Lonza, Verviers,
Belgium). Cells were seeded onto six (2ml) and we/gllml) well plates at a density of
0.75¢<10° (HCT15) and 1.810° (CO115) cells/ml.

Apoptosis analysis by TUNEL assay

TUNEL (TdT mediated dUTP Nick End Labelling) assags performed to
estimate the percentage of apoptotic cells. Aftfer@nt treatments for 48h, cells were
collected (both floating and attached cells), fixeith 4% paraformaldehyde for 15min
at room temperature and attached into a polylysieated slide using a Shandon
Cytospin. Then, cells were washed in PBS and pdritiesd with 0.1% Triton X-100
in 0.1% sodium citrate for 2min on ice. TUNEL assegs performed using a kit from
Roche (Mannheim, Germany), following the manufaatisr instructions. Cells were
incubated with Hoechst for nuclei staining. The ceatage of apoptotic cells was
calculated from the ratio between TUNEL positivdlceand total number of cells
(nuclei staining with Hoechst), from a count higllean 500 cells per slide under a
fluorescent microscope. Results are presented e meSEM of at least three

independent experiments.

Cell death analysis by PI staining

After different treatments, cells were collectedt{bfloating and attached cells)
and washed in ice cold PBS containing 5% (v/v) FBi&n, cells were resuspended in
the previous ice cold buffer and propidium iodidel)(solution added to a final
concentration of 0.5 mg/ml. Cells were maintainedice, protected from light, until
microscope observation. Twenty microliters of th&red suspension were placed on
clean microscope slides and overlaid carefully witiwerslips. Immediately, cells were
visualized on a fluorescent microscope and phoagiert from different fields. The
percentage of death cells (Pl positive) was caledlfrom the ratio between PI positive
cells and total number of cells (visualized undeage contrast), from a count higher
than 500 cells per slide. Results are presentethesn + SEM of at least three

independent experiments.
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Western blot analysis

Cells were subjected to different combinations 48h, and total cell lysates
were prepared to measure protein expressions. dilsewere washed with PBS 1X and
lysed for 15min at 4°C with ice cold RIPA buffe4INP-40 in 150mM NaCl, 50mM
Tris (pH 7.5, 2mM EDTA), supplemented with 20mM HmRa 1mM
phenylmethylsulfonyl fluoride (PMSF), 20mM N&;O4 and protease inhibitor cocktalil
(Roche, Mannheim, Germany). Protein concentratias guantified using a Bio-Rad
DC protein assay (Bio-Rad Laboratories, Inc., HesuCA, USA) and BSA used as a
protein standard. To perform western blot analy2®g of protein were resolved by
SDS-polyacrylamide gel and then electroblotted toHgbond-P polyvinylidene
difluoride membrane (GE Healthcare). Membranes vioeked in TPBS (PBS with
0.05% Tween-20) containing 5% (w/v) non-fat dry knior BSA (bovine serum
albumin), washed in TPBS and then incubated witmgny antibody. After washing,
membranes were incubated with secondary antibodyugated with IgG horseradish
peroxidase and immunoreactive bands were detedid) the Immobilon solutions
(Millipore, Billerica, MA, USA) under a chemilumiseence detection system, the
Chemi Doc XRS (Bio-Rad Laboratories, Inc.). Baneaaintensity was quantified using
the Quantity One software from Bio-Rddactin was used as loading control.

Statistical analysis

Statistical analyses were done usirtgst, using GraphPad Prism 4.0 software
(San Diego, CA, USA)P-values< 0.05 were considered statistically significantl Al
results are presented as mean + SEM of at leaslependent experiments. Images are
representative of three independent experiments.

Results

UA synergistically enhances apoptosis induced byBd in HCT15

The cell lines HCT15 and CO115 were found to halferdnt susceptibilities to
UA in a previous work? For this study, we choose a concentration of Uas@u in
MTT and BrdU assaysy and 5-FU (Xavier et al., unpublished data) thareased cell
growth by about 50% after 48h of incubation. In HGTcells, UA at 4uM and 5-FU at
100puM were used, while in CO115 UA at 10uM and 5&ULuM were used. The
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induction of apoptosis in the cells treated with @Ad/or 5-FU was monitored by the
TUNEL assay (Fig. 1A). A synergistic effect was ebv&d when UA is combined with
5-FU in HCT15 cells, with an increase of about rees when compared with 5-FU
alone. This synergistic effect was not observedfod 15 cells.

To studythe involvement of caspase activation in UA-induepaptosis, cells
treated with UA were incubated with 0.250uM z-VAD¥K (z-VAD), a general caspase
inhibitor, for 48h (Fig. 1B). We observed that zVAmnificantly inhibited apoptosis
induced by UA and staurosporine (STS), a clasgichlctor of caspases used here as a
control, in CO115 cells. Contrarily, no effect gmoatosis induced by UA and STS was
observed for zZVAD in HCT15 cells, suggesting a naguém independent of caspase

pathways in this resistant cell line.
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Figure 1 — Effect on apoptosis of 5-fluorouracil 100uM (FA@) and 1uM (FU1) co-incubated with
ursolic acid 4uM (UA4) and 10uM (UAL0), as well abese compounds alond)(and effect of a
caspase inhibitor zZVAD-FMK (zVAD) 20uM on the aposis induction by UA and staurosporine (STS)
0.25uM B), in HCT15 and CO115, for 48h, using TUNEL assap< 0.05 and ** X 0.001, when
compared with control; ++$0.01 and +++ £0.001, when compared with UA alone; ## @01 and
### K 0.001, when compared with FU (A) or zZVAD (B) alphES, not significant differences observed
between each other.
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Induction of apoptosis by UA is dependent on JNK dtvation in HCT15

Numerous evidences show that JNK contributes ¢ptagis induced by various
stresse$? Thus, the involvement of this kinase in the UAdcdd apoptosis was
evaluated. Firstly, using western blot analysis,olserved that UA induces phospho-
JNK expression in both cell lines, with a remarkabftfect in HCT15 (Figure 2A). An
increase of phospho-JNK expression was also ol$doveSTS in both cell lines, and

no effect was detected for 5-FU.
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Figure 2 — Effect on phospho-JNK and total JNK expressiéms48h, of ursolic acid 4uM (UA4) and
10uM (UA10), 5-fluorouracil 1uM (FU1) and 100uM (EQO) and staurosporine (STS) 0.25 pM, in
HCT15 and CO115 cells, by western blot. Effect 8680125 (SP), a JNK inhibitor at 20uM, on the
apoptosis induced by UA and STS, for 48h, in HC&@h8 CO115 cells, using TUNEL assay.< .05,
**P<0.01 and ** X 0.001, when compared to control; £ 8.05 and ++ R 0.01, when compared with
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the respective compound alone; # ®.05, when compared with SP along).(Effect on cell death of
FU100 and UA4 co-incubated with SP, for 48h in HETEells, using Pl staining. ++0.01 and +++ R
0.001, when compared with the control and with ¢bancubation FU+UA+SP; ** R 0.01, *** P<
0.001, when compared with UA aloréeP< 0.05 and6 P< 0.01, when compared with SP alone; ### P
0.001, when compared with FU alof (NS, not significant differences observed betweach other.

To assess whether apoptosis induction was due tactwation of the JNK,
TUNEL assay was performed in the presence of 25@pE08125 (SP), a JNK inhibitor
(Figure 3A). It was observed that SP totally intabi apoptosis induced by UA in
HCT15 cells and no effect was observed in CO115.c8P also inhibited the apoptosis
induced by STS in both cell lines. Thus, it seeha the UA induction of apoptosis in
HCT15 cells is dependent on JNK pathway.

In a further experiment, it was tested whetherabigvation of INK by UA was
the responsible for the synergistic effect of UAntmned with 5-FU in HCT15 cells.
We observed that SP did not inhibit the apoptaosttuced by 5-FU, and, again, an
inhibition of UA-induced apoptosis was observedhe presence of SP (Figure 2B). A
total abrogation the synergistic effect on apogtesithe combination of UA with 5-FU
was observed in the presence of SP. These reauligest a dependence on JNK
activation for UA-induced apoptosis in HCT15 celldyich seems to be the responsible

of the synergistic effect with 5-FU.

