[MPORTO [APORTO

ICBAS [ INSTITUTO DE CIENCIAS FACULDADE DE ClENCIAS

BIOMEDICAS ABEL SALAZAR

SCHOOL OF MEDICINE AND C UNIVERSIDADE DO PORTO
BIOMEDICAL SCIENCES

OLYOJ I

[BPORTO

ICBAS | 5avesieR e shtazan
SCHOOL OF MEDICINE AND
BIOMEDICAL SCIENCES

[BAPORTO

F FACULDADE DE CIENCIAS
C UNIVERSIDADE DO PORTO

Evaluation of the
anticancer activity of
cinnamic acid
derivatives targeting
COX-2

Ana Luisa de Sousa e Castro Dias

Master’s thesis in Biochemistry presented to
Faculty of Sciences and

Abel Salazar’s Institute of Biomedical Sciences
University of Porto

2021

2-X0OD bunabiel sanireallap

pIoe a1Wweu Ul JO AlIAIIOR JaduedIjue ay) JO uolenjeay

se|g 0J1se) 9 esnos ap esing euy

o}



Evaluation of the
anticancer activity of
cinnamic acid
derivatives targeting
COX-2

Ana Luisa de Sousa e Castro Dias

Master’s degree in Biochemistry

Faculty of Sciences and Abel Salazar’s Institute of Biomedical Sciences
University of Porto

2021

Supervisor
Ana Salomé Pires Lourencgo, Assistant Professor,
Faculty of Medicine of University of Coimbra (FMUC)

Co-supervisor
Carmen Jerénimo, Invited Full Professor,
Abel Salazar’s Institute of Biomedical Sciences (ICBAS)



©@) IPOPORTO

e FACULDADE DE FARMACIA
’.. 9 () UNIVERSIDADE b

ICBR Coimbra Institute for Clinical
and Biomedical Research

[BPORTO

ICBAS | i e htazan
SCHOOL OF MEDICINE AND
BIOMEDICAL SCIENCES

[BAPORTO

F FACULDADE DE CIENCIAS
UNIVERSIDADE DO PORTO

Todas as corre¢Bes determinadas
pelo juri, e s6 essas, foram efetuadas.

O Presidente do Jari,

Porto, / /




FCUP/ICBAS
Evaluation of the anticancer activity of cinnamic acid derivatives targeting COX-2

Agradecimentos

Este projeto representa o final de mais uma fase na minha vida, que teria sido impossivel
de terminar sem todo o0 apoio e ajuda de toda a equipa do Instituto de Biofisica da
Faculdade de Medicina da Universidade de Coimbra. A todos, agradeco toda a
paciéncia, ajuda e apoio dados e todo o conhecimento que me foi transmitido durante a

minha jornada convosco.

A Professora Doutora Maria Filomena Botelho, Professora Catedratica da Faculdade de
Medicina da Universidade de Coimbra, por me ter dado a oportunidade de fazer a minha

dissertagdo no Instituto de Biofisica e por me ter alargado horizontes.

A Professora Doutora Ana Salomé Pires, Professora Auxiliar da Faculdade de Medicina
da Universidade de Coimbra, que me orientou durante a dissertacdo de Mestrado, por
toda a disponibilidade, ajuda e conhecimento que me transmitiu, sempre com simpatia
e paciéncia. Agradeco, também, por me acalmar quando tudo parecia correr mal. Um
especial agradecimento por tudo o que me transmitiu, dos conhecimentos cientificos

aos pessoais.

A Professora Doutora Carmen Jer6nimo, Professora Catedréatica do Instituto de Ciéncias
Biomédicas Abel Salazar, por me ter dado oportunidade de aprender mais e ter
orientado durante a dissertacdo de Mestrado, por toda a disponibilidade, conhecimento
e questdes pertinentes que enriqueceram o projeto e, também, 0 meu percurso

académico.

A Mestre Inés Marques por me ter acolhido no grupo, ensinado tudo o que sei sobre
cultura celular, por toda a ajuda indispensavel que me foi dada ao longo destes meses,

por todas as oportunidades e, acima de tudo, por toda a paciéncia.

A Professora Doutora Ana Margarida Abrantes, Professora Auxiliar com Agregacdo da
Faculdade de Medicina da Universidade de Coimbra, por me acolher no Instituto de

Biofisica, por todas as oportunidades e toda a ajuda e paciéncia.

A Doutora Mafalda Laranjo por toda a paciéncia e ajuda durante todo este percurso, por

toda a disponibilidade e por me acolher sempre com simpatia.

A Professora Doutora Fernanda Roleira, Professora Auxiliar da Faculdade de Farmacia
da Universidade de Coimbra, e ao Professor Doutor Elisiario Tavares da Silva, Professor
Auxiliar da Faculdade de Farmécia da Universidade de Coimbra, pela oportunidade de

trabalhar neste projeto, toda a ajuda e conhecimento transmitido.



FCUP/ICBAS
Evaluation of the anticancer activity of cinnamic acid derivatives targeting COX-2
Ao Mestre Ricardo Teixo, & Mestre Beatriz Serambeque e ao Mestre Miguel Marto, que

direta ou indiretamente me ajudaram neste projeto.

A Mestre Catarina Guilherme por toda a disponibilidade e paciéncia para me ouvir, mas
especialmente por toda a amizade duradoura e por nunca me deixar desistir de nada,
um obrigado especial por acreditar sempre nas minhas capacidades e me demonstrar

que posso sempre fazer mais.

As minhas colegas de mestrado Beatriz, Licia e Gabriela que me acompanharam
durante todo este percurso, me ouviram sempre que precisei e me ajudaram em tudo o

gue podiam, obrigada pela vossa amizade.

A todos os alunos que me acompanharam durante o projeto, Ana Catarina Matos, Maria
Combo, Santiago, Inés Graca e Catarina Wright, por toda a paciéncia, ajuda e
disponibilidade. Obrigada pela oportunidade de aprender convosco e transmitir todo o
conhecimento que tenho. Um especial agradecimento, a Ana Catarina Matos por toda a

amizade e tempo para me ouvir quando mais precisei.

Agradeco também a todos 0s que me acompanharam durante 0 meu percurso

académico e que me ajudaram durante todos estes anos.

A Barbara Nunes por toda a amizade, apoio e por me ouvir sempre. Por me acolher
guando eu me sentia completamente a margem, por todas as correcdes e horas de

conversa sobre a dissertagéo.

A Joana Marques por todo o apoio durante este processo, por me ter ajudado quando
eu achava que nao havia mais nada a fazer, por me ouvir e por me aceitar tal como sou,
por todas as correcdes que me fez durante todo o projeto e, especialmente pela

paciéncia e amizade! Obrigada por estares sempre la.

A Ana Madeira por todo o tempo despendido para me ajudar e corrigir, pela amizade e
todas as conversas infindaveis acerca dos mais variados assuntos, obrigada por toda a

paciéncia para me ouvir e todos os conselhos que me deu.

A Eva Gongcalves por todo o companheirismo, amizade, paciéncia e confianga. Um
especial obrigado pela amizade, por nunca desistir de mim mesmo quando as coisas

parecem correr mal e, especialmente, por ser a minha confidente nas piores alturas.

A Maria Inés Oliveira por toda a amizade e apoio sempre que necessitei durante todo o

meu percurso académico.



FCUP/ICBAS
Evaluation of the anticancer activity of cinnamic acid derivatives targeting COX-2
Ao Rafael Marques por todo o amor, carinho e paciéncia durante todos estes anos, por
nunca me deixar desistir e acreditar sempre que posso tudo e que sou a pessoa mais
capaz que conhece. Obrigada por estares la todos os dias e por toda a compreensao

durante este percurso.

Aos meus irmdos, Joado Dias e José Dias por terem a maior paciéncia comigo e me

acompanharem em todos 0s passeios que necessitei fazer.

O real e mais importante obrigada, aos meus pais, Alice de Sousa e Castro e Humberto
Dias, por sempre me darem apoio em todas as minhas escolhas e me permitirem

estudar o que realmente gosto.

E, por fim, agrade¢o a mim mesma, por sempre lutar contra todos os impulsos negativos
e por evoluir pessoalmente, academicamente e profissionalmente durante todo este

projeto.

A todos estes e aos restantes ndo mencionados, mas que fazem parte da minha vida, o

meu mais sincero bem-haja.



FCUP/ICBAS
Evaluation of the anticancer activity of cinnamic acid derivatives targeting COX-2

Resumo

A ciclooxigenase-2 (COX-2) esta sobreexpressa em varios tipos de cancro, como
o cancro da mama (BC) ou o carcinoma hepatocelular (HCC), e esta relacionada com
diversos hallmarks do cancro como a inflamacéo, a angiogénese e a resisténcia as
terapias. Por esta razdo, tém sido procurados novos inibidores de COX-2 para
tratamentos antitumorais. Os derivados de acido cindmico revelaram ser inibidores
seletivos de COX-2 e consideraveis agentes anti-proliferativos contra varios tipos de
cancro. Neste projeto foi avaliada a atividade anti-proliferativa de um &cido cinamico e
de cinco amidas de &cido cinAmico com o objetivo de descobrir novos inibidores de

COX-2 que possam colmatar as falhas existentes na clinica.

A citotoxicidade dos compostos foi avaliada nas linhas celulares de BC (MCF-7)
e de HCC (HuH7 e HepG2) por ensaio de MTT, ap6s 48h de incubagédo. A seletividade
da atividade anti-proliferativa dos compostos E4, F13 e F19 foi avaliada em células
normais da mama (MCF-12A) pelo mesmo método. Alteracdes do ciclo celular e
viabilidade celulares e dados sobre os mecanismos de morte celular foram avaliados
por citometria de fluxo, apés 48h. Para complementar estes dados, a morfologia celular
foi avaliada pela coloragcdo com May-Grinwald-Giemsa. A expressdo basal COX-2 e a

expressao de COX-2 apés tratamento com E4 também foram avaliadas por western blot.

Todos os compostos demonstraram atividade anti-proliferativa, sendo o E4 o
composto mais promissor. Além disso, os compostos E4 e F13 demonstraram
seletividade para as células tumorais da mama em comparacdo com as células normais.
A avaliacdo da morfologia celular demonstrou que o composto E4 induziu apoptose em
todas as linhas celulares e necrose numa das linhas de células HCC. Este tratamento
também induziu a paragem do ciclo celular na fase S nas células HepG2 e HuH7, e uma
disrupcdo do potencial de membrana mitocondrial em todas as linhas celulares. Os
resultados da expressédo de COX-2 mostraram que o tratamento com E4 diminuiu a

expressao de COX-2 em todas as linhas celulares.

Conclui-se, assim, que os derivados de &cido cindmico sdo compostos
promissores para colmatar as limitacfes dos inibidores seletivos da COX-2 atualmente
utilizados na pratica clinica, e que poderdo vir a ser utilizados como agentes anti-

inflamatorios e anticancerigenos.

Palavras-chave: Ciclooxigenase-2, inibidores de cicloxigenase-2, carcinoma
hepatocelular, cancro da mama, derivados do acido cindmico, atividade

anticancerigena.
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Abstract

Cyclooxygenase-2 (COX-2) is overexpressed in several types of cancer, such as
breast cancer (BC) and hepatocellular carcinoma (HCC), and is related to several
hallmarks of cancer, such as inflammation, angiogenesis, and resistance to therapies.
For this reason, new COX-2 inhibitors have been sought for anticancer purposes.
Cinnamic acid derivatives have been shown to be selective COX-2 inhibitors and
considerable antiproliferative agents against various types of cancer. In this project, the
antiproliferative activity of one cinnamic acid and five cinnamic acid amides was
evaluated with the aim of discovering new COX-2 inhibitors that can fill existing gaps in

the clinics.

The cytotoxicity of the compounds was evaluated in BC (MCF-7) and HCC
(HuH7 and HepG2) cell lines by MTT assay after 48h of incubation. The selectivity of the
antiproliferative activity of compounds E4, F13 and F19 was evaluated in MCF-12A by
the same method. Cell cycle alterations, cell viability and data on cell death mechanisms
were evaluated by flow cytometry, 48h after treatment. To complement these data, cell
morphology was assessed by May-Griinwald-Giemsa staining. Basal COX-2 expression
and COX-2 expression after treatment with E4 for 48h were also evaluated by western
blot.

All compounds demonstrated antiproliferative activity, with E4 being the most
promising compound. Furthermore, compounds E4 and F13 demonstrated selectivity for
breast cancer cells compared to normal cells. Evaluation of cell morphology
demonstrated that compound E4 induced apoptosis in all cell lines and necrosis in one
of the HCC cell lines. This treatment also caused cell cycle arrest in S phase in HepG2
and HuH?7 cells, and a disruption of mitochondrial membrane potential in all cancer cell
lines. The results of COX-2 expression showed that E4 treatment decreased COX-2

expression in all cell lines.

Thus, it is concluded that cinnamic acid derivatives are promising compounds to
exceed the limitations of COX-2 selective inhibitors currently used in clinical practice and

could be used in the future as anti-inflammatory and anticancer agents.

Keywords: Cyclooxygenase-2, cyclooxygenase-2 inhibitors, hepatocellular carcinoma,

breast cancer, cinnamic acid derivatives, anticancer activity.
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Thesis Organization

The development of this master's Thesis was a collaborative process between
three academic institutions: ICBR, Faculty of Medicine of the University of Coimbra:
Institute of Biophysics, Laboratory Pharmaceutical Chemistry of Faculty of Pharmacy of

University of Coimbra, and IPO-Porto: Cancer Biology & Epigenetics Group.

This Thesis is organized in four chapters: Introduction (Chapter 1), Materials and
Methods (Chapter 2), Results and Discussion (Chapter 3), Conclusions and Future
Perspectives (Chapter 4).

A succinct introduction to each chapter is described below:

Chapter 1. Introduction
» Review of important concepts, recent studies, findings, and Thesis’
objectives.

Chapter 2. Materials and Methods

» Description of the materials and methodologies applied in this work.

Chapter 3. Results and Discussion

» Description and discussion of all the results obtained.

Chapter 4. Conclusions and Future Perspectives

» ldentification of the major conclusions and proposals for future work.

Vi
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Chapter 1. Introduction

This Chapter provides a review of relevant topics for this Thesis project. Firstly, the
background of the cyclooxygenase-2 and its presence in some cancers, the use of
inhibitors of cyclooxygenase-2 on clinical practice and the discovery of cinnamic acids
amides as cyclooxygenase-2 inhibitors are analysed. Further, basic molecular
mechanisms and epidemiology of cancer worldwide, including in Portugal, are described
followed by literature review of breast and liver cancer. Lastly, the role of
cyclooxygenase-2 in cancer and literature review about both the pharmaceutical
applications of inhibitors of cyclooxygenase-2 and the cinnamic acids derivatives are
also presented. A special emphasis will be given to the cinnamic acids amides, since
they are the research focus of this project. Thesis’ objectives to be achieved are also

outlined.
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1.1 Background

Cyclooxygenase-1 (COX-1) and cyclooxygenase-2 (COX-2) are two isoenzymes
involved in the prostaglandin (PG) and thromboxane biosynthesis. COX-1 is
constitutively expressed, while COX-2 results from an inducible early response gene,

which is activated by various extracellular or intracellular physiological stimuli (1-3).

COX-2 is frequently expressed in many types of cancers including
cholangiocarcinoma (3-6), hepatocellular carcinoma (3,4,6,7), lung cancer (6—8) and
breast cancer (1,8,9) and plays a pleiotropic and multifaceted role in carcinogenesis and
cancer cell resistance to chemotherapy and radiotherapy (4). Therefore, COX-2
inhibitors offer a therapeutic approach for the reduction of inflammation and related

diseases such as cancer.

Nowadays, there are no anti-inflammatory drugs which are truly safe and can
also be used as a suitable therapy with minimal gastrointestinal damage and
cardiovascular toxicity (10). As such, it is mandatory to discover new drugs to exceed
the limitations of COX-2 inhibitors currently used in clinical practice. Recently, one
cinnamic acid and five cinnamic acid amides turned out to be potent and selective COX-
2 inhibitors and considerable antiproliferative agents against breast and colon cancers
(11,12).

In this project, the anticancer activity and selectivity of one cinnamic acid and five
cinnamic acid amides were evaluated, in several cancer cell lines, in order to discover
new compounds to exceed the limitations of the COX-2 selective inhibitors currently used

in the clinical practice.

To enrich this work, a theoretical introduction is presented below involving all the
important subjects for this project: cancer - its molecular mechanisms, worldwide
epidemiology, and literature review on breast and liver cancer - and COX-2 - its role in
cancer, pharmacological applications of COX-2 inhibitors and cinnamic acid derivatives,
with cinnamic acid amides having a great emphasis since they are the focus of this

project.
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1.2 Cancer

Cancer is one of the most devastating diseases, being a leading cause of death
worldwide, as well as a major public health concern. Cancer is one of the main causes
of death in economically developed countries. It is a consequence of the growth and
ageing of the world population and the adoption of habits that are known to increase

cancer risk, such as smoking, poor diet and physical inactivity (13,14).

The development of cancer is explained as a normal cell gradual change to a
neoplastic state, obtaining a succession of capabilities known as hallmarks of cancer.
These hallmarks include sustaining proliferative signalling, evading growth suppressors,
activating invasion and metastasis, enabling replicative immortality, inducing

angiogenesis, and resisting cell death (15).

Normal cells have mechanisms that control the production and release of growth-
promoting signals, which are responsible for communicating to the cells if they should
undergo division or not. Additionally, cancer cells can defeat these mechanisms by
deregulating these signals, becoming masters of their own destinies (16). It is also known
that cancer cells may induce normal cells to form tumour-associated stroma, being part
of the tumour microenvironment. Therefore, these normal cells are active participants in
tumourigenesis, contributing for the development and expression of certain hallmark

capabilities (16).

Posterior studies added two new emerging hallmarks: avoiding immune
destruction and deregulation of cellular energetics; and two consequential enabling
characteristics of neoplasia that facilitate acquisition of hallmarks: genome instability and
mutation and tumour-promoting inflammation (16). Altogether, they account for the ten

hallmarks of cancer (Figure 1).
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Figure 1 — Normal cells develop a succession of capabilities known as hallmarks of cancer. Consequently, normal cells
change gradually to a neoplastic state. Thus, these hallmarks are transversal to all neoplastic cells. Initially, these
hallmarks were only six (sustaining proliferative signalling, evading growth suppressors, activating invasion and
metastasis, enabling replicative immortality, inducing angiogenesis, and resisting cell death). However, posterior studies
added two new emerging hallmarks: avoiding immune destruction and deregulation of cellular energetics; and two
consequential enabling characteristics of neoplasia that facilitate acquisition of hallmarks: genome instability and mutation
and tumour-promoting inflammation. Adapted from (16).

1.3 Epidemiology

The World Health Organization (WHO) estimated the occurrence of 19.3 million
new cases and 9.9 million cancer deaths worldwide in 2020 (14).

Moreover, these epidemiologic studies estimated that, for both sexes, female
breast cancer (BC) was the most diagnosed cancer (11.7% of the total cases), closely
followed by lung cancer (11.4%) and colorectal cancer (10%). Furthermore, the one with
a higher mortality rate, for both sexes, was lung cancer (18%), followed by colorectal
cancer (9.4%) and liver cancer (8.3%) (Figure 2).

In Portugal, BC was the most incident type of cancer (26.4%) and the deadliest
(15.5%) among females. Among males, the one with more incidence was prostate
cancer (15.2%) and the most mortal (19.9%) was lung cancer (Figure 3 and Figure 4).
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Figure 2 -Estimated incidence and mortality of the 10 Most Common Cancers in 2020, for both sexes. From (14)
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Mumber of new cases in 2020, males, all ages
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Figure 3 - Estimated most common type of cancer incidence in 2020 in Portugal among males and females. From (17)
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Estimated number of deaths in 2020, Portugal, males, all ages
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Figure 4 — Estimated most common type of cancer mortality in 2020 in Portugal among males and females. From (18).
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1.4 Breast cancer

Female BC is, as mentioned above, one of the most frequent and deadliest
cancers worldwide. In Portugal, BC has become the number one among females in both:
incidence and mortality (14). In early-stage (hon-metastatic disease) it is considered a
curable disease, whereas in the advanced stage (distant organ metastases) is

considered incurable with currently available therapies (19).

This disease is classified as invasive or non-invasive. Non-invasive cancer does
not extend away from the lobule or ducts where it is established. An example is ductal
carcinoma in situ that appears when atypical cells develop within the milk ducts. Even
though the atypical cells have not expanded to tissues outer the lobules or ducts, they
can progress and grow into invasive BC. This last one may occur early when the tumour
is small or later when the tumour is huge. Invasive BC is the most diagnosed carcinoma

among females (20).

BC may also be categorized based on histological and molecular characteristics:
luminal A-like (expressing the oestrogen receptor (ER)), luminal B-like HER2- (without
human epidermal growth factor receptor 2 (HER2) expression), luminal B-like HER2+,

HER2-enriched (non-luminal) and Triple-negative (Figure 5) (19,20).

- N ~  Luminal B-iike HER2+ ) [ Lumi i N (Lumi |
| Triple-negative HER2-enriched (non- | Luminal B-like HER2- Luminal A-like
ER- PR-  HER2- luminal) ER+ but It:r\:ver IER aln?\ I_:R ER+ but lower ER and PR Strongly ER+ and PR+
ioh N i67 ) - expression than luminal A-like; expression than luminal A- low proliferation rates;
mggﬁr:gg; Qig;nﬁ'gz ER-, PR-, HER2+, high grade; high HER2+, high grade; high Ki67 like; HER2-, high grade: high typically low grade; low
except for  some Ki67 index: aggressive disease but index; responds to targeted Ki67 index; high risk GES: Ki67 index; low risk GES;
5 ecr:ut o5, responds to targeted therapies; therapies; intermediate | | intermediate prognosis. good prognosis
\. P ypes. J ‘_\mlermemate prognosis. Y, \prognosis‘ )\ J NG J
10 - 15% 13 -15% 10 — 20% 60 -70%
Proliferation
High grade

ER expression

HER2 expression

Figure 5 - Breast Cancer Subtypes. Boxes are associated with the characteristics (proliferation, grade, ER and HER2
expression) and below of these is the percentage of incidence of each subtype. ER — Oestrogen Receptor; PR —
Progesterone Receptor; HER2 — Human Epidermal Growth Factor Receptor; Ki67 — Proliferation Marker; GES — gene
expression signature; -, negative; +, positive.

Tumours that express ER and/or progesterone receptor (PR) are designated as

hormone receptor-positive BCs (luminal A-like and luminal B-like), while tumours without
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ER, PR or HER2 expression are triple-negative breast cancer (TNBC). This last subtype

is a heterogeneous disorder with special sub-forms and is generally associated to the

worst prognosis (19,20).

Oestrogen is plainly a promoter of BC, being both endogenous and exogenous
oestrogens supplementation (oral contraceptives and the hormone replacement therapy
— HRT) associated with the risk of this cancer. Oestrogen binds to the ER located in the
nucleus, which is a ligand-activated transcription factor. This receptor can alter gene
expression by interacting with oestrogen response elements located in the promoter
region of specific genes and interact directly with proteins, such as growth factor
receptors, to improve gene expression associated with cell proliferation and survival.
Extracellular signals can also promote the expression and activation of the ER in
absence of oestrogen. Behaviours associated with the modern lifestyle, such as
excessive alcohol consumption and high fat diet can also speed this process, elevating
the level of oestrogen-related hormones in the blood (the body fat is involved in synthesis
of oestrone, a type of oestrogen) and trigger the ER pathways. Consequently, obesity is

one of the risk factors for this disease (19,21).

Hormones stimulate breast development during puberty, menstrual cycles, and
pregnancy. The differences between oestrogen and progesterone production during the
menstrual cycles enhance cell proliferation and may cause DNA damage. Due to the
repetition of this process, a faulty repair process can occur, leading to mutations in pre-
malignant, and then in malignant cells. At this stage, oestrogen promotes the growth of

these cells and the proliferation of stromal cells that support cancer development (19,20).

Another common molecular alteration observed in BC is the amplification of
ERBB2 gene, which causes activation of the HER2 pathway. HERZ2 is a transmembrane
protein, a member of the human epidermal growth factor family. Its activation happens
through dimerization after ligand binding, even though no ligand specific for HER2 has
been found. HER2 signalling stimulates proliferation, cell survival, metastasis and
adhesion via different pathways, such as Ras pathway and the phosphoinositide 3-
kinase (PI13K)-protein kinase B (Akt)-mitogen-activated protein kinase (MAPK) pathway
(29).

Breast cancer associated gene 1 and 2 (BRCA 1 and BRCA 2) are two tumour
suppressors genes. BRCA 1 deficiency conducts to the dysregulation of cell cycle
checkpoint, abnormal centrosome duplication, genetic instability and eventually
apoptosis. BRCA 2 protein regulates DNA repair by homologous recombination and its

faulty function is correlated with high-grade BCs. Mutations on these two genes are
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related to a cumulative risk of developing BC. It is mandatory to determine the family’s
risk, reason why some models have already been developed (e.g. family history score)
(19,21).

The risk of BC increases considerably if there is deleterious mutations in either
BRCA 1 or BRCA 2 genes. About 20-25% of hereditary BCs and 5-10% of all BCs are a
consequence of mutations on these genes. It is also known that approximately 10% of
BCs are inherited and associated with a family history, although this varies often by
ethnicity and the context of early-onset, bilateral and/or TNBC (19,21).

In addition to the risk factors above mentioned (modern lifestyles, external
oestrogen intake and family history), sex, ageing and reproductive factors are also
related to this disease (Figure 6). Reproductive factors such as early menarche, late
menopause, late age at first pregnancy and few pregnancies also rise up the BC risk
(21).

Life
Style

Estrogen
Reproductive factors

Family history
Aging

Sex

Figure 6 - Risk Factors of Breast Cancer. The most predominate risk factors are found at the bottom of the pyramid, while
the top refers to the least predominate risk factor.

The WHO has described two distinct strategies to encourage the early detection
of cancer: early diagnosis and screening. Early diagnosis is the detection of symptomatic
cancer at an early stage and screening is the identification of asymptomatic disease in a

target population of apparently healthy individuals (22).

The diagnosis of BC is centred on a triple test involving clinical examination,

imaging (usually mammography and/or ultrasonography) and needle biopsy (19). The

10
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symptoms are palpable breast mass, palpable axillary mass, nipple discharge, nipple

inversion, breast asymmetry, breast skin erythema and breast skin thickening (22,23).

Population-based screening with mammography has been related to significant
reductions in BC mortality, approximately 20%, however this only concerns high-income
countries, when these data are available (22). Therefore, women aged from 40 to 75

years should do mammograms frequently (24).

After a positive result two main molecular targets are assessed: ER alpha and
ERBB2/HER2. PR is also a marker of ER alpha signalling. This step is to identify the
cancer subtype and thus choose the appropriate therapy for the patient (23).

For non-metastatic BC, therapeutic objectives are to eradicate the tumour from
the breast and regional lymph nodes and, also, to prevent the metastatic recurrence.
Local therapy for this type of BC consists of surgical resection and sampling or removal
of axillary lymph nodes, with consideration of postoperative irradiation. Systemic therapy
may be preoperative (neoadjuvant), postoperative (adjuvant) or both, depending on the
subtype of BC: endocrine therapy for all ER-positive tumours (and chemotherapy in
some patients); trastuzumab-based HER2-directed therapy and chemotherapy for all

HER2-positive tumours; and chemotherapy alone for patients with TNBC.

Moreover, for metastatic BC, the central objectives of therapy are prolonging life
and symptom mitigation. The same basic categories of systemic therapy are applied in
metastatic BC as in neoadjuvant/adjuvant tactics; local therapy modalities (surgery and

radiation therapy) are often used in metastatic disease for palliation only (23).

Considering all the efforts that have been done to fight this disease, there are still
some gaps to overcome, mainly related with secondary effects and resistance of the

available therapies.

Chemoradiotherapy is associated with cardiac damage through oxidative stress
and consequently, cardiac inflammation (25-27). Furthermore, trastuzumab lead to
cardiotoxic effects such a decrease of left ventricular ejection fraction (26). Endocrine
therapy has also been associated with development of cardiovascular disease through
hormonal and metabolic changes (26). All these therapies are associated with a high

heart failure risk in BC survivors.

The major challenge when treating cancer, in general, is the acquired resistance
to the treatments. Although there are a lot of studies on the past few years about
multidimensional aspects of endocrine therapy and target therapy resistance, the

majority of molecular mechanisms are still unknown (28,29). This complex problem can

11
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also be explained by the existence of cancer stem cells (CSCs). These cells present
stem-like characteristics and are amplified by the most conventional therapies. Their
capacity of quiescence allows tumours late relapse due to the presence of dormant cells
that escape therapies and immune surveillance (30). In the context of BC, TNBC is a
subtype that is enriched by CSCs, which urgently needs advances in therapeutic options
targeting these cells. On the other hand, some studies suggest that endocrine therapy
can induce the dedifferentiation of bulk cancer cells into breast CSCs, which can be
associated to relapse up to twenty years from treatment in patients with ER+ tumours
(30).

Hence, it is important to discover new therapies efficient in the treatment of this
disease, not only to solve the gaps of therapies used in current clinical practice but also

to give better quality of life to patients.

1.5 Liver cancer

Primary liver cancer is an exceptionally heterogenous malighant disease related
to a high ratio of death worldwide. Liver cancers represent the third leading cause of
cancer deaths worldwide, being hepatocellular carcinoma (HCC) the dominant type (70-
90% of total primary liver tumours) (14,31-35). Beyond HCC, other forms less
predominant include intrahepatic cholangiocarcinoma (also known as bile duct
carcinoma) originated from the intrahepatic biliary ducts, angiosarcoma from the
intrahepatic blood vessels and childhood hepatoblastoma. There is also a mixed or
combined hepatocellular-cholangiocarcinoma, an heterogenous tumour with both
hepatocytic and cholangiocytic differentiation, often associated with a poor prognosis
(36,37).

Chronic liver inflammation and fibrosis (steatosis and cirrhosis), metabolic injuries
(diabetes mellitus, non-alcoholic fatty liver disease), toxic insults (aflatoxin, alcohol intake
and tobacco use), viral infections (chronic hepatitis B virus and hepatitis C virus) and
autoimmune reactions (autoimmune hepatitis) are risk factors for HCC development (31—
33,35-38). Further, there is evidence that hepatocarcinogenesis is affected by stress
physiology (33). Chronic Hepatitis B virus (HBV) and Hepatitis C virus (HCV) infections
are the major recognized risk factors for HCC. However, due to modern lifestyles, there
are already evidences that non-alcoholic fatty liver disease will become the dominant risk
factor soon (31,35,38).

12
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Hepatocarcinogenesis is a complex multistep process in which different signalling
cascades can be altered leading, ultimately, to the heterogeneity of liver cancer disease
(Figure 7). Risk factors described above are intimately associated with the environmental
and genetic susceptibilities to HCC (32,33,36,37).

Cirrhotic liver Dysplastic nodules Very early HCC (z2cm)
HCC (<2cm)
* Chronic
hepatitisB or C
= Alcohol / # —_— <S5
* NASH _—
* Others

45-60% TERT promoter
48% TP53
37% CTNNB1

36% TERT promoter
23% TP53
11% CTNNB1

29-47% 1q, 8q gain TERT, MET,
6% MYC, VEGFA amplification FGF and/or CCND1

3-7% 8p, 22p loss

APC
SOCS1 methylation

Noncirrhotic liver Adenoma (HCA) HCC in HCA

23-35% 4q, 8p, 16p, 17p loss
6% CDKN2A, AXIN1, IRF2 deletion

p16, COX2z CDKL2,FOXE3, SEPT9

( 15% CTNNB1 ) 60% CTNNB1

44% TERT promoter

[ Mutations [ Copy number gains and focal amplifications [0 Copy number losses and focal deletions [0 DNA methylation alterations I

Figure 7 — Hepatocarcinogenesis in cirrhotic and noncirrhotic livers. Most hepatocellular carcinomas (>90%) arise on the
background of chronic liver inflammation, cirrhosis, and fibrosis (dysplasia-carcinoma sequence). NASH — non-alcoholic
steatohepuatitis, a type of non-alcoholic fatty liver disease. From (37).

Several genetic events have been correlated with the progress of HCC (Figure
7) 1) activation of TERT (telomerase reverse transcriptase) promotor, - present in 25-
65% of cancers, depending on tumour stage, being the earliest on dysplasia-carcinoma
sequence and most frequent somatic event in HCC; 2) mutations in CTNNB1 (catenin
beta-1) gene (27-40%), earliest on adenoma-carcinoma sequence; 3) overexpression of
COX-2 and 4) inactivation of suppressor tumour gene TP53 (21-31%). Furthermore,
epigenetic alterations (methylation) are also found on many cancer-related genes.
Genomic instability is common in HCC, in which several mechanisms might play a role,
such as telomere erosion, chromosome segregation defects and alterations in the DNA-

damage response pathways (32,33,36,37).