Oxidative stress induced by UA contributes to apopisis induction in HCT15

The role of oxidative stress on apoptosis inducgdJd was tested using a
common antioxidant N-acetylcysteine (NAC). When NA@s used in combination
with UA for 48h, the induction of apoptosis wastgly inhibited in HCT15 cells, but
not in CO115 cells (Figure 3). This result suggestsmplication of oxidative stress as
a contributor for UA-induced apoptosis in HCT15.

UA induces cell death in colon cancer cells

The apoptosis induced by UA in HCT15 and CO119scat 48h, although
significantly, only represents around 4% and 10%odél cell number, respectively,
which does not correspond to the extensive morgicdbchanges observed. Therefore,
cell death was subsequently measured using Plirggaiat 2h and 48h. As shown in
Figure 4, UA did not increase remarkably cell deafter 2h of incubation, suggesting
there is no acute necrotic effect induced by UAweweer, after 48h, UA induced cell
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death to around 50% of cells, in both cell lines shown by the increase number of Pl
positive cells. On the other hand, 5-FU did nouicel significant cell death in either of
the cell lines after 48h. Cell death induced bydbmbined treatment of UA with 5-FU
seems, therefore, to be due to UA. Therefore, Uduaes cell death in HCT15 and

CO115 cells, by mechanisms other than apoptosigcnosis.
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Figure 3 — Effect of N-Acetyl-L-cysteine (NAC) at 5mM, ohd apoptosis induced by ursolic acid 4uM
(UA4) and 10uM (UAL10) in HCT15 and CO115 cells exgpvely, for 48h using TUNEL assay. *<P
0.01 and *** < 0.001, when compared to control; ## ®01 and ###£0.001, when compared with
NAC alone; ++ R 0.01, when compared with the respective compolomkaNS, not significant
differences observed between each other.
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Figure 4 — Effect on cell death of 5-fluorouracil 100uM (EQ@D) and 1uM (FU1) co-incubated with
ursolic acid 4uM (UA4) and 10uM (UA10), as welltaese compounds alone, for 2h and 48h, in HCT15
and CO115 cells, using PI staining. ¥ @.05, ** P< 0.01 and ** K 0.001, when compared with
control; ## R 0.01 when compared with FU alone; NS, not sigaiftcdifferences observed between
each other.
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JNK is also implicated in other mechanisms of UA-iduced cell death in HCT15

Previously, we demonstrated that JNK pathway wmaglicated in apoptosis
induced by UA in HCT15 cells. Then, we tested wikethis pathway was involved in
total cell death, indicated by PI staining. As show Figure 5, SP partially inhibited
the cell death induced by UA in HCT15 cells, aslwsl the cell death induced by the
combination of UA with 5-FU. No significant effect SP on cell death induced by UA
and UA combined with 5-FU was observed in CO11%scé&his data suggest that JINK
activation by UA not only induces apoptosis, bsbabther forms of cell death seem to
be partially dependent on this pathway in HCT13sce&lontrarily, JNK seems not be
involved in UA-induced cell death in CO115 cells.
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o 204 o
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FU 100uM - - *+ - + - + FU 1uM + + +
SP 20uM + + + SP 20uM - + - - - + +

Figure 5 — Effect on cell death of 5-fluorouracil 100uM (EQ@D) and 1uM (FU1) co-incubated with
ursolic acid 4uM (UA4) and 10puM (UA10) and SP6002ZRuM (SP20), as well as, these compounds
alone, for 48h in HCT15 and CO115 cells, using faining. ++ K 0.01 and +++ R 0.001, when
compared with the control and with the co-incubatidJ+UA+SP; *** P< 0.001, when compared with
UA alone;060 P< 0.001, when compared with SP alone; ##0F01 and ### £0.001, when compared
with FU alone. NS, not significant differences alisel between each other.

UA induces LC3 accumulation: involvement of JINK, mOR and p53

It was observed that the percentage of apoptaodisced by UA, in both HCT15
and COL115 cells after 48h, does not explain allc#lé death observed, suggesting an
involvement of other types of cell death indeperidefh caspase. Therefore, we
investigated the possible role of UA on autophagy ia some regulators of autophagy,
such as p53 and mTOR, as well as, the involvem&dN&, using immunoblotting

analysis. One of the hallmarks of autophagy isdateversion of cytosolic LC3-I into
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autophagosome-associated LC3-1l, the amount of lwheflects the abundance of
autophagosomes. Our results showed that UA indacesaccumulation of LC3-II
expression levels in both cell lines, which wasuest in the presence of SP with a
more remarkable effect in HCT15 cells (Figure 6W).contrast, no effect on LC3-lI
expression was detected in cells treated with 59F$P alone. The accumulation of
LC3 observed in cells treated with UA and 5-FU se@mbe due to UA, and this effect
was inhibited in the presence of SP. The effect mase noticeable in HCT15 cells.
These results suggest that UA interferes with auag, in both cell lines, and that INK
may be involved.

The autophagic process is modulated by a numberotédcules such as p53 and
mTOR?2® The possible effect of UA on the levels of thesguiators was also evaluated.
UA decreased p53 levels in both cell lines, as wasll the p53 induced by 5-FU,
suggesting a regulatory effect of UA on this pmotein addition, UA decreased
phospho-mTOR levels in both cell lines, indicatiagoossible effect in this protein.
These effects of p53 and mTOR are compatible witmduction of autophagy by UA.
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Figure 6 — Effect on the expression of LC3, p53, phospho-RT®@tal mTOR, phospho-JNK, and total
JNK of ursolic acid (UA), 5-fluorouracil (FU) and*800125 (SP) in HCT15 and CO115 cells, for 48h
using western blot.
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Discussion

The modulation of cell death, which includes apsstoand autophagy, has
demonstrated to be an important strategy in thétfiggainst cancer. Defects in
apoptosis play a central role in tumorigenesis aodfer resistance to anticancer
therapies.” 5-Flurouracil (5-FU) is the most commonly used mpi@cological drug in
CRC chemotherapy, however, several mechanismssataace have been reported to
reduce its efficacy.> CRC cells with defects in Bcl-2 family proteinsddor loss of p53
function have demonstrated to fail to respond ®Wtreatment: ® Combinations of
therapeutic agents with different modes of acti@veh been suggested to increase
treatment efficacy.

In a previous work, we demonstrated that UA, a naturally occurring
triterpenoid, induces apoptosis in two human CRIB ¢eICT15 and CO115). In the
present study, the combined effect of UA with 5-6tJtotal cell death and in death by
apoptosis were evaluated. UA showed to signifigamitiuce total cell death and to a
smaller extent death by apoptosis, in both cel#djnbeing more efficient than 5-FU
alone. Furthermore, UA showed to induce apoptosicaspase-independent pathway
in HCT15 cells, contrarily to observed for CO118séNhen UA and 5-FU were used
in combination, UA synergistically enhanced apoptasduced by 5-FU in HCT15
cells. Because this effect was observed in the ¢4 that harbour p53 mutation and
a TS activation, suggest a relevant effect of UAambination with 5-FU in a cell type
resistant to apoptosis and 5-FU treatntent: % 2

The JNK MAP kinase has been implicated in manyudalilevents including
apoptosis® 3 and autophag}??° In our study, we found that UA activates JNK irttbo
cell lines, with a remarkable effect in HCT15 celidhereas no effect on JNK induction
was observed for 5-FU. In addition, through the at¢he IJNK inhibitor SP600125,
JNK activation by UA showed to be involved in theoptosis and total cell death
induction in HCT15 but not in CO115 cells. The syisic effect on apoptosis induced
by the combination of UA with 5-FU in HCT15 cellsasvalso shown to be dependent
on JNK activation. Furthermore, the combinatiotJaf with 5-FU was demonstrated to
be partially dependent on JNK in HCT15 but not i©1X25 cells. Therefore, both
apoptosis and total cell death induced by UA alon&A plus 5-FU in the resistant
HCT15 cells demonstrated to be JNK-dependent, Ipless response to oxidative

stress produced by UA in these cells. Contrarilys tvas not observed for apoptosis or