Immunoediting also helps on tumour progression. Immunoediting explains the
interaction between cancer and immune cells during tumour initiation and is divided in
three steps: elimination, equilibrium, and escape (Figure 8). Cancer cells have mutations
that produce powerful immunogenic neoantigens which are initially identified and
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eliminated by the immune system. As cancer cells proliferate and acquire genetic
instability, they advance through a stage of equilibrium between elimination and escape
from this system. Once most cancer cells with powerfully immunogenic neoantigens
have been eliminated, less immunogenic tumour clones can proliferate unrestricted and

become the dominant cell population during tumour progression (Figure 8).

Other interaction that facilitates HCC development is tumour-stroma interaction
in microenvironment originated from cancer-associated fibroblasts (CAFs). These cells
release cytokines and growth factors that benefit tumour growth and invasion,
suppressing apoptosis and creating an immunosuppressive microenvironment by

recruiting tumour-associated macrophages (37).
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Figure 8 — Intrinsic and Extrinsic factors that drive tumour progress. MDSC — Myeloid-derived suppressor cell; BCR — B
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Treatment of HCC depends on the assessment of tumour stage using the
Barcelona Clinic Liver Cancer (BCLC) stratification, an algorithm that classifies HCC into
five stages: 0, A, B, C and D (32). Patients with early-stage HCC (0, A and B) are treated
by partial liver resection (removal of a portion of the liver) or liver transplantation or
ablation which induces tumour necrosis by injection of chemicals (e.g., ethanol, acetic
acid) or temperature modification (microwave, laser or cryoablation) (32). For more
advanced stages (C and D), radiation therapy and systemic chemotherapy are the most

common treatments (Figure 9).
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Figure 9 — Strategy for HCC treatment in countries with different resource levels. TACE - trans-arterial
chemoembolization; TAE — trans-arterial embolization; TARE — trans-arterial radioembolization. From (32).

Systemic therapy includes the use of multikinase inhibitors as first-line treatment
options, such as sorafenib and lenvatinib. Other drugs have been discovered and can
be considered a second-line treatment option, such as regorafenib (multikinase inhibitor
chemically related to sorafenib), nivolumab [human anti-PD-1 (programmed cell death
protein 1) monoclonal antibody], cabozantinib (multikinase inhibitor) and ramucirumab
[antiangiogenic VEGFR2 (vascular endothelial growth factor receptor 2) antagonist]
(Figure 9) (32).

Despite all the efforts that have been done to combat this disease, acquired

resistance to the treatments lead to high mortality of liver cancer.

Sorafenib is an oral multikinase inhibitor that supresses tumour cell proliferation,
reduces angiogenesis, stimulates cell apoptosis, and can significantly extend the median
survival time of patients. However, these benefits are limited, showing rare objective
responses and disease control rate approaching 50-60% with most patients experiencing
disease progression at six months (39). Some processes involved in this drug resistance
are autophagy, increase of HIF-2a (hypoxia-inducible factor 2 alpha) synthesis and
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CSCs activity (39—-43). Autophagy is associated with therapy resistance through support
tumour cell survival and anoikis resistance (42), HIF-2a synthesis can control tumour
progression and therapy sensitivity (40,41) and CSCs are involved in tumours late

relapse as described above (39,43).

The trans-arterial therapies also present constrains. Some biomarkers were
identified after TACE treatment in surgical specimens by immunohistochemical
expression, such as VEGF, HIF-2a and HIF-1a (hypoxia-inducible factor 1 alpha). These
molecules are associated with neoangiogenesis, stemness and, consequently, therapy
resistance (44). Furthermore, low levels of miR-125b (microRNA 125 b) are related to
cell resistance to doxorubicin under hypoxic conditions, and increase of CSC

populations, regulating, thus, cell resistance to TACE (45).

Targeted therapy has some immune-related adverse events that occur frequently
during treatment and clinical consequences can be significant. Activation of the immune
system leads to damage of normal healthy tissues. Some of clinical consequences are
hepatitis, dermatitis, pneumonitis, and inflammatory arthritis (46). In addition,
Wnt/CTNNB1 mutations are associated to resistance to immune checkpoint inhibitors
(47).

Because of these constrains of the available therapies, it is important to discover
new therapies capable to combat this disease, decreasing mortality associated with liver

cancer.

1.6 COX-2 and Cancer

COX-2 is a membrane-bound, short-living and rate-limiting enzyme that results
from an inducible early response gene, which is activated by various extracellular or
intracellular physiological stimuli, such as cytokines, growth factors and tumour

promoters (4,8,48).

As an inducible gene, COX-2 gene [PTGS2 (prostaglandin-endoperoxide
synthase 2)] contains several key regulatory sites. Its transcription is driven by a number
of pathways, with binding sites in the promoter region for specific proteins, such as NF-
KB (nuclear factor kappa B), IL-6 (interleukin 6), CRE (CAMP response elements), YAP
(yes associated protein), B-catenin and NFAT (nuclear factor of activated T cells) (3,48).
In addition, the 3’-untranslated region (UTR) of COX-2 mRNA also contains a series of

AU-rich elements (ARE) that affect both mRNA decay and protein translation. These 3’-
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UTR form complexes with transacting ARE binding factors and modulate both COX-2
MRNA stability and translation (3).

This protein is responsible for the generation of prostanoids such as
prostaglandin E2 (PGE,), which are molecules that mediate the inflammatory process.
PGs are synthesized in a wide range of tissue types and serve as autocrine or paracrine
mediators to signal changes within the immediate environment (2,4,10). COX-2 is mainly
found in endoplasmic reticulum lumen but also in cytoplasm, mitochondria and caveolar

structures (49).

Recent articles refer to COX-2 as constitutively expressed in many important
organs of the body, being responsible for very important functions, specifically in the
cardiovascular system (10). However, COX-2 is widely upregulated in many human
cancers, including breast (1,8,9), lung (3,6—-8), hepatocellular carcinoma (4-6) and
cholangiocarcinoma (3-5). The activation of COX-2 also increases the generation of
others proinflammatory molecules such as IL-1B (interleukin 1 beta), TNF-a (tumour
necrosis factor alpha) and IL-6, whose production can be induced in tumour cells (5,50).
Thus, due to the occurrence of many polymorphisms in the PTGS2 gene, susceptibility

between individuals to develop cancer is different (5).

COX-2 stimulates CSC-like activity and promotes apoptotic resistance,
proliferation, angiogenesis, inflammation, invasion, and metastasis, playing a pleiotropic
and multifaceted role in the promotion of carcinogenesis and cancer cell resistance to
chemotherapy and radiotherapy (Figure 10) (4). It is accepted that most of COX-2
functions in tumour-related processes are mediated through overproduction of PGs and
it is known that the prolonged increase of PGE: is usually a sign of inflammation, cancer

genesis and/or spread (4,5).

As mentioned above, COX-2 is a pro-inflammatory protein and is overexpressed
in all stages of carcinogenesis, including premalignant lesions (dysplasia and atypia),
because of deregulated transcriptional and post-transcriptional control (3,9).

Consequently, COX-2 can promote pro-tumour inflammation.

Inflammation occurs at different stages of tumour development and is interrelated
with other processes such as angiogenesis, invasion, metastasis, apoptosis resistance
and cell resistance to available therapies (51). First, tumours recruit inflammatory cells
to infiltrate malignant areas and lead them to produce tumour-promoting molecules such
as cytokines, chemokines, reactive oxygen species (ROS), and growth factors. Some
examples of these molecules are IL-6, interleukin 10 (IL-10), and TNF-a. These pro-

inflammatory molecules contribute to a microenvironment favourable for tumour cell
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survival and proliferation along with an extracellular matrix. Furthermore, they also can
act as immunosuppressive mediators, hindering the adaptive immune response to evade
the host’s antitumour defence. In the later stage, tumour cells mostly regulate
inflammatory mediators, modify extracellular matrix to stimulate epithelial-mesenchymal
transition (EMT), increase tumour-dependent blood vessels and lymphatic vessels,
thereby promoting tumour cell survival, mobility, and invasion. Inflammatory mediators
promote these physiological activities through activations of tumour-promoting signalling
pathways, such as STAT3 (signal transducer and activator of transcription 3), NF-kB,
PI3K/Akt and P38 MAPK (51). COX-2 is involved in all these pathways (6,51,52).

The activation of NF-kB is mostly driven by inflammatory mediators in the tumour
microenvironment. In response to the inflammatory microenvironment NF-kB efficiently
stimulates the expression of tumour-promoting cytokines such as, TNF-q, IL-1 and IL-6
and gives a positive effect on tumour blood vessels development. NF-kB is crucial for
the high expression of pro-inflammatory and pro-tumour genes, including VEGFR2,
MMP-9 (metalloproteinase 9) and COX-2. COX-2 expression promotes tumour growth
by upregulating the production of various angiogenic proteins, such as VEGF (vascular
endothelial growth factor), facilitating the angiogenesis through inflammatory
environment (4,51,52). Some studies also demonstrated that COX-2 is involved in
metastasis and invasion processes through upregulation of MMP2/9 (metalloproteinases
2 and 9) (4).

The role of pro-tumour inflammation through the PI3K/Akt signalling pathway is
multifaceted, being tumour angiogenesis the major process. Akt is stimulated by various
inflammatory factors and takes part in the synthesis and secretion of inflammatory
mediators. COX-2, induced by NF-kB, performs a role for activation of this molecular
pathway by suppressing PTEN (phosphatase and tensin homologue, an essential
tumour-suppressing factor) or indirectly through suppression of ten-eleven translocation
methylcytosine dioxygenase 1 (TET-1)-induced PTEN activation (4,8,51).

In cancer cells, STAT3 induces gene expression of many pro-inflammatory
mediators such as IL-6, IL-10 and TNF-a, which connect to stromal cell receptors and
activate the signalling pathway. This pathway is a crucial endogenous and exogenous
inflammatory signalling pathway in tumours, being VEGF and HIF-1 (hypoxia-inducible
factor-1) the major transcriptional targets and having a role in upregulation of the
synthesis of MMP2/9 (51). Furthermore, STAT3/COX-2 signalling contributes to an
immunosuppressive microenvironment and proliferation (4). Thus, acting in

angiogenesis, invasion, proliferation, and immune system evading.
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P38 MAPK is involved in the crosstalk between inflammation and tumour. This
interaction is partially linked with tumour blood vessels. This pathway is stimulated
through pro-inflammatory factors, such as IL-6. Curiously, IL-6 simultaneously activates
NF-kB, STAT3 and P38 MAPK pathways to upregulate the production of angiogenesis
agents such as VEGF (51). P38 MAPK also take a role in the regulation of stability of
COX-2 mRNA and, indirectly, in transcriptional expression of COX-2. Furthermore, P38
can also be a downstream target of COX-2 (4). P38/COX-2 pathway play an important
role in angiogenesis in cancer cells (4,51).

COX-2 promotes apoptotic resistance via the HIF-1a/PKM2 (pyruvate kinase M2)
pathway. However, this process is supressed through cross-talk between SIM2s
(singleminded-2s) and NF-kB (52,53). To maintain a survival advantage, cancer cells
generate energy mainly via aerobic glycolysis even under aerobic conditions, avoiding
the apoptosis. This process is known as ‘Warburg effect’. HIF-1a is known for regulating
aerobic glycolysis in cancer and regulate PKM2 expression, a tumour-specific isoform of
PK and a critical mediator of this process. Wang et al. demonstrated that COX-2
promotes the activation of HIF-1a/PKM2 pathway in HCC cells, leading to COX-2-
induced apoptosis resistance (53). NF-kB pathway is known for contributing to cancer
progression by preventing apoptosis. As mentioned above, the gene that encodes COX-
2 is a target of this transcriptional factor, playing a key role in inflammation pro-tumour.
SIM2s is a transcriptional tumour suppressor that is implicated in regulation of NF-kB
signalling and, consequently, COX-2. Wyatt et al. demonstrated the role of SIM2s as a
negative regulator of NF-kB pathway, inhibiting the activation and expression of COX-2.
Thus, inflammation decreased as well as apoptosis resistance promoted by NF-kB-COX-
2 pathway (52). Some studies also showed that COX-2 induce apoptosis resistance
through upregulation of BCL-2 (B cell lymphoma 2) and that P38/COX-2 pathway is also

involved in this molecular process (4).

Tumour cells can use the apoptotic process to produce potent growth-stimulating
signals for their repopulation, after radiotherapy and chemotherapy, as a therapy
resistance mechanism. This process is stimulated by caspase-3, a key executioner in
apoptosis. One downstream effector that caspase 3 regulates is PGE>, which links COX-
2/PGE; axis with this process. Caspase-3 is involved in the production of arachidonic
acid (AA), by activation of cytosolic calcium-independent phospholipase A, (iPLA>).
Thus, it is implicated, indirectly, in the downstream of eicosanoid derivatives, like PGE..
Both AA and PGE; production participate in stimulating tumour growth and stem cell

proliferation (54,55). In this process, the few surviving cells that evade death after
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therapies can quickly repopulate the severely damaged tumour by proliferating at a
significantly accelerated speed (54,55).

Studies show that after therapy, an increase of PGE; that activates the B-catenin—
wnt signalling pathway is known to be implicated in some instances of compensatory
proliferation (54). Production of PGE: could also lead to abnormal activation of FAK (focal
adhesion kinase), a crucial regulator of signals from the extracellular matrix mediated by
integrins and growth factors receptors, through phosphorylation. The abnormal activation
of FAK has been associated with acceleration of the cell repopulation after conventional
therapies (55).

Thus, conventional radiotherapy and chemotherapy induce COX-2/PGE; axis in
cancer cells and, as an indirect consequence, cause cancer cell repopulation mediated
by caspase-3, a therapy resistance mechanism (4,12,54,55). Furthermore, COX-2 is
involved in CSC-activity, which can also be associated with therapy resistance due to its

molecular adaptations (56,57).

Stemness properties of CSCs contribute to tumour recurrence. COX-2 has been
linked to CSCs regulation and was identified as a TGF-$ (transforming growth factor-f3)
downstream target (40,57). TGF-3, a protein crucial in proliferation and differentiation
processes, is crucial in stimulating EMT. Cancer cells undergoing EMT in response to
this protein showed CSC features, including increased self-renewing capacity and
tumourigenicity as well as resistance to chemotherapy. COX-2, as a downstream target,
is a relevant element in promoting EMT as also CSC-activity, modulating the TGF-3
pathway (57,58).

TGF-B-mediated COX-2 expression, inhibition of telomerase expression and,
consequently, cell immortalization are Smad3-dependent (transcript factor) processes.
Smad2/3 are crucial mediators of the canonical TGF-B pathway and participate
particularly in the regulation of TGF-f3 responses in a variety of contexts. Tian et al.
demonstrated that COX-2 is crucial for TGFB/Smad3-mediated regulation (57).

Furthermore, CSC therapy resistance can be induced by ROS at both high and
low concentrations. Low ROS levels increase CSC population by control of ERK
(extracellular-signal-regulated kinase) and COX-2. Indeed, there is a negative feedback
loop between ROS and COX-2 in CSCs. ROS are involved in COX-2 activation. COX-2
from microenvironment, in turn, reduces ROS to possibly increase CSC enhancement.
Thus, CSCs are supplied with a useful oxidant/antioxidant molecular pathways obtaining
an extremely compatible redox system to habitat immediately with the adjacent milieu

and to resist oxidative stress stimulated by radiotherapy and chemotherapy (56).
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Because of all these effects, COX-2 overexpression is linked with tumour
aggressiveness and poor patient prognosis (4,57). Taking this into account, COX-2
inhibitors offer a therapeutic approach for the reduction of inflammation and related

diseases, such as cancer.
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Figure 10 — Multitasking roles of COX-2 in promotion of cancer. From (4).

1.7 COX-2 inhibitors: Pharmaceutical
applications

Conventional non-steroidal anti-inflammatory drugs (NSAIDs — Figure 11) are
non-selective inhibitors of COX-2, as they inhibit both COX-1 and COX-2. These drugs
lead to undesirable side effects, such as gastrointestinal (Gl) complications, such as the
irritation of the gastric mucosa. By contrast, the rate of injury to Gl system applying
selective COX-2 inhibitors, such as celecoxib, is low. As described above, COX-2 is
mainly expressed in inflammatory tissue, while COX-1 is primarily expressed in the Gl
tract. For this reason, there is much less gastric aggression associated with selective
COX-2 inhibitors (4,10).
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Figure 11 — (A) Some examples of COX-1/COX-2 inhibitors (NSAIDs); (B) Some examples of COX-2 inhibitors (coxibs).
From (10).

The anticancer and chemopreventive potential of selective COX-2 inhibitors
(coxibs — Figure 11) was already proved at different levels: 1) reduction of cancer risk in
various organs, such as breast and lung (4,9); 2) inhibition of growth of cancer cells in
vitro and in animal models (3); 3) decrease of the risk of metastasis in cancer patients,
when administered in a preoperative setting (4,59); 4) sensitization of cancer cells to
treatments like radiotherapy and chemotherapy (4,59). Thus, the coxibs have a strong
potential as chemopreventive drugs (9). However, nowadays there are no anti-
inflammatory drugs that are truly safe and can also be used as a suitable therapy with

minimal Gl damage and cardiovascular toxicity, including coxibs (10).

To be useful, a chemopreventive agent needs to have an acceptable risk/benefit
ratio (1). Because of this, several coxibs were withdrawn from the market, such as
rofecoxib (1,9,48,60), lumiracoxib (61) and valdecoxib (62). Up to today, in the United
States only one COX-2 selective inhibitor (celecoxib) is available (60). In Portugal,

celecoxib and etoricoxib (62—64) are the coxibs available.

Once COX-2 is involved in various molecular processes related to tumours,
including inflammation pro-tumour, and coxibs truly safe to prolonged use are still
lacking, it is imperative to develop novel anti-tumour and anti-inflammatory drugs to

exceed the limitations of coxibs currently used in clinical practice.
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1.8 Cinnamic acid derivatives

Cinnamic acid is a natural aromatic carboxylic acid and belongs to a class of
phenolics compounds (Figure 12). This compound is widely distributed in Plant Kingdom,
and is used as a fragrant, flavourings cosmetics and detergents. However, it is also
reported that cinnamic acid exhibits several important biological activities namely, anti-
inflammatory (13,65,66), antioxidant (13,65,67), anticancer (13,65,67,68), antimicrobial
(65,67), antidiabetic (65) and neuroprotective (65).

O

> OH

Figure 12 — Cinnamic acid structure.

The presence of an acrylic acid group substituted on the phenyl ring gives
cinnamic either a cis or trans configuration with the latter being the most common in
nature. Cinnamic acid can be also prepared by enzymatic deamination of phenylalanine
(65).

Chemically, in cinnamic acid the 3-phenyl acrylic acid functionality offers three
main reactive sites: 1) substitution at the phenyl ring; 2) addition at the a,B-unsaturation
and 3) reactions of the carboxylic acid functionality (68). Thus, beyond the cinnamic acid
derivatives that exist spontaneously in plants, the presence of a benzene ring and an
acrylic acid group makes its alteration possible, resulting in synthetic cinnamic acid
derivatives (65). Other important reaction is the introduction of alkyl chains through
amidation of cinnamic acids. This reaction enhances the lipophilicity of these compounds

allowing them to enter into the cells easily (13).

1.8.1 Biomedical applications

Research investment on the development of new therapeutic compounds is due
to drug resistance and lack of therapies with low adverse side effects to control various

pathologies such as cancer, microbial growth or neurological disorders (10,65).
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Cinnamic acid derivatives have a wide range of pharmacological activities that

make them excellent compounds to fight pathologies such as malaria, cancer, diabetes

melittus and Alzheimer’s disease (65,68). The biological activity of different derivatives

has been associated with the position and nature of the substituent groups (65). Some

examples of cinnamic acids are caffeic acid, ferulic acid and coumaric acid (11,12,65).

1.9 Cinnamic acid amides: structure and
general properties

Widely distributed among groups of plant secondary metabolites, cinnamic acid
amides play crucial roles in plant growth, developmental processes, biotic and abiotic

stresses responses (69).

In nature, cinnamic acid amides are obtained from aliphatic polyamines or aryl
monoamines conjugated with phenolic acids, particularly hydroxycinnamic acids. Amino
groups of aliphatic polyamines could be N-acylated with mono-, bis-, and trisubstituted
hydroxycinnamic acids (same or different hydroxycinnamic acids halves). In addition,
moadifications of hydroxycinnamic acids, such as O-glycosylation, are common in the

plants. All these lead to structural diversity of cinnamic acid amides (69).

It is also possible to obtain cinnamic acid amides by a synthetic way (Figure 13).
As an example, the carboxylic acids are dissolved in dimethylformamide (DMF) and
triethylamine (TEA) and hexylamide or diethylamide is added, following by a solution of
(benzotriazole-1-yloxy)tris(dimethylamino)phosphonium hexafluorophosphate (BOP) in
dichloromethane (ice-water bath). Posteriorly the dichloromethane is removed under
reduced pressure and solution is dissolved with water, at room temperature, followed by

extraction (10).
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Figure 13 — Example of chemical synthesis of cinnamic acid amide: synthesis of n-hexylamides (secondary amides) of
hydroxycinnamic acids. Adapted from (10).
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1.9.1 Cinnamic acid amides as COX-2 inhibitors

Some undesirable effects are associated with coxibs use, such as the increased
risk of renal failure, heart attack, thrombosis, and stroke, through an increase of
thromboxane accumulation (10). Because of these adverse effects, efforts to discover

new COX-2 inhibitors have been carried out.

Recently, one cinnamic acid and five cinnamic acid amides have revealed a
higher affinity for COX-2, especially for the molecules with a catechol group in aromatic
ring and bulky hydrophobic di-tert-butyl groups in the phenyl ring (Figure 14).
Furthermore, the existence of hexyl or diethylamide side chain is also crucial for COX-2
inhibition, once the compounds, with this type of modification, exhibit higher affinity.
Lastly, another important aspect in these molecules is a double bond in the aromatic side

chain of hexylamide derivatives allowing a higher selectivity for COX-2 (10).

Presence of double bond

Disubstituted aromatic:
R1 = Ry =0H

Rs=H
R:’L=H R:’-=

(CH2)5CH5
or

']
Rg = R' = CH;CH-_@

Trisubstituted aromatic:
Ry =Ry = C{CH3)s

Ry =0OH Presence of hexyl or diethylamide side chain

R

Figure 14 — Principal structural features for COX-2 inhibition. From (10).

Therefore, the principal structural features for COX-2 inhibition by this kind of
cinnamic acid amides are: 1) the existence of an amide group; 2) disubstituted aromatic
rings with two hydroxyl groups; 3) trisubstituted aromatic rings with 3,5-di-tert-butyl-4-
hydroxyl substitution pattern; 4) a double bound in the side chain (10).

1.9.2 Antitumour activity of cinnamic acid amides

The efficacy of the majority of the currently used chemotherapeutic agents is
brutally limited by drug resistance, since most drugs fail during invasion and metastasis

of cancers making patients surrender to the disease (65).

It has been reported that cinnamic derivatives have anticancer effects and are
effective against a wide variety of cancers due to their antiproliferative activity (65). It is

also known that hydrocinnamic acid derivatives constitute a major group of antioxidant
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compounds capable of inducing inhibitory activity of cell proliferation, cell cycle
alterations and cell death in several cancer cell lines, being amide derivatives the most
active compounds in this biological (11,12). Some phenolcarboxylic acids were shown
to be less toxic in isolated mitochondrial fractions as well (11). Furthermore, it has been
considered that phenolcarboxylic acids increase the anticancer effect of celecoxib and

decrease cardiovascular toxicity in cancer treatment (70).

Taking this into account, the cinnamic acid amides may be a great adjuvant

therapy option against cancer, possibly associated with low secondary effects.
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1.10 Thesis Objectives

Unfortunately, conventional therapeutic agents can cause cancer cell
repopulation through induction of caspase-3-mediated COX-2 activity. Due to the
complexity of signalling pathways contributing to the regulation of COX-2 in cancer cells
growth and cancer cell resistance to conventional therapies, it would be advisable to use

coxibs as an adjuvant treatment along with chemotherapy and/or radiotherapy.

As mentioned above, until now there are no anti-inflammatory drugs that are truly
safe and that can also be used as a suitable therapy with minimal GI damage and
cardiovascular toxicity, including coxibs. It was established that cinnamic acid amides
have important characteristics that allow us to consider these molecules as new
therapeutic options such as, selectivity, potent inhibition of COX-2, increase anticancer
effect and decrease of cardiovascular toxicity, induction of cell cycle alterations and cell
death in cancer cells. Furthermore, some of them were shown to be less toxic in isolated

mitochondrial fractions.

Hence, this work aimed to evaluate one cinnamic acid and five cinnamic acid
amides biological activity in order to discover new compounds to exceed the limitations
of the COX-2 selective inhibitors currently used in clinical practice. The effect of recently
synthetized cinnamic acid amides was evaluated in a set of several types of cancer cell
lines, which include HCC cells (HepG2, HuH7) and estrogen-dependent BC cells (MCF-
7), for their antiproliferative activity. For the most promising compound E4, additional
studies were performed in the cancer cells along with one normal breast cell line (MCF-
12A), to understand its mechanisms of action. The assays performed allowed the
analysis of cell cycle, cell viability and cell death profiles, mitochondrial membrane

potential, cell morphology, expression of COX-2 and selectivity of the compounds.

27



FCUP/ICBAS
Evaluation of the anticancer activity of cinnamic acid derivatives targeting COX-2

Chapter 2. Materials and Methods

In this Chapter, a description of all the chemical and biological materials used in
this study is performed, along with crucial explanations required for their preparation.
This Chapter is subdivided into eight sections, which refer to the eight steps of this study.
The first section presents the compounds and cell lines used and how they were
manipulated. The following sections describe the methods used to assess the effects of
compounds on several biological processes (COX-2 expression, proliferation, cell cycle,
cell viability and death, cell morphology). Finally, last section describes the statistical

methods used to process the results obtained.
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2.1 Evaluation of compounds in vitro

Compounds were provided by Laboratory Pharmaceutical Chemistry of Faculty
of Pharmacy of University of Coimbra. Their anticancer activity was evaluated in several
cancer cell lines as described below. Their structures and respective names are

presented in Figure 15.

o) 5 Q
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HO
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HO
F11
3,5-di-tert-butyl-4-hydroxycinnamic acid N-Hexyl-3-(3,4-di-hydroxyphenyl)-2-propenamide
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H;CO N Fe Py
A N N N 3 N
H H
HO HO

F13 E5
N-Hexyl-3-(3,5-di-tert-butyl-4-hydroxyphenyl)-2-propenamide N-Hexyl-3-(4-hydroxy-3-methoxyphenyl)-2-propenamide

o}
A N/\ H
HsCO
F19

F20 3N-Hexyl-3-(3-hydroxy-4-methoxyphenyl)-2-propenamide

N,N-Diethyl-3-(3,5-di-tert-butyl-4-hydroxyphenyl)-2-propenamide

Figure 15 - One cinnamic acid (F11) and five cinnamic acid amides used in this research.

2.1.1 Cell culture

In this study, four human cell lines were used namely, two HCC cell lines (HepG2,
ATCC® HB-8065™ and HuH7, JCRB0403), one BC cell line (MCF-7, ATCC® HTB-
22™) and one non-tumour human breast epithelial cell line (MCF-12A, ATCC® CRL-
10782™). These cell lines were selected based on their differences in COX-2 expression
and inherent difficulties of nowadays clinical practise — inefficient therapies in HCC
advance disease and therapy resistance in BC. HuH7 and HepG2 cell lines presented
contradictory results about COX-2 expression in literature (71—-74). However, in majority
of the published studies, HepG2 presented more COX-2 expression than HuH7. HUH7
is an HCC cell line, characterized to being well differentiated originally taken from a liver

tumour in a 57-years-old Japanese male (75). In contrast, HepG2 cell line that is an HCC
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cell line derived from a liver hepatocellular carcinoma of a 15-year-old Caucasian male,
being also referred as hepatoblastoma cell line (76). MCF-7 is a BC cell line of luminal
type (express ER) and have lower COX-2 expression (77,78). MCF-12A is a normal
breast epithelial cell line that do not express COX-2, being used in this research to

evaluation of selectivity of compounds (79).

All cell lines were acquired from American Type Collection Culture (ATCC),
except HUH7 acquired from Japanese Collection of Research Bioresources Cell Bank
(JCRB). All cell lines were maintained in optimal conditions at 37°C in 5% CO:

atmosphere following the repository instructions.

The cell lines HepG2, HUH7 and MCF-7 were cultured in Dulbecco’s Modified
Eagle Medium, DMEM (Sigma, D5648), while MCF-12A cell line was cultured in Roswell
Park Memorial Institute Medium, RPMI-1640 (Sigma, R4130). Both mediums were
supplemented with 5% heat-inactivated fetal bovine serum, FBS (Sigma, F7524),
antibiotics (100 U/mL de penicillin e 10 yg/mL streptomycin; Sigma, A5955) and 0.25
mM sodium pyruvate (Sigma, S8636) for DMEM and 1 mM for RPMI. For MCF-12A cell
line, the RPMI was also supplemented with 0.5 ug/mL hydrocortisone (Sigma, H0888)
and 20 ng/mL human Epidermal Growth Factor (hEGF) (Sigma, 11376454001).

Given that all cell lines grow in adherent monolayer, it was necessary to detach
the cells from the flasks prior to each experiment. For that, a solution of Trypsin-EDTA
0.25% (Sigma, T4049) was used.

First, the culture medium was removed and then the cells were washed with
phosphate buffered saline (1X), (PBS, 137 mM NaCl [S7653, Sigma], 2.7 mM KCI
[P9333, Sigma], 10 mM Na2HPO4.2H20 [S5011, Sigma]) and 2 mM KH2PO4 [P0662,
Sigma], pH=7.4). PBS was then discarded, and it was added 2 mL of Trypsin-EDTA
0.25%. After 5 minutes in the incubator at 37 °C in 5% CO.. The effect of the Trypsin-
EDTA was then inhibited by using 5 mL of fresh medium. Later, after obtaining the cell
suspension, the cell concentration was determined using the trypan blue exclusion
method. This method is based on the principle that viable cells maintain their cell
membrane intact (brilliant on the microscope), whereas dead cells are permeable to the
trypan blue, acquiring then a blue colour. Thus, 20 uL of cell suspension was mixed with
20 uL of trypan blue 0.02% (Sigma, 302643), and the cell concentration was determined
by counting the alive cells of the 4 quadrants in a Neubauer chamber, using an inverted

optic microscope, with a 100x amplification.
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The formula used to calculate cell concentration was the following:

[Cell] (cells/mL) = Alive cells (average of 4 quadrants) x 2 x 10 000 [Equation 1]

2.1.2 Treatment with the compounds

Initially, solutions of 60 mM of each compound dissolved in dimethylsulfoxide
(DMSO, Sigma, D4540) were prepared. Before treatment, solutions of each compound
were prepared by diluting the original solution so that the volume added was lower than

1% of the culture medium volume in each well or flask.

The treatment description for each experiment is detailed below. The remaining

detailed description of each methodology will be made forward in the respective section.

First, to evaluate the basal COX-2 expression in all cancer cell lines used in this
research western blot technique was executed. Western blotting allows to detect specific

proteins of one cell extract.

Second, the cytotoxic effect of each compound was evaluated in the three cancer
cell lines previously described (HepG2, HuUH7 and MCF-7) using MTT assay. The cells
were seeded in 48 well-plates (Sarstedt) at a density of 100 000 cells/mL in a volume of
500 uL per well. After incubation overnight, cells were treated with cinnamic acids
derivatives E4, E5, F11, F13, F19 and F20 at different concentrations ranging from 0.004
to 300 uM for 48 hours, which are presented in Table 1. Two negative controls were
used: one with untreated cells and one with DMSO, corresponding to the solvent of

compounds.

Table 1 — Different concentrations of compounds used in MCF-7, HuH7 and HepG2 cell lines to MTT assay.

COMPOUNDS CONCENTRATIONS
E4 1to 100 pM
E5 1 to 300 uM
F11 0.004 to 300 uM
F13 1 to 300 uM
F19 1to 100 pM
F20 1 to 200 pM
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For evaluation of selectivity, the compounds E4, F13 and F19 were selected

since they were the ones with better results.

To assess the selectivity of the cytotoxic effect of E4, F13 and F19, MCF-12A
non-tumour cell line was seeded in 48-well-plates (Sarstedt) at a density of
80 000 cells/mL in a volume of 500 yL per well. After incubation overnight, cells were
treated with compounds at different concentrations ranging from 10 uM to 200 uM for 48
hours (Table 2). Cells were treated with compounds at a concentration corresponding to
the 1Cso (half maximal inhibitory concentration) and a concentration higher than the ICso
(>ICs0), except celecoxib (only ICso). The selection of the concentrations used relies on
the results of MTT assays in cancer cell lines. Three controls were used: two negative
control (untreated cells and DMSO) and one positive control, celecoxib, drug used in

clinical practice as COX-2 inhibitor.

Table 2 — Different concentrations of E4, F13, F19 and celecoxib used in MCF-12A cell line to MTT assay.

COMPOUNDS CONCENTRATIONS
E4 16.05 and 25 uM
F13 94.9 and 200 pM
F19 48.8 and 75 uM
CELECOXIB 10 uM

For subsequent assays, the compound E4 was selected since it presented minor

ICso values.