138



Chapter V Combined effectgjaércetin, luteolin and ursolic acid with 5-Fluoracil

cell death induced by UA in CO115 cells, where speae-involvement was detected.
The importance of JNK activation as one contribut@chanism to induce cell death in
CRC is demonstrated by the drug atorvastatin. Astatin, one of the
chemotherapeutic drugs used in CRC, showed to exdapoptosis involving JNK
activation®* This drug has a synergistic interaction with celdls, a selective
cyclooxyhenase-2 inhibitor, in killing human CRGhcar cells**

Nevertheless, apoptosis induced by UA compriseg andmall percentage of
death induction in both cell lines. Pl results d&tairs suggest that there was no necrotic
cell death involved, indicating other types of adadhth induced by UA. Autophagy, also
called type Il cell death or autophagic cell demtlactivated under stress conditions,
such as nutrient and/or growth factor deprivatidinis process represents a mechanism
of survival but it may assume a cell death functigmen apoptosis is deregulat€d®
Our results showed that UA induces accumulatiob@2-11 in both cell lines, which is
inhibited in the presence of SP (more remarkableH@T15), suggesting UA’s
modulation of autophagy and a role for JNK alsahis process. On the other hand, in
our study, 5-FU seems not to affect the autophpgirzess because there were no
changes in LC3-Il. An accumulation of LC3-1l, hoveeywas recently found not be a
certain indicative of autophagic inductithLC3-1I, a marker of autophagosomes, may
increase when autophagic flux is activated, butaih also be accumulated when a
blockage occurs downstream of autophagosomes fiomTatThus, our results indicate
a role of UA in autophagy in both cell lines, areef reported here for the first time,
and suggest the autophagic cell death as a pos&aglef UA-induced cell death.

The proteins p53 and mTOR have been shown to bertarg regulators of the
autophagic process.*’ The cytosolic p53, both mutant and wild-type fotmas been
demonstrated to inhibit autophatjy3® On the other hand, an inhibition of mTOR is
associated with an induction of autophdyy"’ Our results showed that UA decreases
mTOR, as well as, both wild-type and mutant p53 Q®115 and HCT15 cells,
respectively), corroborating a possible effect & 0On the induction of autophagy.
Recent studies demonstrated the ability of an itdritof autophagy, 3-methyladenine,
to enhance apoptosis induced by 5-FU in CRC ‘Ceft§ Thus, the effect of UA on
autophagy should be further explored and the piigsithat UA inhibits autophagy
thereby increasing cell death should also be tak®enconsideration.

In conclusion, this study found that UA induces @atpgis, as well as, total cell

death more efficiently than 5-FU alone. In additioh suggests the potential
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applicability of UA in the enhancement of the amtioteffect of 5-FU in the resistant

CRC cell line, where an activation of INK seem$eoresponsible for this synergistic

effect with a contribution of ROS. A role in the thdation of autophagy by UA and the

role for JNK in this process were also found inhboell lines. The effect of UA on

autophagy needs, however, to be better clarifigderfuture.
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Chapter VI Role of ursolic acid in autophagy andkemes integrity

The natural triterpenoid ursolic acid inhibits
autophagy and induces lysosomal membrane

permeabilization in breast and colon cancer cells

The work presented in this chapter is in prepandiosubmit toAutophagy

Xavier CP, Corcelle E, Rohde M, Farkas T, Pereira-Wilson @fté& M 010.
The natural triterpenoid ursolic acid inhibits goitagy and induces lysosomal
membrane permeabilization in breast and colon caredis.
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The natural triterpenoid ursolic acid inhibits autophagy and induces

lysosomal membrane permeabilization in breast andaton cancer cells

Cristina P.R. Xaviér Elisabeth Corcelfe Mikkel Rohdé, Thomas Fark&sCristina Pereira-Wilsdrand
Marja Jaattefs

*CBMA-Centre of Molecular and Environmental BioloBgpartment of Biology, University of Minho, 47 1897(Braga, Portugal
2Apoptosis Laboratory, Danish Cancer Society, Stomudevarden 49, Copenhagen, Denmark

Abstract

Autophagy is the lysosomal recycling of intracelutonstituents that offers a
survival mechanism to the cells under metabolesstes. In cancer cells, autophagy has
demonstrated a dual role through promotion of salivival or induction of tumor
suppression. Ursolic acid (UA), a natural triterpiein has various anticancer activities
in autophagic-associated signalling pathways. Hawelis role in autophagy is still
unknown.

In the present study, we characterized the efféctyA in the autophagic
process, in MCF-7 and HCT15, breast and colon cacedls, respectively. An
accumulation of autophagosomal structures in bethtgpes without colocalization
with LAMP-2 was observed, indicating that UA inhgiautophagy at the maturation
step. This effect was further confirmed by the @ased levels of p62 and by the LC3
turnover, using a luciferase-based real-time asséypwing UA-blockage of the
autophagic flux. UA was also able to inhibit rapainyinduced autophagy. These
events were simultaneous with no effect on apoptasiuction, decreased cell survival
and morphological changes, indicating an involvenhtérautophagy in UA induced cell
death. Additionally, an effect of UA on lysosomakmbrane permeabilization was
observed, suggesting that UA destabilizes lysosgmasably also inducing lysosomal
cell death pathway. Moreover, p38 and JNK MAP k#zaseem not mediate UA-
inhibition of autophagy in MCF-7 cells.

In conclusion, UA blocks autophagy at the maturatsbep probably through
effect on lysosomes, suggesting this natural p@aoid as a novel compound to be

exploited in cancer therapy.
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Introduction

Macroautophagy (hereafter referred to as autophiagy)ysosomal degradation
pathway which, under basal conditions, maintairsrtietabolism of the cells providing
them with nutrients by removing damage organéllgsutophagy can be rapidly
increased in response to numerous conditions ofa@dtular and/or intracellular
stresses, such as nutrient and/or growth factondgon, hypoxia, hormones and DNA
damag¢. During autophagy initiation, organelles and paofsthe cytoplasm are
engulfed and double-membrane vacuoles, the autospbawes, are formed. The
autophagosomes fuse with lysosomes, forming thelymatsomes, where the cargoes
are degraded by lysosomal hydrolases and recyelek to the cytoplasm (maturation
step)’ Autophagy has, therefore, been considered a srmechanism when it is
moderately activated, however, it can be implicatedutophagic cell death, when it is
impaired * or when it is massively activatéd.

The autophagic process is commonly altered in caat¢he levels of induction,
regulation and lysosomal degradation. The redueedld of oxygen and nutrients,
genetic alterations in cancer-associated geneartbdulate autophagy, and alterations
of lysosomal activity and trafficking, were showm influence the autophagic flow.
However, also in cancer cells, autophagy has besrodstrated to possess a dual fole.
® Autophagy may contribute to tumor promotion prawigthe cells with a selective
advantage for survival, but it can also functioraaemor suppression mechanim.

Lysosomes are cytoplasmatic organelles that coogibtleath at several levels.