For May-Grunwald-Giemsa technique, all cell lines were seeded in 25 cm? flasks
(SPL Life Sciences) at a density of 1x10° cells/flask. After overnight incubation, cells
were treated with compound E4 at a concentration corresponding to the 1Csp and a

concentration higher than the 1Cs, as represented in Table 3.

For the subsequent assays, all cell lines were seeded in 75 cm? flasks (SPL Life
Sciences) in following densities: 3x10° cells/flask (MCF-7), 1.5x10° cells/flask (HepG2)
and 1.2x10° cells/flask (HuUH7). After overnight incubation, cells were treated with
compound E4 at a concentration corresponding to the ICsp and a concentration higher

than the ICso, as represented in Table 3.
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Table 3 - Concentrations of E4 compound tested in MCF-7, HuH7 and HepG2 for Flow Cytometry and May-

Grunwald-Giemsa technique.

CELL LINE ASSAY ICs0 (M) >ICso (UM)
MCF-7 2 16.05 25
() -
z Jc-1
HUH7 =3 AV/PI 29.38 75
@)
= PI/RNAse
HEPG2 2 34.74 75

The following assays were then performed by flow cytometry: analysis of cell
cycle, detection of cell viability and different types of cell death and evaluation of the

mitochondrial membrane potential.

To evaluate the effects of compound treatment (E4) in COX-2 expression western
blot technique was executed. Thus, the cells were seeded and treated, for 48 hours, with

concentrations present in Table 4.

Table 4 - Concentrations of E4 and celecoxib tested in MCF-7, HuH7 and HepG2 cell lines for Protein Extract.

CELL LINE ASSAY I1Cs0 (LM) >|Cso (UM)
E4 Celecoxib E4
MCF-7 .5 § 16.05 25
HUH7 e x 29.38 10 75
a w
HEPG2 34.74 75

The selection of the concentrations used in all the studies relies on the results of

the MTT assay in cancer cell lines.

2.2 Analysis of basal COX-2 expression

Western blotting is an important method used to detect specific proteins in a

dense mixture of proteins extracted from cells (80).

Protein extractions were obtained by adding 400 pL of RIPA

(radioimmunoprecipitation assay buffer) lysis solution to the culture flasks, after washing
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it three times with PBS. RIPA lysis solution consists of 150 mM NacCl, 50 mM trizma base
(Sigma, T1503), 5 mM EGTA (ethylene glycol-bis(2-aminoethylether)-N,N,N’,N'-
tetraacetic acid; Sigma, E4378), 1% Triton® X-100 (Merck, K34979403), 0.5% sodium
deoxycholate and 0.1% SDS (sodium dodecyl sulphate; Sigma, 436143). Immediately
before used, it is supplemented with a cocktail of proteases inhibitors (cOmplete-Mini;
Roche, 11836153001), according to supplier's instructions, and 1 mM DTT (DL-
dithiothreitol; Sigma, D9779).

After adding RIPA solution to the culture flasks, the cells were scraped from the
flask’'s surface using a “scraper”, and the contents were placed in an Eppendorf®
microtube. Following vortexing, the samples were sonicated for 20 seconds with a 35%
amplitude using a VibraCell sonicator (model VC50, Sonic and Materials Inc.). The
samples were then centrifuged at 14000xG for 15 minutes, and the supernatants were

transferred to a new and properly labelled Eppendorf® microtubes and kept at -80 °C.

In the first step, gel electrophoresis is used to separate the proteins in a sample
based on their isoelectric point, molecular weight, electrical charge, or a combination of
these characteristics. Protein separation based on the size of the polypeptide, when
denatured, is the most common method of electrophoresis. This process involves
polyacrylamide gels and denaturing solutions containing SDS, a detergent that add
negative charge to proteins, allowing their separation by their molecular weight using a
positive electrode in a polyacrylamide gel. Lower molecular weight proteins migrate
faster through the gel and can be found at the bottom, whereas higher molecular weight

proteins move slowly and are thus found at the top.

After proteins separation, they were transferred to a nitrocellulose or PVDF
(polyvinylidene difluoride) membrane, where the target proteins are analysed and
detected using antibodies. At this point, a primary antibody was added to the sample to
mark the proteins with antigens. Proteins can be clearly recognized using a secondary

analogue antibody by tagging, specifically, the primary antibody.

Western blotting was used to detect basal expression of COX-2 in all cell lines

used in this research.

The BCA method (Bicinchochonic acid, BCATM protein assay kit, Pierce) was
used to determine the total amount of protein in our protein extract. After solubilization in
a denaturing solution composed by 60 mM trizma base, 10% glycerol (Sigma, G2025),
2% SDS, 2-mercaptoetanol 5% (Merck, 444203), and 0.01% bromophenol blue
(May&Baker Dagenham England, 14764), the samples were denatured at 95 °C for 5

minutes.
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Electrophoresis was performed using acrylamide gels polymerized at a
concentration of 10% to separate proteins to identify COX-2. The acrylamide gels were
set in the electrophoresis tank with a suitable buffer with pH adjusted to 8.3 (Bio-Rad161-
0772). Also, the samples and molecular standard weight (Precision PlusStandards, Dual
Colour, Bio-Rad or NZYColour Protein Marker II, Nzytech, MB09002) were prepared. In
electrophoresis, a constant electric potential difference of 80 V was applied, for 10

minutes, and secondly a constant electric potential difference of 150 V was used.

The gels were placed in direct contact with PVDF membranes (Polyvinylidene
Fluoride Membrane, Millipore) which had already been activated in methanol or ethanol
to perform the electrotransfer. The transfer system was prepared, and the reaction
happened at a potential difference of 25 V with a duration of 7 minutes, in CAPS buffer
(3-(Cyclohexylamino)-1-propanesulfonic acid, Sigma, C2632) at a concentration of 100
mM, with a pH of 11. Next, the membranes were immediately blocked with a solution of
BSA (bovine serum albumin) with a concentration of 5% prepared in TBS-T (Tris-
Buffered Saline Tween-20), at room temperature. After 30 minutes, the membranes were
incubated overnight at 4°C with constant agitation with the primary antibody. To detection
of COX-2 was used anti-COX-2 rabbit antibody [(Cox2 (D5H5) XP® Rabbit mAb, Cell
Signalling Technology]. The anti-COX2 antibody was prepared in 2.5:1000 ratio.

On the next day, washes were carried out with TBS-T 1X and for the primary
antibody, the membranes were incubated with the corresponding secondary antibody,
namely anti-rabbit (goat anti-rabbit IgG-AP, Santa Cruz Biotechnology, sc-2007), under
constant agitation and at room temperature for about 1 hour and 30 minutes. The anti-
rabbit antibody was prepared in 1:12 000 ratio in 4% of TBST-BSA solution. The
membranes were then washed again and incubated for 5 minutes with an enzymatic
substrate (ECF Western Blotting Reagent, GE Healthcare, RPN5785) before being

revealed on a fluorescence reader (Typhoon FLA 9000).

Posteriorly, the membranes were incubated for (-actin labelling (antibody
produced in mouse, Sigma, A5441) about 1h, washed again with TBS-T 1X and
incubated with an anti-mouse antibody (goat anti-mouse, GE Healthcare, RPN5781).
Both anti-actin and anti-mouse antibodies were prepared in a ratio of 1:12 000 ratio in
4% of TBST-BSA solution. Actin is a protein found in all cells and is frequently used as

control for the total amount of protein detected in each lane.

The quantification of COX-2 expression was performed using Fiji software. The

results are expressed as arbitrary units (without normalization).
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2.3 Antiproliferative effect

To understand the antiproliferative effects of the cinnamic acids derivatives, the
MTT and SRB assays were used to evaluate cell metabolic activity and protein content,

respectively.

2.3.1 Evaluation of metabolic activity by the MTT assay

Evaluation of metabolic activity was performed by the colorimetric assay MTT, 3-
(4,5-dimethylthia-zolyl-2)2,5-diphenyltetrazolium bromide. MTT, a yellow tetrazole
reagent, is reduced forming purple formazan crystals in the presence of dehydrogenase
enzymes located mainly in the viable mitochondria, i.e., in metabolically active cells (81).

Metabolic activity was evaluated as a measure of cell proliferation.

After an incubation time of 48 hours, the medium was removed, and the cells
were washed with PBS (1X). Then, 200 pyL of an MTT solution (Sigma) at 0.5 mg/mL and
pH=7.4 was added to each well and cells were incubated for about 2 hours in the dark
at 37°C in 5% CO.. Then, 200 uL of isopropanol (Sigma) at 0.04 M was added and the
plates were agitated to dissolve the purple formazan crystals. Absorbance values were
measured at 570 and 620 nm in an ELISA spectrophotometer (EnSpire® Multimode
Plate Reader, PerkinElmer®).

The percentual data obtained allowed to establish dose-response curves and to
determine the half maximal inhibitory concentration of the compounds, used in this study
(ICs0), using the GraphPad software 8.0 (GraphPad Software, La Jolla California, USA).

2.3.2 Evaluation of cell proliferation by the SRB assay

The SRB assay has been used to evaluate cell proliferation and cytotoxicity of
E4 and F19 compounds. This method uses a dye called sulforhodamine B (SRB), which
binds to proteins under acidic conditions and can be posteriorly extracted under basic
environment, so the amount of dye can be extrapolated to measure protein content and

indirectly cell proliferation (82,83).

After an incubation time of 48 hours, the medium was removed, and the cells
were washed with PBS (1X). Then, 200 pL of 1% acetic acid in methanol solution was
added to fix the cells, leaving it to act for 1 hour. Posteriorly, acetic acid in methanol
solution was discarded, and 200 L of 0.4 % SRB was added to each well and incubated

for 2 hours away from the light and at room temperature. Afterwards, the SRB was taken
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out and the plate was kept drying at room temperature for 10 minutes. Once it was
completely dry, 200 uL of Tris-NAOH 10mM (pH=10) was added and the plate was left
agitating for 15 minutes until the dye was totally dissolved. Next, the absorbance was
measured at 540 nm, with a reference filter of 690 nm, in an ELISA spectrophotometer
(EnSpire® Multimode Plate Reader, PerkinElmer®).

The results of SRB assay will be presented below as a percentage of protein
content normalized to DMSO control. The data obtained were compared with the results
obtained by the MTT assay through a bar graph prepared in GraphPad software 8.0.

2.4 Cell cycle analysis

The effect of the compounds in cell cycle progression (Go/Ga phase, G2/M phase,
and S phase) was evaluated through flow cytometry by staining with a solution of
propidium iodide (PI) with RNase, 48 hours after treatment with E4.

Pl intercalates with DNA and RNA bases. This is the reason why this experiment
requires incubation of RNase to obtain a specific staining only for DNA. The dye binds
stoichiometrically to the cells’ DNA allowing to get a histogram of the distribution of the

different cell populations in each phase of the cell cycle (84).

Cells in S phase exhibit more DNA content than the cells in Go/G: phase and the
cells in G2/M phase have twice the amount of DNA than cells in Go/G; phase. It is also

possible to identify an apoptotic peak, with less DNA amount.

For each assay, 1x10° cells were detached from the flasks and centrifuged at
1300xG for 5 min. To fix the cells, 200 pL of ethanol at 70% was added to the deposits
in agitation and then the samples were incubated for 30 min in the dark at 4°C. After
incubation time, the samples were again centrifuged at 1300xG for 5 min, washed with
2 mL of PBS and 200 pL of PI/RNase solution (Immunostep, PI/RNase) was added to

the resulting pellet, and incubated for 15 min in the dark, at room temperature.

The analysis was performed in a FACSCalibur (Becton Dickinson) flow cytometer
with excitation and emission wavelengths of 488 and 640 nm, respectively. Results were
expressed as a percentage of the cell in each subpopulation: pre-Go/G1, Go/G1, S and
G2/M.

Results are expressed as a percentage.
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2.5 Analysis of cell viability and cell death
mechanisms

To assess if the cytotoxic effect of E4 compound is mediated by cell death
pathways, cell viability and cellular death pathways mechanisms were evaluated.
Posteriorly, to characterize cell death pathways induced by compounds, changes in

mitochondrial membrane potential (AWYm) were evaluated.

2.5.1 Analysis of cell viability and death by flow cytometry

Cell viability and the different induced types of cell death were assessed by flow
cytometry, 48 hours after treatment with E4 by double staining the cells with annexin V

(AV) labelled with the fluorescein isothiocyanate fluorochrome (FITC), and with PI.

Plasmatic membranes’ architecture can be altered by a redistribution of several
phospholipids’ species, which is one of the modifications associated with apoptosis. One
of these species is phosphatidylserine that suffers a translocation from the inner to the
outer layer of the plasmatic membrane at the beginning of apoptosis process (85).
Consequently, the high affinity of AV to phosphatidylserine allows discriminating

between viable and apoptotic cells (86).

The plasmatic membranes’ rupture reveals late apoptosis/necrosis, that allows
the entrance of Pl to the intercellular space where PI binds with DNA and emits
fluorescence (87). Thus, the double staining offers a way to discriminate four different
populations of cells: the population of live cells, negative for both staining; the population
of early apoptotic cells, positive for staining with AV-FITC and negative for staining with
PI; the population of late apoptotic/necrotic cells, positive for both AV-FITC and Pl and
the population of necrotic cells, negative for the AV-FITC staining and positive for PI

staining (86).

Thus, 1x10° cells were detached from the flasks, per assay. Each cell suspension
was centrifuged at 1300 X G for 5 minutes and the obtained pellets were resuspended
in 1 mL of PBS and centrifuged again in the same conditions. Cells were incubated with
100 uL of binding buffer (0.01 M Hepes [H7523, Sigma], 0.14 M NaCl and 0.25 mM of
CaCl, [C4901, Sigma]), 2.5 pyL of AV-FITC (ANXVKF, Immunostep) and 1 pL of PI
(ANXVKF, Immunostep) during 15 minutes at room temperature and in the dark. After

incubation time, 400 pL of binding buffer was added.
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The analysis was performed in a FACSCalibur cytometer (Becton Dickinson)

applying excitation wavelength of 488 nm and emission wave lengths of 533 nm for AV-

FITC and 640 nm for PI. Results are expressed as the percentage of detected cells in

each subpopulation.

2.5.2 Evaluation of the mitochondrial membrane potential

The AWm is a crucial event in terms of apoptosis. It can be measured using the
fluorescence dye JC-1 (5,5,6,6'-tetrachloro-1,1',3,3'-tetraethyl-imidacarbocyanine
iodide).

JC-1 is a lipophilic and cationic dye that enters in the mitochondria in the form of
monomers (M), which under mitochondria polarization conditions forms aggregates (A)
that emit fluorescence in the red zone. With the decrease of the AWm, JC-1 is excluded
from the mitochondria and is dispersed in the cytoplasm in the form of monomers that
emit fluorescence in the green zone. The ratio between red fluorescence and green
fluorescence (A/M) gives us an estimation of the AWm, regardless of mitochondrial mass

(88). The analysis was performed 48 hours after treatment.

For each assay, 1x10° cells were detached from the flasks, centrifuged at
1300xG for 5 minutes and then 1 mL of PBS was added. The samples were centrifuged
again at the same conditions and incubated with JC-1 (Sigma, T4069) at a concentration
of 5 mg/mL for 15 min at 37°C in 5% CO.. Then, 2 mL of PBS was added to each sample
and centrifuged once again at 1300xG for 5 minutes. Finally, 400 uL of PBS was added
and the detection was performed in a FACSCalibur cytometer with excitation

wavelengths of 530 nm for the monomers and 590 nm for the aggregates.

Results are expressed as the ratio variation of the fluorescence intensities of

monomers/aggregates (M/A), normalized to the control.

2.6 Analysis of cell morphology

To complement flow cytometry results, cells’ morphologic characteristics were
evaluated, after treatment with (E4). For this, May-Griinwald-Giemsa technique was

realized by making cells smears, which were analysed through optic microscopy (89).
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After 48 hours of treatment with E4, the cells were detached, and 200 000 cells
of each condition were centrifuged at 1300xG for 5 minutes and supernatant was
discarded. The cells were washed with PBS and again centrifuged in same conditions.
After discard the supernatant, the cells were resuspended in 50 pyL of FBS, to improve

the adhesion to slide.

Then, smears were performed in proper slides (Normax), which were allowed to
dry for, at least, 30 minutes. The slides were fixed for 5 minutes in methanol. Posteriorly,
staining was proceeded with a May-Grinwald solution (Merck Millipore, 101424) for 4
minutes and, later, with 5% Giemsa solution (Merck Millipore, 109204) in water, for 15

minutes. Finally, the slides were washed with water and allowed to air dry.

Later, the slides were observed and imaged using an optic microscope (Nikon
Eclipse Ni optic microscopic equipped with Nikon Digital Camera DS-Fi2). To each cell
line, the results were presented qualitatively, with three representative images for each

condition (untreated cells, ICso and >ICsyo).

2.7 Analysis of COX-2 expression

Western blotting was used to evaluate the effects of compound treatment (E4) in

COX-2 expression, as described in section 2.2.

Results are expressed as an arbitrary units normalized to the untreated cells
control and representative images of membranes COX-2 and actin expression on all

conditions (untreated cells, ICso, >ICs0, and 10 uM of celecoxib).

2.8 Statistical analysis

The statistical analysis was performed using the GraphPad software 8.0.

In the cell proliferation analysis through MTT assay in cancer cell lines, the
experimental values obtained were adjusted to a dose-response sigmoidal model

represented through the following equation:

A2-A1

Proliferation (%) = A1+ Tr10000%0—0p

[Equation 2]

where Al and A2 correspond to the plateaus, x, corresponds to the half maximal

inhibitory concentration (ICso) and p corresponds to slope factor. After mathematical
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adjustment, statistical parameters were obtained, namely, R squared (R? and
confidence intervals (with 95% of confidence level). Significant differences were

accounted when the 95% confidence intervals of the compounds did not intersect.

A significance level of 5% was considering and normal distribution was assessed
using Shapiro-Wilk test for all other experiments. Outliers’ detection was realized using
the ROUT method with Q=10%. By default, parametric tests were used in case of normal

distribution and non-parametric tests were used otherwise.

For MTT and SRB data, the parametric two factor analysis of variance (ANOVA)
with Sidak test for multiple comparisons was used, to compare the two assays within

each cell line, per compound.

For MTT data in MCF-12A and MCF-7 cell lines, the parametric two factor
ANOVA with Sidak test for multiple comparisons was used, for comparisons between

cell lines and between conditions.

For western blot data, different tests were used. The parametric two factor
ANOVA with Tukey test for multiple comparisons was used to compare COX-2
expression for different treatments within each cell line. To compare basal expression of
COX-2 in three used cell lines it was used the parametric one factor ANOVA with Tukey

test for multiple comparisons.

For flow cytometry data, different tests were used. The parametric two factor
ANOVA with Tukey test for multiple comparisons was used to compare the different
treatments within each cell line, in viability and cell cycle analysis. For JC-1 data, it was
used one factor ANOVA to compare the different treatments within each cell line. In
cases of non-normality, the non-parametric Kruskal-Wallis with Dunn’s test for multiple

comparisons was used to compare different treatments within each cell line.
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Chapter 3. Results and Discussion

In this Chapter, all the results are presented, analysed, and discussed. The data analysis
will be backed up by bibliography. The organization of this chapter is identical to the one
presented in Chapter 2, and it is divided in five subchapters: basal COX-2 expression,
antiproliferative effect assessment, cell cycle, cell viability and death mechanisms and

COX-2 expression.
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3.1 Basal COX-2 expression

Western blot was performed to clarify the contradictory results found in
bibliography (71-74) about basal COX-2 expression in three of the cell lines used.
Results are presented as arbitrary units without normalization, by mean + standard error

of mean (SEM) of, at least, three independent experiments, in triplicate.

Figure 16 represents the different basal COX-2 expression for each cell line.
HuH7 cell line has 0.22-fold and 0.54-fold higher COX-2 expression than HepG2 and
MCEF-7 cell lines, respectively. COX-2 expression in MCF-7 cells was significantly lower
(p=0.02) from HuH7 COX-2 expression. Antagonistically, MCF-7 and HepG2 COX-2
expressions did not present statistically significant differences, as well as HuH7 and
HepG2 COX-2 expression. However, these results showed that HepG2 cell line

presented less COX-2 expression than HuH7 cell line.

Despite Kern, et al. (2002) and Baek, et al. presented western blot (WB) results
that demonstrate a great difference between the COX-2 expression in HepG2 and HuH7
cell lines (heavy COX-2 expression in HepG2 cells when compared with HUH7 COX-2
expression) (72,74), not all articles are in agreement (71,73).

Kern, et al. (2006) got one western blot result with less difference between COX-
2 expression in HepG2 cells and HuH7 cells (73). Murata, et al. showed that in HepG2
cells, COX-2 promoter has a small amount of CpG islands methylated, leading to a partial
silencing of COX-2 expression. On the other hand, HuH7 cells have all CpG
unmethylated, maintaining total COX-2 expression (71).

Therefore, although there are no significant differences, these results are in
agreement with Murata et al., which demonstrated that HepG2 COX-2 promoter has a
small amount of CpG islands methylated than HUH7 COX-2 promoter, leading to a partial

silencing of COX-2 expression in HepG2 cell line (71).

The contradictions described above can be explained by inherent limitations of
the technique used to assess protein expression, as western blot, such as the use of
different types of antibody or antibodies of different specificities and the use of different
methods of transferring the proteins to the membrane. However, considering that HuH7
and HepG2 cell lines did not present significant differences and there are contradictions
in bibliography (71-74) about COX-2 expression in these cell lines, it is important to
repeat this method with a larger number of samples and complement it with the

evaluation of PG levels by ELISA in order to corroborate the results.
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Figure 16 - COX-2 basal expression in three cell lines (HuH7, HepG2 and MCF-7). Results are presented as arbitrary
units (AU) (without normalization) of COX-2 expression as a function of different cell lines and express the mean+=SEM
of, at least, three independent experiments, in triplicate. Significant differences are denoted by *p<0.05. Below the bar
graph there are western blot diagrams of COX-2 and 3-actin expression.

3.2 Antiproliferative effect assessment

The first cytotoxicity study (MTT assay) in this research was performed in order
to evaluate the effect of increasing concentrations of the compounds on the metabolic
activity of three tumour cell lines previously described. To evaluate the selectivity of the
compounds, the metabolic activity of one normal cell line, previously described (MCF-

12A), was also assessed.

3.2.1 Metabolic activity

Metabolic activity was assessed 48 hours after the treatment with compounds
E4, E5, F11, F13, F19 and F20 at concentrations ranging from 1 to 300 uM (depending
on the cell response). The metabolic activity was determined relatively to cell cultures

treated with DMSO, to which a metabolic activity of 100% was assigned.

The results obtained for F11 compound will not be presented given that this
compound exhibited colour change and unexpected instability. On doing the F11
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treatment at room temperature, it was observed that its colouration changed over time.
At first, the compound was colourless, but after two weeks it showed a yellowish colour,
which gradually changed to a dark orange colour from week to week. Although an
increase in its antiproliferative capacity was observed, it was not clear whether this
antiproliferative activity was due to the compound itself or the by-products of its
interaction with the solvent (DMSO). In order to clarify this, the experiment was repeated
with a new solution made and storaged at 4°C. This time, it was observed that the
antiproliferative activity decreased drastically, consequently, a wider band of
concentrations was used (0.004 to 300 uM) as presented in Table 3, Materials and
Methods section. Considering the contradictory results, it was concluded that this
alteration could indicate possible modifications in the chemical structure of the
compound, maybe due to the by-products of the interaction between the compound and
solvent. Indeed, the research group responsible for the synthesis of the compounds
concluded that there is another by-product of the interaction between F11 and DMSO,
however, this study is still in the phase of separation and characterization of the
degradation compound. In addition, it was observed that a long period is required for this
reaction to occur, so to exceed this gap in future, it would be important to make a new
solution each time the compound is tested. To avoid a possible bias on the study

conclusions, it was decided not to present those results.

In the analysis of the results, the best-fit sigmoid curves for each cell line were
established and represented in Figures 17, 18 and 19. ICso values were determined using
the dose-response curves, shown in Table 5. All results are expressed by meanzSEM

of, at least, three independent experiments, in triplicate.

Figure 17 presents the dose-response curves of MCF-7 cell line treated with the
synthesized compounds. In general, there was a dose-dependent decrease in cell
proliferation for all compounds. However, it was not possible to obtain the 1Cso value of
the F20 compound, being F20 the compound with less antiproliferative activity. E4 and
F19 showed a more pronounced decrease and minor ICso values (E4: 1Cs,=16.05 pM,;
F19: IC50=48.75 puM).
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Figure 17 - Dose response curves of MCF-7 cell line after treatment with compounds E4, E5, F13, F19 and F20 for 48h.
Results are presented as the percentage (%) of metabolic activity as a function of compounds’ concentration
{logio[concentration (UM)]} and express the mean+SEM of, at least, four independent experiments, in triplicate.

The effect of compounds in HuH7 cells proliferation is shown in Figure 18. All
compounds induced a dose-dependent decrease in cell proliferation. Once again, it was
not possible to get the ICs value for F20 compound. E4 and F19 showed, again, a more

pronounced decrease and minor ICsp values (E4: 1C50=29.38 uM; F19: 1C5,=48.45 yM).

HuH7

~ 120 -~ E4
S

> 100- - B
g ] - F13
= 80

< 604

L -~ F20
S 40+

S

] _

s 20

0 T T T T T T 1

00 05 10 15 20 25 30
Concentration (log(uM))

Figure 18 - Dose response curves of HuH7 cell line after treatment with compounds E4, E5, F13, F19 and F20 for 48h.
Results are presented as the percentage (%) of metabolic activity as a function of compounds’ concentration
{logio[concentration (UM)]} and express the mean+SEM of, at least, three independent experiments, in triplicate.

Figure 19 represents the dose-response curves of HepG2 cell line treated with
all compounds. Generally, all compounds caused a dose-dependent decrease in HepG2

cells proliferation. Once more, it was not possible to obtain the ICso value of the F20
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compound. E4 and F19 showed, again, a more pronounced decrease and minor ICsg
values (E4: 1C50=34.74 uyM; F19: 1C50=58.17 yM).
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Figure 19 - Dose response curves of HepG2 cell line after treatment with compounds E4, E5, F13, F19 and F20 for 48h.
Results are presented as the percentage (%) of metabolic activity as a function of compounds’ concentration
{logio[concentration (uM)]} and express the mean and standard error of, at least, three independent experiments, in

triplicate.

Table 5 - ICsq values obtained after incubation of MCF-7, HuH7 and HepG2 cell lines compounds E4, E5, F13, F19 and
F20 for 48h. R? values and the 95% confidence intervals (95%) are also presented.

compouns | 20 [ COXE [ icwgan | e | Cortdece een

MCF-7 + 16.05 0.99 15.61 - 16.48

E4 HepG2 + 34.74 0.95 32.66 - 36.86
HuH7 ++ 29.38 0.93 27.08 - 31.74
MCF-7 + 121.90 0.96 117.0-127.0

E5 HepG2 i 151.50 0.98 146.60 - 156.50
HuH7 ++ 169.10 0.93 162.10-176.60
MCF-7 + 94.90 0.97 92.32 - 97.86

F13 HepG2 + 97.50 0.98 93.93 - 100.40
HuH7 ++ 143.40 0.93 136.10-151.30
MCF-7 48.75 0.98 47.43 - 50.09

F19 HepG2 + 58.17 0.95 55.57 - 60.80
HuH7 ++ 48.45 0.97 46.65 - 50.31
MCF-7 > 200 0.56 --

F20 HepG2 > 200 0.66 --
HuH7 st > 200 0.53 --

ICso values, presented in Table 5, show that E4 and F19 compounds have higher

antiproliferative activity, considering the lower ICso values obtained for all cell lines.
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The compounds used have already shown to be selective COX-2 inhibitors (10)
in blood samples. Thus, linking the basal COX-2 expression of each cell line with 1Cso
values, it can be observed a greater correlation between compounds E4 and F19 with
the basal expression of HCC cell lines. Considering western blot results presented
above, COX-2 expression in HUH7 cells is higher than COX-2 expression in HepG2 cells.
Thus, COX-2 is more exposed to the compound’s action in HuH7 cells. Therefore, a
lower concentration of compounds is required to obtain the same antiproliferative activity,

as observed in compounds with minor ICs values, E4 and F19.

Contrarily, compounds F13 and E5 presented antiproliferative activity without
correlation with COX-2 expression, being the compound E5 the one demonstrating the
lowest antiproliferative activity, with the highest ICso values. Therefore, it may be
extrapolated that the E5 and F13 antiproliferative action is COX-2-independent. In the
future, to confirm if its mechanism of action is really COX-2-independent, one option
could be to silence COX-2 gene and evaluate E5 and F13 antiproliferative activity again.
Identical results would confirm that its action is really COX-2-independent. Besides, it
would be interesting to evaluate other proteins related to cancerous processes, such as

VEGF (angiogenesis).

With emphasis on E4 results, it can be observed, with 95% of confidence level,
that all 1Csp values (ICso(MCF-7)=16.05uM, ICso(HuUH7)=29.38 uM and
ICs0 (HepG2) = 34.74 uM) were statistically different since there is no intersection
between confidence intervals. The same observations can be done regarding E5 results
(ICs0 (MCF-7) = 121.90 pM, ICso (HuH7) =169.10 pM and ICs (HepG2) = 151.50 pM). In
HCC cell lines, F19 and F13 ICso values are distinct, with 95% of confidence level, being
ICso values of F19 much lower (ICsq (HUH7) = 48.45 uM and ICso (HepG2) = 58.17 uM)
than F13 (ICso (HUH7) = 143.40 uM and ICso (HepG2) = 97.50 uM). In its turn, it can be
spotted an interception between the F19 confidence intervals of MCF-7 (47.43 - 50.09
pM) and HuH7 (46.65 - 50.31 pM) cells. On the other hand, the F13 results show an
interception among MCF-7 (92.32 - 97.86 pM) and HepG2 (93.93 - 100.40 pM)

confidence intervals.

Given that the R? values of F20 compound are located between 0.53 and 0.66,
there is no reliable confidence interval. Thus, it is not possible to determine the ICso
values inferring that, for this compound, I1Cso values are greater than 200 uM. All other
R?values presented are located above 0.93, demonstrating a good fitting of the curves

for the experimental results.
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Ribeiro et al. showed that COX-2-targeted compounds used in this work present
inhibitory capacity to inhibit selectively COX-2, being F11, F13 and F20 compounds
those who presented higher potency (ICso (F11) = 3.0+0.3 uM, ICso (F13) = 2.44£0.6 uM
and ICso (F20) = 1.09+£0.09 uM) (10). The active site of COX-2 presents an important
region: a hydrophobic pocket (49,90), which explains the high potency of compounds
F11, F13 and F20 for inhibit COX-2, as demonstrated in previous study, since these
compounds present a very lipophilic nature (10). For the compounds F11 and F20 it was
not possible to obtain an ICso value for their antiproliferative activity, since the compound
F11 presented molecular instability as previously described, and the compound F20
presented crystallization after the 48 hours treatment. However, due to the high ability of
this compound to inhibit COX-2 (10) one cannot rule out the possibility of using this
compound in the future work, so, to exceed this gap, it would be interesting to study
again the activity of this compound using a different solvent such as polyethylene glycol.
Compound F13 did not show a good correlation with COX-2 expression, and it was
necessary a great increase in its concentration in order to occur antiproliferative activity.
This increase went against expectations since it previously showed to be one of the most

potent compounds in COX-2 inhibition.

Furthermore, according to Ribeiro et al. the compounds E5 and F19 showed the
lowest potency to inhibit COX-2 (ICso (E5) = 20£1 uM and ICsp (F19) = 2142 uM), which
agrees with the MTT results of compound E5 but not with the results of F19 (10).
Interestingly, compound F19, which showed lower potency to inhibit COX-2 of all
compounds used in this work (10), was one of the compounds that showed lower ICso
values and higher antiproliferative activity, in a COX-2-dependent manner. However, a
possible anticancer COX-2-independent mechanism can be involved and must be further
studied.

Finally, compound E4, which showed the lowest ICsy values and greater
antiproliferative activity, according to Ribeiro et al., was one of the compounds that
showed an intermediate potency in COX-2 inhibition (ICso (E4) = 12.7£0.5 pM) (10). It
can be observed that, according to COX-2 expression in HCC cell lines, the
antiproliferative activity of E4 was COX-2-dependent, which agrees with its higher
capacity to inhibit this protein (99.0+0.7%) and also with MTT results (10). However, it is
important to consider that the results presented by Ribeiro et al. relate to tests performed
in blood samples (10). Thus, it would be interesting to study this inhibitory capacity also

in cancer cells through the assessment of PGs levels by ELISA.
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In view of a structure activity relationship, it can be observed that the presence of
a catechol group in E4 compound can confer a higher anticancer activity, as already
described previously in the literature by the research group (12). It can also be observed
that, comparing the structures of compounds E5 and F19, the compound presenting the
hydroxyl group in position 3 has a greater antiproliferative capacity (F19) than the
compound presenting the same group in position 4 (E5). Furthermore, one can connect
the low antiproliferative activity presented by compound F13 with its lipophilic nature,

since the hydroxyl group is in a position of difficult access.