8 These organelles take part of the autophagic deth, since the fusion between
autophagosomes and lysosomes and the lysosomald@gige capacity are crucial for
the completion of the autophagic procgsadditionally, an induction of lysosomal
membrane permeabilization (LMP) causes the reledgesosomal hydrolases, such as
cathepsin proteases and other hydrolases, fronlyusomal lumen to the cytosol,
triggering apoptosis through activation of mitoctinal and mitochondrial-independent
cell death pathwa{'® A massive LMP, i.e., a complete disruption of lysmes can
also result in necrotic death® Compounds that directly target lysosomes by inuyci
LMP have recently been shown to be effective irfinigl cancer cells, especially
apoptosis resistant cancer céifs’

Ursolic acid (UA) is a natural triterpenoid fourrd some traditional medicinal
herbs and in fruits, such as apples, blueberriemberries and guava.A variety of
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biological properties, such as anti-inflammatorgpatoprotective and anticarcinogenic,
combined with low toxicity, have been demonstraimdUA.™ In breast cancer cells,
UA has been reported to induce apoptosis by dowtatigg bcl-2 expressidfand to
suppress invasion by inhibiting phosphorylationcefun NH-terminal kinase (IJNK),
Akt and mammalian target rapamycin (mTOR)In colon cancer cells, UA showed
anticancer effects by decreasing the level of phoskkt'*, bcl-2 expression, caspase
cleavage and by inhibiting MAP kinasEs'® The signalling pathways PI3K/Ak/mTOR
and MAP Kinases have also been demonstrated tmpleated in the regulation of the
autophagic process, in response to different imtraxtracellular stimufi: 1’

In the present study, we attempted to identify eingracterize the role of UA in
the autophagic process, in colon and breast careléy, and its possible effect on

lysosomes.

Results

UA induces cancer cell death

UA 8uM significantly decreased cell viability over timm, both MCF-7 and
HCT15 cells, (Fig. 1A) with no significant effectnothe survival of HBL-100
nontumorigenic breast-derived epithelial cells &latot shown). Additionally, no
remarkable apoptosis (no more than 3% apoptodstalfcell number) induced by UA
were observed over time, in both cell lines (FiB).INevertheless, from 24 hours of
UA treatment, cells were rounding up and detachwuity increased effect over time,
suggesting occurrence of cell death (Fig. 1C).

UA induces an accumulation of autophagosomes

To investigate the effect of UA on autophagy, wefgrened a LC3 puncta
formation assay in MCF-7-eGFP-LC3 cells. In thesdiscthat were treated with
different concentrations of UA (5, 8, dM) for 24 hours, a significant increase of
eGFP-LC3 translocation from a diffuse distributido a puncta cytoplasmatic
accumulation of LC3-Il, the lipidated autophagosesmsesociated form of eGFPLC3,
was observed (Fig. 2A,B). The accumulation of absgwsomes was confirmed by a
remarkable accumulation of LC3-IlI expression levatsessed by immunoblotting (Fig.

2C). In contrast, LC3 accumulation was not obsefeealeanolic acid (OA) treatment,
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a triterpenoid acid structurally related with UAnda wortmannin (W), a classical

inhibitor of PI3K.
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Figure 1 — Effect of ursolic acid (UA) over time o] MTT reduction, B) apoptosis using TUNEL
assay and@) cell morphology, in HCT15 and MCF-7 cells treatgih DMSO (control, CT) or UA
8uM. In A, full line represents the concentrationattimhibited cell growth by around 50%.¥®.05, **
P<0.01 and ** < 0.001, when compared to control.

UA blocks the fusion step in the autophagic process

LC3 accumulation, although an indicative of effeots autophagy, does not
distinguish between induction or inhibition of apitagic flux'® Thus, to characterize
the autophagic process, an immunofluorescence agasyperformed on MCF-7 cells
expressing the tandem fluorescent construct mRFP-GE3 in association with an
antibody against the lysosomal-associated memlpeotein 2 (LAMP-2). The tandem-
tagged proteins GFP and mRFP have different seiisi#i to the lysosomal pH
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environment, GFP fluorescence signal decreasimg aifsion between autophagosomes
and lysosomes while mRFP signal remains unchangedfliorescencey. In MCF-7
cells, treatment with UA @V induces an accumulation of autophagosomal strestu
over time represented by the very large yellow d@tsd plus green signal).
Interestingly, these structures were not colocdlmgth LAMP-2, suggesting that no
fusion events between lysosomes and autophagostakesplace and therefore, an
impaired autophagosomal turnover (Fig. 3A). The samsults were observed for
HCT15 cells stained with LC3 and LAMP-2 antibod{dsta not shown). Furthermore,
MCF-7 cells were treated with 3-MA, an inhibitor thfe initial steps of the autophagic
process, and rapamycin, an inducer of autophagytteese compounds were combined
with UA during 24 hours. As expected, cells incudgltvith rapamycin alone presented
purple colour (red plus LAMP-2 signal), whereadsceicubated with 3-MA alone had
no LC3 accumulation (Fig. 3B). In cells incubatedhw3-MA plus UA, yellow dots
were not observed, which indicates that LC3 accatimr induced by UA is autophagy
specific. On the other hand, cells incubated wapamycin plus UA showed LC3
accumulation, demonstrating that UA really blocke tautophagic process at the

maturation step.
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Figure 2 — (A) Effect of different concentrations of ursolic @qUA) 5uM (UA5), 8uM (UA8) and
10uM (UA10), oleonolic acid 1pM (OA15) and wortmannin 2B/ (W2.5) on LC3 translocation in
MCF-7 cells, at 24 hours. The numbers of cells vatbre than five GFP-LC3 puncta were considered
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positive for LC3 translocationB() Representative images of UA and control<®05 and ** K 0.01,
when compared to controlC) Effect of UA8, OA15 and W2.5 on LC3-II expressilewels measured by
western blot at 24 hours.

Additionally, the effect of UA on p62 expression svassessed to confirm the
inhibition of autophagy. The protein p62 incorpestnto autophagosomes through
direct binding to LC3 being required for the formatand degradation of intracellular
protein aggregated. This protein has been shown to be efficiently ddgd by
autophagy, even more specifically than LC3, beitgrefore, a reliable marker to
monitor the autophagic flu¥: % Our results showed an accumulation of p62 exprassi
levels over time, in MCF-7 and HCT15 cell linespioming that UA blocks autophagy
(Fig. 3C).
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Figure 3 — (A) Representative images of different time incubati¢12, 24 and 48 hours) with ursolic
acid (UA) &M and B) 24 hours of incubation with UAi®/, rapamycin 100nM and 3-Metyladenine (3-
MA) 10mM, in MCF-7 cells expressing mRFP-GFP-LCa&iis¢d for anti-LAMP-2 C) Effect of UA &M

on p62 expression levels over time, in MCF-7 andr'H&cells, using western blot.

152



Chapter VI Role of ursolic acid in autophagy andkemes integrity

UA inhibits autophagy flux and blocks the rapamycirinduction effect

A study in LC3 turnover using a luciferase-basedl-tine assay was then
performed to corroborate the UA-inhibition of autegy flux?* The cell kinetic assay
was carried out for 20 hours with 2 hours interdaddween measurements. In this
assay, the ratio between the levels of RLucLC3v@Jlthat is targeted for autophagy-
dependent degradation) and RLucLC3G120A (mutate8 th@t is degraded at a much
lower rate than RLucLC3wt) reflects the autophdigig, where a decrease of the ratio
corresponds to an induction of the autophagic flAx.observed in Fig. 4A, UA |81
started gradually to inhibit the autophagic fluerfr 8 hours. In contrast, rapamycin-
induced autophagy was blocked from 8 hours whencélle were co-incubated with
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Figure 4 — Effect of ursolic acid (UA) @M, rapamycin (RAPA) 20nM, concamycin A (ConA) 2nida
KU 2uM on autophagic flux in MCF-7 cells stably expregsRLuc-LC3wt or RLuc-LC3G120AA)
Luciferase activity measured with 2 hours intendilsing 20 hours and the ratio of the two cell dine
were expressed as percentages of the corresporadiagn untreated cells at TB) Luciferase activity
measured after 12 hours treatment<*@R05, ** P< 0.01 and *** < 0.001, when compared to control;
## P< 0.01 and ####0.001, when compared with UA aloép P< 0.001, when compared to RAPA
alone;66 P< 0.01 andds P< 0.001, when compared to KU alone.
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Moreover, two inhibitors of autophagy, ConA (anibitor of V-ATPase and
therefore of the lysosomal function, but with a imial impact on autophagic fléX)
and KU (an inhibitor of autophagy; unpublished ofsaBons) were also used. We
observed that KU inhibited autophagy, as well asibited the effect of rapamycin and
its effect was further increased in presence of OdnA also showed to block the effect
of rapamycin.