The results presented are in agreement with previous observations that denote
that some cinnamic acid derivatives have antiproliferative activity against cancer cell
lines (11,12,91). Two of these studies have already been performed with the compounds
E4 and E5 (11,12). Tavares-da-Silva et al. proved that these two compounds have
antiproliferative activity in colon cancer cell lines and inhibit human neutrophils’ oxidative
burst (12). It is known from the literature that COX-2 expression in WiDr cells is lower
than in C2BBel cells, since the latter are a clone of Caco-2 cells that also overexpress
the protein (92,93). This fact allows to hypothesize that the antiproliferative activity of
compound E4 also showed a correlation with COX-2 expression in colon cancer lines
(ICs0 (WiDr) = 34.6 uM and 1Cso (C2BBel) = 22.0 uM). The parallel with colon cancer
cells was also observed in the activity of compound E5, which did not show any
correlation between anticancer activity and COX-2 expression (ICso (WiDr) = 122.6 uM
and ICso (C2BBel) = 91.0 uM). Furthermore, it can be observed that the ICso values
presented in the study with colon cancer cells are very similar to those presented in this
master’'s Thesis. Thus, it can be concluded that both compounds have similar

antiproliferative activity in colon cancer cells and liver cancer cells.

Serafim et al. also showed the antiproliferative activity of E4 and E5 in MCF-7
and MDA-MB-231 (oestrogen-independent breast cancer cell line) cell lines, being E4
the most efficient (11), in accordance with results of this dissertation. According to the
results of antiproliferative activity of compound E4 in MCF-7 and MDA-MB-231 cell lines
presented by Serafim et al., it can be observed that the compound presented a greater
antiproliferative activity in the MCF-7 cell line than in the MDA-MB-231 cell line (11).
Considering the higher COX-2 expression of MDA-MB-231 cells compared to MCF-7
cells, it can be observed that, according to the results presented by Serafim et al., the
action of this compound could be COX-2-independent (11,77). However, further studies
are needed to confirm this hypothesis. This hypothesis can be complemented by

evaluating the levels of COX-2 expression by western blot and PGs through ELISA or
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silencing the expression of COX-2, in order to confirm whether the mechanism of action
of E4 against BC is COX-2-independent or not.

Inflammation is associated with cancer, being the pro-tumour inflammation one
hallmark of cancer (16). COX-2 and PGE. (major product of COX-2 activity) are crucial
to the inflammation process and have been associated with various hallmarks of cancer
(4,58). Coxibs are selective COX-2 inhibitors, their activity is associated with less
adverse effects than non-selective COX-2 inhibitors. However, coxibs have been
associated with cardiotoxicity. Because of this, the majority of coxibs were withdrawn
from the market (1,9,10,48,60-64). Thus, efforts have been done to overcome these
difficulties. Cinnamic acid derivatives have been recognized to display relevant biological
activities against several tumour cells and the compounds used in this master's Thesis

already revealed capacity to inhibit COX-2 with selectivity (10,11).

Comparing the compound that presented the lowest ICso values, E4, to the
conventional chemotherapeutic drugs used in the clinical practice for the treatment of
BC, it can be observed that the ICso value of E4 for MCF-7 cell line (16.05 uM) is much
higher than the 1Cso of epirrubicin (0.32 uM) but lower than cisplatin (32.5 uM), for the
same time of treatment (94). In HCC cell lines, it can be noted that the I1Cso value of E4
(29.38 pM) for HuH7 cell line was much lower than 5-FU (166.6 uM), but higher than the
ICso Of cisplatin (1.5 uM), doxorubicin (DOX) (0.1 yM) and sorafenib (9.5 uM) (95). For
HepG2 cell line, the ICso value of E4 (34.74 uM) was much higher than the 1Csp of 5-FU
(19.0 pM), cisplatin (2.0 uM), DOX (0.3 pM) and sorafenib (4.6 uM) (95). All other
compounds showed higher ICso values than all conventional therapies, except for 5-FU,
in all cell lines. In all cell lines, all compounds showed lower ICso values than 5-FU, except
E5 in HuH7 cells.

However, despite presenting lower ICso values than the cinnamic acid amides
studied in this master's Thesis, both cisplatin, epirrubicin, doxorubicin and sorafenib
treatment present several adverse effects such as ototoxicity, cardiotoxicity,
myelosuppression and therapeutic resistance (34,40,96-100). As described previously,
COX-2 is associated with several chemoresistance-related signalling pathways
(4,54,55). Since the cinnamic acid amides used in this work are selective COX-2
inhibitors, they could be used in the future as adjuvant therapy, as COX-2 inhibition
allows cells to be sensitised to conventional chemotherapy and also decreases this
adverse effect (4,10).

Furthermore, other studies have demonstrated that cinnamic acid derivatives are

cardioprotective agents against oxidative and structural damage induced by DOX, a
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widely used anticancer drug that presents greater cardiotoxicity (101,102). This evidence

reinforces the use of cinnamic acid derivatives as anticancer agents.

Thus, these results are in the same line of reasoning as previous studies,
demonstrating that some of these compounds are also promising antiproliferative

mediators against BC and HCC cells, being the E4 compound the most effective.

3.2.2 Protein content

In order to complement the MTT results, SRB assay was used with E4 and F19
compounds. This complement is important since MTT assay depends on redox reactions
that can be altered in presence of ROS. The SRB assay was performed to suppress any

possible interference of production of ROS in results.

In Figures 20, 21 and 22 it is observed that with both the MTT assay and the SRB
assay, compounds E4 and F19 demonstrated a dose-dependent antiproliferative activity.
These complementary results once again reinforce the antiproliferative capacity of the

compounds being promising to be used for anticancer purposes.

In Figure 20, the bar graph presents MTT and SRB assays results, in MCF-7 cell
line, after treatment with E4 and F19 for 48 hours. In general, there was no significant
differences between MTT and SRB assays for all concentrations, excluding 1 uM and

25 uM for E4 compound and 25 puM for F19 compound.

The same tendency is observed in Figure 21. Figure 21 represents cell
proliferation obtained by both MTT and SRB assays results in HuH7 cell line, after the
same treatments. No significant differences were found between these assays for all

concentrations with exception of 25 yM of E4 compound.

Finally, for HepG2 cell line MTT and SRB results, E4 treatment did not
demonstrate significant differences as opposed to F19 treatment, which showed
significant differences in most of the concentrations (excluding 100 uM). These results

are presented in Figure 22.

These results prove that, in general, there was no significant difference between
the two assays. Thus, it was shown that it was possible to evaluate the antiproliferative
activity of the compounds using the MTT assay, without any ROS interference in the

redox reactions inherent to this method, allowing confidence in the results.
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Furthermore, these results are in agreement with a previous study (103), where

the author found that both assays had similar linearity in the evaluation of antiproliferative

activity of Thai plant extracts in a rat fibroblast cell line (L929). In addition to this study,

there is another that proves the same linearity between the two assays in the evaluation

of antiproliferative activity of Artocarpus heterophyllus methanolic extract in a lung

adenocarcinoma cell line (A549) (104).

Because of confidence in the previous results with MTT assay, this method was
performed for E4, F13 and F19 compounds to evaluate whether their cytotoxic activity

was selective for cancer cells.
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Figure 20 — Results of MTT and SRB assays (MCF-7 cell line) 48 hours after treatment with E4 and F19 compounds. Results are presented as the percentage (%) of metabolic activity (MTT) and
protein content (SRB) as a function of compounds’ concentration (uM) and express the mean+SEM of, at least, three independent experiments, in triplicate. Significant differences are denoted by
*p<0.05, **p<0.01.
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Figure 21 - Results of MTT and SRB assays (HuH7 cell line) 48 hours after treatment with E4 and F19 compounds. Results are presented as the percentage (%) of metabolic activity (MTT) and protein
content (SRB) as a function of compounds’ concentration (uM) and express the mean+SEM of, at least, three independent experiments, in triplicate. Significant differences are denoted by *p<0.05.
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Figure 22 — Results of MTT and SRB assays (HepG2 cell line) 48 hours after treatment with E4 and F19 compounds. Results are presented as the percentage (%) of metabolic activity (MTT) and
protein content (SRB) as a function of compounds’ concentration (uM) and express the mean+SEM of, at least, three independent experiments, in triplicate. Significant differences are denoted by
*p<0.05, **p<0.01, ****p<0.0001.
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3.2.3 Selectivity

MTT assay with MCF-12A was used as control to assess whether the cytotoxic
activity of the compounds is selective for tumour cells or not. A positive control was added
to this experiment: celecoxib, a selective COX-2 inhibitor used in clinical practice. This
addition is of greater importance because it allows comparison between treatment with
cinnamic acid amides and treatment with a well-studied COX-2 selective inhibitor,

allowing confidence in the results.

As contradictions were found in the literature about the ICs values of celecoxib
(105-110), MTT assay was performed, with a range between 10 to 100 uM, in MCF-7
cell line. Thus, the concentration used in treatment with celecoxib (10 uM) was selected
from the results obtained by MTT assay in cancer cells (Appendix 1 - Figure 39).
Furthermore, the two treatments with compounds were used, the concentrations of
compounds were selected based on ICs, values obtained previously by MTT assay in
MCF-7 cell line: one treatment with the concentration corresponding to the ICs value for
each of the compounds in the MCF-7 line and another treatment with a higher
concentration, in order to assess whether there are significant changes in the selectivity

of the antiproliferative activity with increasing concentration.

In Figure 23, the bar graph represents the MTT results for MCF-12A and MCF-7
cell lines after treatment with E4 for 48 hours. In general, there are significant differences
between MCF-12A and MCF-7 cell lines for all concentrations. Within each cell line, in
MCF-7 it can be observed that there are no significant differences between celecoxib
treatment and E4 treatment, although, there are significant differences between E4
treatments (p=0.0002). In MCF-12A cell line, it can be noted that there are no significant
differences between E4 treatments but there are between these treatments and
celecoxib (p<0.0001, for both concentrations). With these results, it can be seen that
celecoxib treatment has higher cytotoxicity (p<0.0001) in normal breast cells (21.2% of
metabolic activity) than cancer cells (45.6%). Furthermore, it can be noted that E4
treatment induced low cytotoxicity in normal breast cells (78.9% for 16.05 uM and 71.9%
for 25 uM), in contrast with the higher antiproliferative activity induced in cancer cells (50
and 37.2%, respectively). Thus, it can be assumed that E4 is a promising compound to
be used against breast cancer disease because, in addition to being the compound that
demonstrated the greatest antiproliferative activity in tumour cell lines (showing the
lowest ICso values), its antiproliferative activity was also shown to be selective for breast

tumour cells.
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Figure 24 represents metabolic activity results for MCF-12A and MCF-7 cell lines,
after treatment with F19 for 48 hours. It can be noted that treatment with 48.8 UM in these
two cell lines do not present significant differences between them. Contrarily, celecoxib
(10 pM) and F19 treatment with highest concentration (75 puM) presented statistically
significant differences between the two cell lines [p=0.0012 for celecoxib treatment and
p=0.0124 for F19 treatment (75 pM)], being these treatments more cytotoxic for normal
cells [21.2% for celecoxib treatment and 16.6% for F19 treatment (75 uM)] than cancer
cells [45.6% for celecoxib treatment and 32.4% for F19 treatment (75 pM)]. Within MCF-
7 cell line, significant differences (p=0.0004) can be observed between F19 treatments,
with treatment with 75 uM (32.2%) more cytotoxic than treatment with 48.8 uM (50%). In
MCF-12A cell line, there are significant differences between celecoxib and 48.8 uM
treatments (p=0.0011) and between two F19 treatments (p<0.0001). The celecoxib and
75 uM treatments presented high cytotoxicity (21.2% for celecoxib and 16.6% for 75 uM
of F19) than 48.8 uM of F19 (44.1%). These results showed that F19 treatment
demonstrated identical cytotoxicity to that caused by celecoxib treatment, for normal
breast cells. Thus, F19 is not a promising compound to be used against BC, since it
showed a high toxicity for normal breast cells compared to tumour cells, demonstrating

that its antiproliferative activity is selective for normal cells, contrary to what is required.

In Figure 25, metabolic activity results obtained for MCF-12A and MCF-7 cell lines
after treatment with F13 for 48 hours are presented. Herein, all treatments showed
significant differences between the two tested cell lines. Within MCF-7 cell line,
significant differences were observed between celecoxib and F13 (200 uM) treatment
(p<0.0001) and between two F13 treatments (p<0.0001). Celecoxib treatment provoked
lower cytotoxicity (45.6%) than F13 (200 puM) treatment (10.3%), although, incited
highest cytotoxicity than F13 (94.9 uM) treatment (50%). Moreover, in MCF-12A cell line,
all treatments also presented significant differences between them (p<0.0001 for all
comparisons). These results show that F13 treatments presented low cytotoxicity for
normal breast cells, with 94.9 uM treatment increasing the metabolic activity of these
cells (119.1%) and 200 pM with low decrease of metabolic activity (73.7%), contrarily of
celecoxib treatment (21.2%). Thus, it can be assumed that F13 is a promising compound
to be used against cancer disease since its antiproliferative activity was also shown to

be selective for breast tumour cells.
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Figure 23 — Results of MTT assay (MCF-12A and MCF-7 cell line) 48 hours after treatment with celecoxib and E4
compound. Results are presented as the percentage of metabolic activity (%) as a function of compounds’ concentration

(uM) and express the mean+SEM of, at least, three independent experiments, in triplicate. Significant differences are
denoted by ***p<0.001, ****p<0.0001.
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Figure 24 - Results of MTT assay (MCF-12A and MCF-7 cell line) 48 hours after treatment with celecoxib and F19
compound. Results are presented as the percentage of metabolic activity (%) as a function of compounds’ concentration
(uM) and express the mean+SEM of, at least, three independent experiments, in triplicate. Significant differences are
denoted by *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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Figure 25 - Results of MTT assay (MCF-12A and MCF-7 cell line) 48 hours after treatment with celecoxib and F13
compound. Results are presented as the percentage of metabolic activity (%) as a function of compounds’ concentration
(uM) and express the meantSEM of, at least, three independent experiments, in triplicate. Significant differences are
denoted by **p<0.01, ****p<0.0001.

According to Figures 23, 24 and 25, it is concluded that celecoxib and F19
compound showed high cytotoxicity to normal breast cells than F13 and E4 compounds.
The F13 compound presented low cytotoxicity for normal breast cells, with F13 (94.9
MM) treatment increasing the proliferative activity in these cells. Even with higher
concentrations, the cytotoxic activity of this compound is low, even though there are
significant differences between the two treatments (94.9 and 200 uM). Nevertheless, for
tumour cells, high concentrations were needed in order to obtain an antiproliferative
activity, making this compound less promising than E4. The E4 compound demonstrated
to be the most promising of all other compounds tested, due to its higher cytotoxic activity

in cancer cells, and lower cytotoxic activity in normal breast cells.

A previous study using the E4 compound in colon cancer cells showed that
treatment with this compound incited an increase in the intracellular production of
superoxide anion (O2"), a by-product of the mitochondrial respiratory chain, which can
produce oxidative damage at that very site, but also diffuse away from its origin and
cause damage to many different macromolecules such as DNA, phospholipids, and

proteins (12). This increase may lead to the induction of apoptosis since the antioxidant
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defence machinery is diminished in cancer cells and may also be one of the reasons for
the selectivity of the antiproliferative activity of this compound (111). However, further
studies are needed to infer whether the selectivity of this compound is due to the
production of ROS or to the failure of their antioxidative defences. Therefore, in the future
it would be interesting to evaluate the levels of production of ROS such as O>" and
peroxides, and reduced glutathione (acts in the detoxification of hydrogen peroxides) by

flow cytometry.

Cytotoxic assays, such as SRB and MTT assays, have different linearities
depending on cell lines used (112), thus, it is important to repeat these types of assays
in other cell lines. Other important evidence is the fact that NSAIDs reveal different
actions depending on cancer type (113), which can also be extrapolated to cinnamic acid

derivatives on cancer and normal cell lines.

It is known that coxibs, including celecoxib, are associated with cardiotoxicity.
One study revealed that celecoxib cytotoxicity for cardiac myocytes involves COX-2-
independent mechanisms (100). Moreover, El-Awady et al. demonstrated that celecoxib
cannot be used with DOX, once its cardiotoxicity is identical to cardiotoxicity of DOX, and
that celecoxib interaction with different anti-cancer drugs is antagonistic in breast cancer.
Thus, celecoxib is not a suitable chemosensitizer for breast cancer (106). On the other
hand, as mentioned above, cinnamic acid derivatives revealed a cardioprotective activity
against DOX action in myocardial cells, reinforcing, again, the use of these molecules
against cancer (102). Since cinnamic acid derivatives have a cardioprotective activity
and celecoxib is not suitable chemosensitizer for breast cancer, these results are in
accordance with previous studies (101,106,113), demonstrating the importance of
cinnamic acid derivatives for clinical practice. Although, it is important to repeat
evaluation of selectivity of cytotoxic activity of the compounds in other normal cell lines,

such as normal liver cells.