Furthermore, the RLUucLC3wt/RLUucLC3G120A was alscameed at 12 hours.
A significant inhibition of autophagy was obsenfed UA and KU while rapamycin
showed a significant stimulatory effect (Fig. 4Bhe inhibition of rapamycin-induced
autophagy by UA was confirmed. Additionally, a ceative effect between UA and
KU in the inhibition of the autophagic flux was deted, suggesting different
mechanisms of action for these two compounds. Qyvera validated our results that
UA blocks autophagic flux and it is able to bloble rapamycin-induction effect.

UA induces lysosome membrane permeabilization (LMP)

By immunocytofluorescence experiments, an induatibperinuclear clustering
of LAMP-2 positive compartments was observed (Bj.In addition, a decrease of
acidic compartments, such as lysosomes, was \agglalising acridine orange (data not
shown). These results suggested that UA could fareerwith lysosome integrity or
functionality. Thus, effect on lysosomal membratebity by UA was hypothesized.
We observed that UA significantly decreased thal tgsosomal hydrolases activities of
cathepsins and NAG, indicating a possible impactysosomal biogenesis and/or a
direct destabilizing effect on lysosomal membrarfEg. 5A). Interestingly, UA
significantly increased the release of cathepsm$ MAG to the cytosol (Fig. 5B),
which demonstrates an LMP induction. ConA and TN#tewsed as positive controls
in the induction of LMP.
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Figure 5 — Effect of ursolic acid (UA) @M, concamycin A (ConA) 2nM and TNF 10ng/ml on tkeésase
of (A) total and B) cytoplasmatic cysteine cathepsin dhbl-acetyl-glucosaminidase (NAG) in MCF-7
cells at 24 hours. Lactate dehydrogenase (LDHyiagof the cytosol was used as an internal stahdar
P<0.05; ** P<0.01 and *** < 0.001, when compared to control.

Involvement of p38 and JNK signalling on UA-inhibits autophagy

In a previous study, we observed an activationNK pathway in HCT15 cells
by UA, which seemed to play a role in autophagythose cells (unpublished
observations). Therefore, the involvement of p38 aNK signalling on UA-inhibited
autophagy in MCF-7 cells was tested, using thefduacse-based real-time assay. For
that, SP600125 (SP), an inhibitor of JINK and oktieases?? a peptide that specifically
inhibits JNK and SB203580 (SB), a specific inhibitedf p38, were used. Our results
showed that both SP and SB inhibited the autoplfagian MCF-7 cells and that this
effect increased in the presence of UA, demonsgahat these inhibitors and UA may
act through different mechanisms (Fig. 6). In castir the peptide alone had no effect
on autophagic flux and when it was combined with, dA inhibition of autophagy was
observed to UA values, suggesting an inhibitioraatophagy only mediated by UA. It
seems that p38 interferes with the autophagic ¢omtrarily to JNK and neither JNK
nor p38 mediated UA-effect on autophagic flow in R cells, although JNK seems to

have a role at least in some colon cancer cellsulished observations).
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Figure 6 — Effect of ursolic acid (UA) @M, SP600125 (SP) 20/, SB203580 (SB) 2@M and C-Jun N-
terminal kinase peptide inhibitor 1 (Pept)M on autophagic flux in MCF-7 cells stably expressi
RLuc-LC3wt or RLuc-LC3G120A. Luciferase activity saneasured with 2 hours intervals during 20
hours and the ratio of the two cell lines were esped as percentages of the corresponding ratio in
untreated cells at TO.

Discussion

The modulation of autophagy, as well as, effectsysmsome functions have
been shown to trigger cancer cell death and suggesas therapeutic target to be
addressed by new anticancer driigsin the present study, we demonstrate that the
natural triterpenoid ursolic acid (UA) is an inhdyi of autophagy through effects on
lysosomes. This effect on autophagy induces deattoion and breast cancer cells
without significant effects on nontumorogenic cells

Our results show that UA induced accumulation pfdikted LC3-1l to the
autophagosomal membrane. These events were simoltanwith decreased cell
survival and morphological changes in the cellhalgh without effect on apoptosis
induction, suggesting the involvement of autophagy cell death. Since an
accumulation of autophagic structures is not alwegselated with an induction of
autophagy'® several approaches were used to identify and ctegize the effect of UA
on autophagic flux.

Effects on the autophagic process may occur atrakelvels: at the initiation

step, in the control of autophagosome formatiorthatmaturation step, involving the
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fusion between autophagosomes and lysosomes; the ategradation process. Our
data showed that UA inhibits autophagy at the naéitum step since no fusion events
between autophagosomes and lysosomes were detesfeidh results in an
accumulation of autophagosomal structures, an wvasen consistent with an
accumulation of LC3-ll. The absence of colocalzatbetween autophagosomes and
lysosomes was evident at 24 hour UA incubation®oth breast MCF-7 and colon
HCT15 cancer cells. The UA-inhibitory effect on @plhagy was corroborated by an
increase in p62 levels from 24 hours in both aedld. Furthermore, the luciferase-based
real-time assay that measured the LC3 turnover digwiing the kinetics of the
autophagic flux over timé', showed that UA exerts a gradual inhibition ofoitagy
from 8 hours. Interestingly, UA also efficientlyoloked the effect of rapamycin-induced
autophagy. A cooperative effect between UA and Kuhhibiting autophagy was also
observed, indicating that these two inhibitors naay through different mechanisms.
These effects were further supported by the saseyas 12 hours.

In addition to the absence of fusion events, th@uation of perinuclear
clustering of lysosomes were indications that UAIldaffect lysosomal integrity. Thus,
UA’s effects on lysosomal membrane permeabilizatidiP) were measured in MCF-
7 cells. Our results show that, at 24 hours, UAucetl the release of the lysosomal
hydrolases cathepsins andacetylf-glucosaminidaseto the cytosol, as well as,
decreased their total activities. These data inelica role of UA in lysosome
destabilization and in disruption of the integatylysosomal membranes. The induction
of LMP is, however, not a rapid and a strong effaigte a decrease of cell viability and
morphological changes in the cells were only detédtom 24 hours, with a gradual
effect over time. The release of lysosomal contesgpecially cathepsins, to the cytosol
is considered an important step for lysosomal destthway activatiori, suggesting
that, besides its role on autophagy, UA can alsinbeved in the activation of this
pathway without classical apoptosis induction.

Recently, changes in the intracellular lipid comfms were reported to have
pronounced effects on vesicular fusion efficientyys affecting autophady. The
reduced levels of lipids, in particular cholesterat both autophagosomes and
lysosomes, were associated with lower fusogenicalwéify and reduced rates of
autophagy?? In fact, previous studies demonstrated that UA rhaye a role in lipid
metabolism by stimulating lipolysis in primary-aule adipocyteé® as well as,
increasing sphingomyelinase activity during inibatand progression of colon cancer
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that lead to aberrant crypt foci inhibitién Therefore, UA, a lipophylic molecule, may
induce LMP due to effects on lysosomal membranepomition, causing inhibition of
the maturation step in the autophagic process.

Several cell signalling pathways modulate autophatythe initiation and
maturation of autophagosome®fecently also the stress kinases, JNK and p3% wer
found to play a role in the control of autophady'” % 2’ An activation of JNK in
cancer cells showed to be involved in the inductidrautophagic cell death through
mediation of Beclin 1 expressi#hand/or activation of the protein At§7In contrast, a
p38 activation was associated with an inhibitionaotophagy in colorectal cancer
cells’® and an inhibitory effect at the maturation stes fiund? UA has recently been
reported to inhibit JNK in coldfi and breast cancer cells. Our previous observations
showed that UA induced activation of INK in HCTHlg with a possible involvement
of this stress MAP Kinase in autophagy. Here, tesdémonstrated that neither JNK
nor p38 pathways seem to be involved in the inioibibf autophagy induced by UA in
MCF-7 cells.

Additionally, although UA demonstrated to modula®d3K/Akt pathway
through inhibition of phospho-AKE 4 the classical inhibitor of PI3K class |,
wortmannin®® was not able to induce LC3 accumulation, sugggstiat UA inhibits
autophagy independently of effects on this pathwaterestingly, oleanolic acid, a
compound with a similar chemical structure of UAr favhich similar biological
properties have been reportédjid not show effect on autophagy. UA and oleanolic
acid differ in the position of one methyl group theeir E ring, which could contribute to
this difference.

In conclusion, the data presented here shows ftifity alf ursolic acid to block
the autophagic process at the maturation step @wedfects on lysosomal membrane
stability in breast and colon cancer cells. Thikeafon the autophagic maturation
probably triggers death in cancer cells, which se&rbe independent of INK and p38
pathways in MCF-7 cells. Hence, ursolic acid shopegential as a lysosome-
destabilizing drug or as an autophagic inhibitoattiould be used in combination
therapy in order to increase treatment efficacy.
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Material and Methods

Chemicals

Ursolic acid (UA), 3-(4,5-Dimethylthiazol-2-yl)-2;diphenyltetrazolium
bromide (MTT), rapamycin (RAPA), 3-Methyladenine-N®&\), concanamycin A
(ConA), wortmannin (W), etoposide and oleonolicda¢DA) were purchased from
Sigma-Aldrich. C-Jun N-terminal kinase peptide bitar 1 (Pept) was purchased from
Enzo Life Science. All the compounds were resuspeénth dimethyl sulfoxide
(DMSO).

Cell culture

HCT15 human colorectal carcinoma and MCF-7 hum@adi carcinoma cell
lines were grown in RPMI-1640 (Gibco, 61870) suppated with 6% fetal calf
serum, penicillin and streptomycin and maintainée&C in a humidified 5% CO
atmosphere. When plating for luciferase reporteshys, RPMI-1640 without phenol
red (Gibco, 11835) was used. The MCF-7-eGFP-LCBIlio&l is a single cell clone of
MCF-7 cells expressing a fusion protein consistofgenhanced green fluorescence
protein (eGFP) and rat microtubule-associated prdight chain 3 (LC3). MCF-7-
MRFP-GFP-LC3 are MCF-7 cells stably expressingtdmelem fluorescent construct
consisting in two fluorescent proteins, GFP and omoeric ref fluorescent protein
(mMRFP), tagged with LC3 (construct kindly providegd Dr T. Yoshimori®). MCF-7
cells stably expressing Renilla-luciferase (RLwggded with LC3 wild type or with a
C-terminal glycine mutant of LC3 that is defectmeubiquitin-like conjugation with
phosphatidylethanolamine (GFP-LC3G126)A were used to monitor autophagy
capacity?*

Cell viability, Apoptosis and Morphological analyss

MTT reduction assay was used as described preyidt&riefly, MCF-7 and
HCT15 cells were treated with UAuBI for 22, 46 and 70 hours and then two more
hours in the presence of MTT at final concentratibf mg/ml. Hydrogen chloride
0.04M in isopropanol was then used to dissolveftinmazan crystals. The viable cells
in each well were estimated by the cell capacity remluce MTT using a

spectrophotometer.
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To estimate the percentage of apoptotic cells, TUNEIT mediated dUTP
Nick End Labelling) assay was performed. After ination of HCT15 and MCF-7 cell
lines with UA &M for 24, 48 and 72 hours, cells were collectedti{bitoating and
attached cells), fixed with 4% paraformaldehyde ¥6rminutes at room temperature
and attached into a polylysine treated slide uaii@handon Cytospin. Then, cells were
washed in PBS and permeabilized with 0.1% Trito&0€- in 0.1% sodium citrate for
2min on ice. TUNEL assay was performed using afikain Roche (Mannheim,
Germany), following the manufacturer's instructionSells were incubated with
Hoechst for nuclei staining. The percentage of &ga@pcells was calculated from the
ratio between TUNEL positive cells and total numbefrom a count higher than 500
cells per slide under a fluorescent microscope.

The morphology of the cells incubated with UAMS during 24 hours and 48
hours was observed and images were taken usingilyfluorescence microscope.

LC3 puncta formation assay

MCF-7-eGFP-LC3 cells were incubated with differex@ncentrations of UA
(5uM, 8uM and 1QM), 15uM OA and 2.M W for 24 hours. Autophagosomes were
detected in the cells fixed in 3,7% formaldehydelfd minutes at room temperature, by
counting the percentage of cells with more thare f@GFP-LC3 positive dots (a
minimum of 100 cells/sample) applying Olympus fleerence microscope.

Immunofluorescence
MCF-7-mRFP-GFP-LC3 cells on coverslides were tctateth UA 8M at

different hours (12, 24 and 48 hours) and/or wiipamycin 100nM and/or 3-MA
10mM for 24 hours. Then cells were fixed using aodd methanol for 2 minutes or
3,7% formaldehyde for 10 minutes at room tempeeat@ells were stained with
followed primary antibodies at 4°C, overnight: meuwmnti-human LC3 (Nanotools),
mouse anti-human LAMP-2 (clone H4B4 Developmentaldi®s Hybridoma Bank,
University of lowa) and p62 (Enzo Life Science).tef washing, samples were
incubated with the appropriated Alexa Fluor-488 aAtbxa Fluor-647-coupled
secondary antibodies (Invitrogen). Confocal imagese taken using a Zeiss Axiovert
100 M Confocal Laser Scanning Microscope equippét WSM 510 system (Carl

zeiss Microlmaging).

160



Chapter VI Role of ursolic acid in autophagy andkemes integrity

Immunoblotting

MCF-7 and HCT15 cells after treatment with UAM at different hours were
extracted in SDS-lysis buffer. Extracts (20pg protevere separated on SDS-PAGE
and transferred to nitrocellulose membranes. Rra@ncentration was quantified using
a BCA Protein assay kit (Bio-Rad Laboratories). phienary antibodies used were: p62
(Enzo Life Science) and LC3 (Nanotools), followeg Bppropriated peroxidase-
conjugated secondary antibodies from DAKO (Glostmpnmark). Antig-actin (from

Sigma-Aldrich) was used as loading control.

Reporter assays

For luciferase-based real-time as3ayn living cells, MCF-7 cells stably
expressing RLucLC3wt and RLuc-LC3G120A were platedhe uneven and even
numbered columns of white 96 wells dishes (Nunc61D3) respectively at
8x10¢'cells/ml. The following day, 0 medium containing 50nM EnduREh
(Promega) were added to the cells and incubate@ foours. The luminescence was
measured (Enspire 2300 Multilabel reader, Perkinel) after 2 hours corresponding to
time zero (To) define as 100%. The readout wasimddaby calculating the ratio in
luminescence between RLucLC3wt and RLucLC3G120Aicigives the autophagic
flux. Thereafter, the compounds dissolved in EnchiRecontaining medium were
added in the volume of B0 and luminescence measurements were performed in
intervals of 2 hours during 20 hours.

For the reporter assdyat 12 hours, MCF-7 cells expressing RLuc-LC3wt and
RLuc-LC3G120A were used and Renilla-luciferase detk using the reagents in the
Dual-Luciferase® Reporter assay System (Promegaprding to the manufacturer’'s
instructions. Briefly, after 12 hours of incubatiaith compounds, cells were lysed in
40ul /well of 1x lysis buffer and subjected to a sidgteeze/thaw cycle. Renilla-
Luciferase was further measured in white half @6avell plates (Costar, 3694) by
adding 8@l of lysate and Stop&Glo® Reagent tpl®f sample.

Cathepsin and NAG activities

The cysteine cathepsin (zFR-AFC, Enzyme System uetsfl andN-acetyls-
glucosaminidase (NAG) activities of MCF-7 cellsatred with UA &M, ConA 2nM
and TNF 10ng/ml were measured after 24 hugriefly, the cytosolic fraction was
extracted with 20g/ml digitonin and the total cellular fraction wig®Qug/ml digitonin.
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The rate of the appropriate substrate hydrolysia¥mvas measured over 20 minutes at

30 °C on a SpectraMax Gemini fluorometer (Molecll&vices, Sunnyvale). Lactate

dehydrogenase (LDH) activity of the cytosol, detield by a cytotoxicity detection kit

(Roche), was used as an internal standard.

Statistical analysis

All values represent the mean ration + SEM of edst three independent

experiments. Statistical analyses were done usingvaatailed unpairedt-test in

GraphPad Prism 4.0 softwafvalues< 0.05 were considered statistically significant.

Images are representative of at least three inadEpeexperiments.
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1. General Discussion and Conclusions

In recent years, natural products have receivedt@ttention for cancer research
owing to their various health benefits, associattl low of toxicity and side effects.
Colorectal cancer (CRC), a common cause of camtared death, has been increasing
over time and the main reason for its high incigehas been associated to diet. The
work developed in the scope of this thesis contetbuo support the importance of
dietary constituents in certain genetic profilesGRC and to increase the value of
potential dietary natural compounds as anticangenis.

In the first part of this work (chapter Il and |lfhe possible anticarcinogenic
effects ofSalviasp. andHypericumsp. water extracts, prepared as a tea, whichesobn
the most common forms of human consumption of tipdesats, and the main phenolic
compounds rosmarinic acid and chlorogenic acid gmesn these extracts, were
evaluated in CRC cell lines. These medicinal plaarts popular for different reasons
and they have been experimentally investigated #meir benefits confirmed.
Nevertheless, their anticarcinogenic effects in CR&ve never been explored. The
second part of the work (chapter 1V, V and VI) feed on two phenolic compounds
(quercetin and luteolin), which are active compaumesent in the extracts tested
above, as well as, the triterpenoid ursolic acat th present in sage extracts. Although
the anticancer effects, especially of the phermimpounds, have been widely studied,
their effects on particularly CRC mutation patteamsl their possible combination with
5-fluorouracil (5-FU) is not known. The chemothexapc agent 5-FU is currently the
most widely used drug, however some resistance® hlmeen arising, and thus
combinatory drugs have been developed to improv€ @Batment. Therapies targeting
pathways involved in CRC carcinogenesis have isa@denefits when in combination
with this traditional chemotherapeutic agent, ogarmg current limitations of the
agent.

Due to the high frequency of mutations in composeoit the PI3K/Akt and
MAP Kinases pathways present in CRC humans thesfoé€uhis study was on these
relevant molecular targets. Therefore, the exparim&vere performed using different
CRC cell lines: HCT15 harbors a KRAS mutation an@1C5 harbors a BRAF
mutation and overexpresses Akt. Moreover, the tffe€ compounds on molecular
targets of apoptotic and non-apoptotic pathwayscef death were studied. The

antiproliferative and proapoptotic effects were leated using differenin vitro tests,
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such as MTT, BrdU and TUNEL assays. To assess tissilde effects on different
molecular targets western blot were performed.

Firstly, the potential effect of water extracts 8f fruticosa (SF) and S.
officinalis (SO) was evaluatedliiapter Il). These sages showed to significantly inhibit
cell proliferation and induce apoptosis (50ug/rbifferent effects were found for the
two CRC cell lines. The results revealed that theffects may be associated, at least in
part, with the inhibition of MAPK/ERK pathway thrgh effects upstream of BRAF.
The presence of the BRAF mutation showed to aet laarrier for the antiproliferative
effect of these sages. The main phenolic compouedept in the sages, rosmarinic
acid, did, however, not show the same effects, eddrigher concentrations (100uM),
presenting only proapoptotic effects. Thus, othetiva compounds present in the
extracts at lower concentrations, or the mixtureveen them, may be responsible for
the antiproliferative effects of SF and SO.

Subsequently, the anticarcinogenic activities oéétHypericumwater extracts
sp., Hypericum androsaemunHA), Hypericum perforatum(HP) and Hypericum
undulatum(HU), were investigated in the same CRC cell lifesapter II1). The study
demonstrated that HA efficiently inhibits cell pfefation and induces apoptosis in
both genetic backgrounds. These effects seem teldtied to suppression of the mutant
BRAF and PI3K/Akt pathway (at 65ug/ml). Interestingthis extract only interferes
with mutant BRAF without affecting wild type BRABuggesting a more specific effect
of this extract on CRC. Moreover, HA also increap@8 and JNK activation, which
may explain the extracts’ proapoptotic effectsotder to find the active compound of
HA plant, the main phenolic compound present in tgAlorogenic acid, was tested.
This compound did, however, not show any of theeoled effects, even at very higher
concentrations. On the other hand, the study detraded that HU and HP species are
different from HA, since no effects on CRC cellahility, at reasonable concentrations,
were detected. The results demonstrated new belefdfects of Hypericum
androsaemunmand, more significantly, it showed to be a souwfecompounds that
specifically act in BRAF mutation, frequently foumdCRC tumors.

All these observations showed the ability of theslicinal plants in decreasing
CRC progression by affecting the expression of irtggd molecular targets of
proliferation and apoptosis. In addition, they ssjgthem as sources of potential
anticarcinogenic compounds. Sage extracts arengryn several derivates of luteolin,

whereas Hypericum extract possess quercetin and a variety of glgessiin its

168



Chapter VII Final Considerations

composition. Since these conjugated glycosides baem shown to be converted into
their active aglycones quercetin (Q) and luteolin i the intestine, we decided to
study the aglycones as the most important playerthe cell. In addition, we also
studied a triterpenoid, ursolic acid (UA), whichaiso present in sage water extracts.

In chapter IV, the antiproliferative and proapoptotic effects@f L and UA
were evaluated and the possible involvement of FABK and MAPK signalling
pathways on their mechanism of action were analygdidthe compounds showed
significant inhibition of cell proliferation and duction of apoptosis in CRC cell lines.
The effects of Q (around 20uM) and L (around 15s&Bm to be due, at least in part,
to effects on KRAS through regulation of both MABRK and PI3K pathways.
However, the presence of a BRAF mutation prevenésd compounds from having
effect on the MAPK/ERK pathway. On the other hat (10uM) seems to be
efficient in suppressing PI3K, at concentratiorolbethe other compounds. In addition,
these natural compounds demonstrated to be evee pfticient in inhibiting the
pathways than the reference inhibitors commonlydute study the involvement of
P13K/Akt and MAPK/ERK pathways.

Taken together, sage extracts inhibit MAPK/ERK path through suppression
of KRAS probably due to derivates of luteolin, @nbtis compound alone showed the
same effects. However, L additionally demonstratediecrease PI3K/Akt pathway,
thereby affecting other molecular targets. An dffat PI3K was also observed for UA.
Regarding HA, the inhibition of PI3K/Akt pathway wWd probably be due to the
presence of Q, one constituent of this extract shatved the same effect. Surprisingly,
HA also suppresses mutant BRAF, effect that wasfowntd for Q, which instead acts
on KRAS, or for the main phenolic compound chlorugeacid. To look for the active
compound responsible to the effect on mutant BRA&ul be considered in future
experiments. These recent findings highlight thpant of compounds that specifically
act on mutant BRAF like HA water extract. It mudsoabe taken in account that
possible applications of the flavonoids Q and Lirdsbitors of MAPK/ERK pathway
seem to be restricted to tumors without BRAF matatEffects of extracts are not due
to main phenolic compounds present and may resutt bther classes of compounds
and/or for synergism between constituents.

In chapter V, the effects of Q, L and UA in combination wittF& were tested,
in order to find agents that could overcome 5-F&lstance and improve treatment

efficacy. One mechanism of action of this chemapeutic 5-FU is apoptosis
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induction, which was the focus of this work. Theulks showed that Q and L (both at
12uM) efficiently enhance apoptosis induced by 5-&t#l a synergistic effect was
observed for Q in the p53 wild-type cell line. @@8®s to increase the effect of 5-FU
through induction of the mitochondrial pathway hesa an increased on cleaved
caspase 3, caspase 9 and PARP and a decreaseZrewlession were detected when
Q in co-incubated with 5-FU in the CO115 p53 wijpe cell line. This suggest the
possible applicability of this flavonoid in combtiman with 5-FU to improve cell death
dependent on p53. UA (4uM) was also tested in coatimn with 5-FU and a
synergistic enhancement of apoptosis was obsernvéteiHCT15 mutant p53 cells. In
this case, UA did not induce caspase activity, Was able to induce JNK activation,
where the inhibitor of the JNK, SP600125, almosthpketely abrogated UA-induced
apoptosis. These results suggest that UA inducestesis through JNK pathway when
p53 is not functional, being the possible reasantli@ synergistic effect with 5-FU.
Moreover, UA-induced cell death (other than by apsis) also seems to be partially
dependent on JNK. Interestingly, this triterpend@monstrated to be more efficient in
inducing cell death than 5-FU alone, suggesting &$Aa potential chemotherapeutic
candidate against CRC. Since apoptosis induceddgitinot explain all the cell death
observed, effects on autophagy, another type btleath, were elucidated. UA induced
accumulation of LC3, an effect inhibited by SP,iaating an involvement of this
compound in autophagy and a role of JINK in thixpss, in HCT15 cells.

Finally (chapter VI), a characterization of the role of UA in autophagas
made. Agents that have a role in the autophagicgshave been appearing and seem
promising as anticancer agents. An accumulationL©8, as demonstrated in the
previous study, may be an indication of both ina@ucbor inhibition of the autophagic
process. The expression of p62, as well as, immstaaemistry stained with
autofagosomes and lysosomes markers were furtladyrzaa. This study found that UA
inhibits autophagy in HCT15 cells over time. Moreouhis inhibition appears to be at
the maturation step since no fusion event betwgsmsbmes and autophagosomes was
observed. Taking advantage of some currently nehnigues, MCF-7 breast cancer
cell line was used to confirm the inhibitory effexft UA on autophagy process at the
maturation step. Interestingly, UA also showed dwert the effect of rapamycin, a
classical inducer of autophagy, and to cooperath amother inhibitor of autophagy,
increasing its effect. Moreover, neither INK noBg#athways seem to be involved in

the inhibition of autophagy induced by UA in MCFeélls, contrarily to what was
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previously observed for HCT15 cells. The role ofKJd autophagy seems be dual
depending on the cell type. In order to understanate deeply how UA inhibits the
maturations step, effects on lysosomal integritg vested. The results showed that UA
increased the release of the lysosomal hydrolastsetcytosol and decreased their total
activities, suggesting an induction of lysosomahteane permeabilization, as well as,
a possible impact on lysosomal biogenesis and/alirect destabilizing effect on
lysosomal membranes. The effect of UA on the dé=ation of lysosomes structure
helps to explain the lack of fusion between them antophagosomes. Taken together,
this work found a new effect for UA in the inhiloiti of autophagy, which is probably
due to effects on lysosome integrity.

In general, this work uses a new methodological@gpgh by using CRC cell
lines that harbor different mutations and chara#srmechanisms of action of extracts
and individual compounds of medicinal plants of gemusSalviaandHypericum,on
particular molecular targets comparativelly. Thegesavater extracts demonstrated
capacity to inhibit MAPK/ERK upstream of BRAF, wliHypericum androsaemum
acted specifically on mutated BRAF, effects thaplai, at least in part, the
antiproliferative and proapoptotic effects of thedants. In addition, these effects were
not due to the most representative antioxidant @am@s present in the extracts
(rosmarinic acid and chlorogenic acid, respectijelsuggesting the effects are
independent of reactive oxygen species (ROS)-metligzignaling. Concerning the
isolated compounds, Q, L and UA, it was shown,tha first time, in this work the
impact of their effects on molecular targets orfedént genetic patters in CRC and their
possible use in combination with the chemotherapedtug 5-FU. Q and L
demonstrated to act on KRAS, affecting both MAPKKEBNnd PI3K/Akt pathways,
although the effect on MAPK/ERK inhibition is noniger observed in the presence of
BRAF mutation. The combination of Q with 5-FU shalva synergistic induction of
apoptosis probably through via mitochondrial pathwathe p53 wild-type background
of CO115. Finally, UA demonstrated to inhibit PI3iathway and to synergistically
enhance apoptosis induced by 5-FU via JNK. Fofiteetime, UA was found to inhibit
autophagy at the maturation step of autophagosdysesomes fusion, possibly by
affecting the lysosomal membrane, contributingelh @eath.

In conclusion, the plant extracts and the isolatatliral compounds used in this
thesis demonstrated to be promising agents aga@iR€l in different molecular targets

by decreasing proliferation and in sensitizing @raells to death apoptosis. This study
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contributes to ad&alvia fruticosa Salvia officinalis andHypericum androsaemuio
the list of plants with potential anticarcinogensdfects. Moreover, the isolated
compounds quercetin and luteolin demonstrated toeffective on a variety of
molecular targets and to be promising agents inlaoation with 5-FU. During this
work, UA was the most promissory compound sineeais able to target the lysosomes
at lower concentrations inhibiting the autophagiogess and thus leading CRC and
breast cancer cells to death. More research isededtbwever, to safely add these
dietary natural compounds as therapeutic tool agaiancer and especially we should

be aware than vivo studies are needed to confirm our data.

2. Future Perspectives

The studies enclosed in this thesis were carried tou find potential
anticarcinogenic effects dalvia and Hypericumspecies and, if possible, to identify
active principles, characterizing the mechanismaciion. In spite of the advances
obtained in this work, there are still many questiananswered.

Presently, we found thabalvia fruticosa Salvia officinalis and Hypericum
androsaemunpossess anticarcinogenic in CRC. In an attemfmdowhich compounds
are responsible the effects observed, we testethée phenolic compounds present in
the water extracts. However, neither of the compgsurmsmarinic acid and chlorogenic
acid, respectively, showed the ability to suppt€RAS or BRAF, the active principle
of these extracts being still unknown. Since tigpericumwater extract was only
effective in inhibiting mutant BRAF without affenfy the wild-type BRAF, to find in
the plant the possible responsible for this eftentstitute a good challenge. As future
work, a screening of compounds present in lypericumwater extract should be
performed. Although phenolic compounds have beemodstrated to have a wide range
of effects against several cancer cell types, atlases of compounds present in these
extracts must be taken into account.

The isolated compounds quercetin and luteolin shioteeinhibit MAPK/ERK
and PI3K/Akt pathways through inhibition of KRASoWever, more studies should be
performed in order to clarify how these compoumdsract and decrease the expression
of this protein. Both flavonoids also demonstrat@enhance apoptosis induced by 5-
FU and, moreover, a synergistic effect was obsewidd quercetin in the p53 wild type
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cells. Nevertheless, to confirm and validate thessuilts, studiesn vivo should be
carried out.

The triterpenoid ursolic acid induced cell deatlsmatall concentrations and had
effect on lysosome integrity, which leads to a kéoge of the maturation step during the
autophagic process. According to some recent sutlld affects the metabolism of
lipids, which could explain the observed effectslggosomal membrane. It would be
interesting to explore more in detail the interfexe of UA with lysosomes and cell
membranes in general.

Finally, since an ideal anticancer agent shouldo& to malignant cells with
minimum toxicity towards normal cells, it is impart to evaluate the effects of these
plant water extracts and isolated compounds irs @ahsidered “normal’. In fact, UA
was tested in HBL-100 nontumorogenic breast-derivaguithelial cells and no
significant effect on its survival, at the concatitn used, was observed. The same
should be investigated for quercetin and lutedlloreover, to further reveal the impact
of the applicability of these natural compoundsGRC therapy, effects in animal

models are essential.
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