Since compound E4 proved to be the most promising, exhibiting a higher
antiproliferative activity (lower ICso values) and a higher selectivity for breast cancer cells

than for normal cells, subsequent experiments were performed only with this compound.
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3.3 Cell cycle

To analyse if E4 treatment induces or not modifications in cell cycle of the three
used cell lines, flow cytometry was performed by staining cells with a solution of PI with

RNAse, 48 hours after treatment.

Figure 26 represents cell cycle analysis of MCF-7 cell line. It can be noted that
there are no significant differences between the three conditions. However, the results
of cytotoxic assays (MTT and SRB) performed in this master’'s Thesis demonstrate a
high decrease in cell proliferation. These results can be explained since cell proliferation
decrease can also be associated to cell death or quiescence (114). Considering that the
number of cells in each cell cycle phase is identical between conditions, there are no

significant differences that support the presence of quiescence.

In this case, as no alterations in the cell cycle are observed it can be hypothesized
that, for the concentrations used (16.05 and 25 puM), the antiproliferative activity of the
compound E4 could act especially by necrosis. Observing the results obtained in the flow
cytometry it can be inferred that there are no cells in sub Go/G: phase population

(apoptotic peak).

Furthermore, previous results in the same cell line revealed that 75 uM of E4
treatment, a 3-fold higher concentration than the maximum used in MCF-7 studies,
induced an increase of apoptotic peaks and a strong decrease of cells arrested in S
phase (11). Also, another previous studies with celecoxib treatment in MCF-7 cells
presented a dose-dependent cell cycle arrest in Go/Gi phase with concentrations
between 10 and 40 pM and a consequent decrease of cells in S phase, being in
accordance with Serafim et al. study (106,109).
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Figure 26 — Cell cycle analysis of MCF-7 cell line, 48 hours after treatment with E4. Results are presented as the
percentage of cells in phases Go/G;, S or Go/M and express the mean+SEM of, at least, three independent experiments,
in duplicate.

Figure 27 represents cell cycle analysis of HUH7 cell line. In overall, there are
statistically significant differences, contrarily to other used cell lines. In this cell line,
significant differences can be observed between control and E4 treatments. E4
treatments induced cell cycle arrest in S phase, which was more pronounced in the
treatment with 29.38 uM compared to 75 pM. The treatment with 29.38 uM induced a
significant increase from 26.6+1.83% to 51.5+0.5% (p<0.0001) comparatively to the
control, and 75 pM treatment induced a significant increase of 26.6+1.8% to 41.5+2.2%
(p<0.0001) comparatively to the control. As a consequence of cycle arrest in S phase, in
E4 29.38 pM treatment, a decrease of the number of cells in Go/G: phase occurred,
which resulted in a significant decrease from 59.8+1.6% to 45.5+0.5% (p=0.0003)

comparatively to the control.
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Figure 27 - Cell cycle analysis of HUH7 cell line, 48 hours after treatment with E4. Results are presented as the percentage
of cells in phases Go/G1, S or G,/M and express the meantSEM of, at least, three independent experiments, in duplicate.
Significant differences are denoted by *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.

In HUH7, E4 treatment induced cell cycle arrest in S phase, which is in agreement
with previous results with E4 treatment in WiDr cells (colon cancer cells) (12). Similar to
the WiDr cell line, the HuH7 cell line also has the TP53 gene mutated (115), which makes
it transcriptionally inactive form of P53 (116). TP53 gene in WiDr cell line is presented
mutated, according to ATCC, to prevent TP53 of regulating P21 protein following DNA
damage. P21 is a cyclin-dependent kinase inhibitor with the function of regulating cell
cycle arrest in G1 phase. Commonly, DNA damages provoke an increase in P53 levels
and, consequently, P21 transcription in order to activate G1 checkpoint and permit cells
to repair damages or proceed to apoptosis. Therefore, in HUH7 cells, mutated TP53 gene

may lead to cell cycle arrest in S phase, since G1 checkpoint is not activated (12).

In Figure 28 cell cycle analysis of HepG2 cell line is represented. In this cell line,
significant differences can be observed between control and E4 75 puM treatment. This
treatment induced a cycle arrest in phase S, which resulted in a statistically significant
increase of the number of cells from 29.0+£3.24% to 45.0+£9.0% (p=0.04), comparatively
to the control. With the cycle arrest in S phase, a decrease of the number of cells in Go/G1
phase occurred, which resulted in a significant decrease from 57.0£2.1% to 39.7+5.1%

(p=0.03), comparatively to the control.
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Figure 28 - Cell cycle analysis of HepG2 cell line, 48 hours after treatment with E4. Results are presented as the
percentage of cells in phases Go/G;, S or Go/M and express the mean+SEM of, at least, three independent experiments,
in duplicate. Significant differences are denoted by *p<0.05.

In HepG2 cells, E4 treatment induced cell cycle arrest in S phase, which is in
agreement with previous results obtained with E4 treatment in WiDr cells (12). If on the
one hand TP53 gene in WiDr cell line is presented mutated, according to ATCC, to
prevent TP53 of regulating P21 protein following DNA damage, on the other hand HepG2
cell line presents wild-type TP53 gene (117). In addition to the Tavares-da-Silva et al.
study, another study with phenolic compounds treatments (with range of concentrations
of 16 to 75 uM, for 72 hours) in HepG2 cells also demonstrated cell cycle arrest in S
phase (118). One hypothesis for these results is that E4 treatment, somehow is capable
to affect TP53 wild-type, presented in these cells, action allows prevent P21 regulation.
Therefore, in future, it would be interesting to study P21 levels by ELISA with and without
E4 treatment in order to infer if there is or not interference in its regulation. Additionally,
one treatment with silencing of COX-2 expression would be added to evaluate if that cell

cycle arrest induced by E4 is dependent or independent of COX-2 activity.

Overall, E4 treatment provoked cell cycle arrest in S phase in HCC cell lines.

3.4 Cell viability and cell death mechanisms

To assess if the decrease of cell proliferation after the treatment with E4 was

accompanied by an increase of cell death, cell viability and death profile induced were
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analysed by flow cytometry, using the double staining with AV and IP. This experiment
is important to identify how E4 compound induce its activity since antiproliferative activity
can occur due to cell death or quiescence. Further, to complement the results of flow
cytometry, it was performed May-Grinwald-Giemsa staining in order to visualize
morphological changes induced by E4 treatment and help to identify the type of cell death
induced by it.

To study the active cell death pathways, the alterations of the mitochondrial
membrane potential (AYm) were evaluated by flow cytometry. All these experiments
were performed 48 hours after treatment with E4 and the concentrations used
correspond to the ICso for each cell line (16.05 uM for MCF-7, 29.38 uM for HUH7 and
34.74 uM for HepG2) and to a concentration higher than the ICso value (>1Cso), which
corresponded to 25 pM for MCF-7 cell line and 75 uM for HepG2 and HuH7 cell lines,

according to the Materials and Methods section (Table 3).

3.4.1 Viability and cell death

Figures 29 and 30 show bar graphs with the analysis of cell viability and types of
cell death induced in MCF-7 cell line and representative images of morphologic changes

induced by E4 treatment, respectively.

In Figure 29, it can be observed that the highest concentration of E4 induced a
statistically significant decrease of cell viability from 73.1+1.8% to 59.8+4.8% (p=0.0002).
In focus to cell death types, overall, there is a tendency to E4 treatment induce necrosis
(increase from 17.2+1.6% to 24.3+2.5% in treatment with 25 pM) and apoptosis
(increase from 5.9+1.2% to 9.5+£1.6% in treatment with 25 uM), despite there are no
significant differences comparatively to control. These results are in agreement with
Serafim et al. results once they proved that E4 treatment induces apoptosis in this cell
line. Nevertheless, as mentioned above, they used a concentration (75 pM) higher than
the one used in this master’'s Thesis. Also, apoptosis markers (caspase-8 and caspase-

9) were only expressed 96 hours after treatment (11).

In Figure 30, it is noted that the E4 treatment induced death especially by
apoptosis, in contrast to what is observed in the flow cytometry results. This discrepancy
in results can be explained by the fact that since the reduction in viability is low, the ability
of flow cytometry to distinguish between different types of cell death was limited. It can

be noted that in control most of the cells are viable, with some necrotic and apoptotic
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cells. With increase of E4 treatment, it can be observed an increase of apoptotic cells
and fewer necrotic cells. Thus, the observation of cells under the microscope
corroborates the results already revealed in previous studies with E4 treatment
(75 puM) (11).
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Figure 29 — Cell viability and types of cell death induced in MCF-7 cell line 48 hours after treatment with E4. Results are
presented as a percentage (%) of viable cells, in early apoptosis, in late apoptosis and necrosis and express the
mean+SEM of, at least, three independent experiments, in duplicate. Significant differences are denoted by ***p<0.001.
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Figure 30 — Representative images (50x) of morphologic features in MCF-7 cell line after treatment with E4 compound for
48 hours, after cells staining by May-Griinwald-Giemsa staining. Red arrows correspond to blebbings (apoptosis marker),
and green arrows to cytoplasm leakage (necrotic marker).

Figures 31 and 32 show the analysis of cell viability and types of cell death
induced in HUH7 cell line and representative images of morphologic changes induced by

E4 treatment, respectively.

Overall, in Figure 31, a statistically significant decrease in viable cells is seen
between control and the highest concentration of E4 treatment, from 62.1+3.9% to
45.1+4.9% (p=0.0008). In focus of cell death types, overall, there is a tendency to E4
treatment induce apoptosis. Considering early apoptosis, there is an increase from
10.8% to 21.3%, despite there are no statistically significant differences comparatively
to control, being much higher than the tendency increase of cells in necrosis (19.1% to
20.4%).

In Figure 32, although several viable cells exist in control, apoptotic cells are also
the greatest population in this condition. The increase of E4 concentration incites a rise
of apoptotic and necrotic cells in 29.38 UM treatment, being the amount of both types of
cell death very similar. However, the presence of apoptotic cells as a consequence of 75

UM treatment is very clear.

Even though there are no significant differences between E4 treatment and

control, these results are in accordance with previous study, which was used the same
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compound (with 35 and 50 uM treatments, for 48 hours) that revealed similar results for
WiDr cell line (colon cancer cell line) (12). Thus, overall, it can be concluded that E4

treatment induced apoptosis in HuH7 cell line, in accordance with previous studies.
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Figure 31 - Cell viability and types of cell death induced in HuH7 cell line 48 hours after treatment with E4. Results are
presented as a percentage (%) of viable cells, in early apoptosis, in late apoptosis and necrosis and express the
mean+SEM of, at least, two independent experiments, in duplicate. Significant differences are denoted by ***p<0.001.
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Control

Figure 32 - Representative images (50x) of morphologic features in HuH7 cell line after treatment with E4 compound for
48 hours, after cells staining by May-Griinwald-Giemsa staining. Red arrows correspond to blebbings (apoptosis marker)
and green arrows to cytoplasm leakage (necrotic marker).

Figures 33 and 34 show the results of the analysis of cell viability and types of
cell death induced in HepG2 cell line and representative images of morphologic changes

induced by E4 treatment, respectively.

Overall, in Figure 33, no significant differences between the treatments are noted.
However, it can be observed a tendency to E4 34.74 uM treatment incite a strong
decrease in viable cells and increase in necrosis. Although there are no significant
differences between treatments, these results are in accordance with a previous study
using the same compound, which revealed similar results for WiDr cell line (colon cancer
cell line) (12). Furthermore, it can also be related to the decrease of necrosis observed
between E4 treatments with cell cycle results presented above (Figure 28) since E4

treatment 75 pM induces cell arrest in S phase that could be related to quiescence.

Also, it can be noticed that the level of viable cells in control is low, which is
corroborated by the existence of a high number of cells in apoptosis observed in Figure
34. Although some viable cells can be observed in control, necrotic and apoptotic cells
are the highest number of cells in control. Increase of treatment with E4 provokes a rise
of apoptotic and necrotic cells, being the amount of both types of cell death very similar.
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Moreover, in E4 34.74 uM treatment can be noted a binucleated cell, indicating difficulties

in mitosis process.

This increase of apoptotic and necrotic cells in the control can be explained by
three experimental factors: the long process that the cells go through before entering in
the cytometer to be analysed (minimum 4 hours); the use of trypsinization to detach them

since the cells take time to recover; and the high passages of the cell cultures.

During trypsinization cell adhesion is disrupted by the presence of EDTA since
calcium is crucial for cell adhesion occur, leading to membrane dissolution. Membrane
damage is measured through annexin V and the processes inherent to the use of trypsin
or trypLE can be detected as markers of apoptosis (false positive). This marking occurs
since cells take some time to recover from the damage caused by detachment through

trypsinisation, which depends on cell line to cell line (119,120).

To try to overcome this problem, whenever a longer wait was required, the cells
were placed in an incubator with the reference conditions for cell line maintenance (37 °C
and 5% CO,). Since the problem persisted, a test reading of the controls with different
brands of dyes was performed, which showed that there were no significant differences.
In addition, early in the staining process for flow cytometry, cell numbers started to be
counted by the trypan blue exclusion method, giving confidence that the cells were still

in good culture conditions.

The highest concentration of E4 treatment (75 uM) reduced cell viability in 17%
in HUH7 cell line and 10% in HepG2 cell line, compared to control. Thus, comparing the
two HCC lines, it can be inferred that they have similar sensitivity to E4 treatment.
Comparing both HCC cell lines, it can be observed that E4 treatment induced cell death
mainly by apoptosis in HuH7 cells and that in HepG2 cells, although apoptosis was also

observed, the main cell death mechanism was necrosis.
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Figure 33 - Cell viability and types of cell death induced in HepG2 cell line 48 hours after treatment with E4. Results are
presented as a percentage (%) of viable cells, in early apoptosis, in late apoptosis and necrosis and express the
mean+SEM of, at least, two independent experiments.
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Figure 34 - Representative images (50x) of morphologic features in HepG2 cell line after treatment with E4 compound for
48 hours, after cells staining by May-Grunwald-Giemsa staining. Red arrows correspond to blebbings (apoptosis marker),
green arrows to cytoplasm leakage (necrotic marker) and orange arrow to binucleated cells (failure in mitosis).
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3.4.2 Mitochondrial membrane potential (AYm)

To assess the role of mitochondria in cell death mechanism induced by E4, the
changes in the AWm on MCF-7, HepG2 and HuH7 cell lines, 48 hours after treatment,
were evaluated through flow cytometry and using JC-1 staining. It is important to point
out that the higher M/A ratio, the lower the mitochondrial membrane potential, indicating

mitochondrial dysfunction.

Figure 35, Figure 36 and Figure 37 represent M/A ratios for the three conditions
in MCF-7, HuH7and HepG2 cell lines, respectively. In general, there are no statistically
significant differences between the treatments, in all cell lines. Nonetheless, it can be
observed a tendency for an increase in all M/A ratios, agreeing with a previous study
with same treatment (E4 for 48 hours) in colon cancer cell lines (12). Tavares-da-Silva
et al. showed that treatments with 22 and 50 uM of E4 in C2BBel cell line and treatments
with 35 and 50 uM of E4 in WiDr cell line induced a dependent-dose increase in M/A

ratios, indicating a mitochondrial dysfunction with increase of E4 concentration used (12).

Thus, the increase of M/A ratios suggests a reduction of mitochondrial membrane
potential, revealing mitochondrial dysfunction, which is an important event in the
activation of the intrinsic pathway of apoptosis (12). However, repetition of the
experiment is required to ensure the assay reproducibility, and then to confirm whether

this tendency is associated with mitochondrial dysfunction.

Intrinsic apoptosis is a mitochondrial-centred cell death triggered by intracellular
stress, which is mediated by mitochondrial outer membrane permeabilization, resulting
in apoptosome formation and activation of caspase-9. Initiation and execution of these
mechanisms are regulated by BCL-2 and caspase families of proteins. Activation of BCL-
2 family member BAX results in permeabilization of mitochondrial outer membrane and
in the release of pro-apoptotic proteins, such as cytochrome c from the intermembrane
space into the cytosol. The exit of cytochrome c for cytosol triggers the apoptosome
formation and activation of caspase-9, which can directly cleave and activate caspase-
3, an effector caspase. Effector caspases are responsible for initiating the hallmarks of
the degradation phase of apoptosis, including DNA fragmentation, mitochondrial
remodelling, ROS production and membrane blebbing. Nevertheless, other BCL-2 family
members have an anti-apoptotic activity, regulating these processes, such as BCL-2,
which can be responsible for cancer cells resistance to standard chemotherapy and
radiotherapy (121,122).
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Therefore, other important measurement that can complement these results is
the study of caspase-9, caspase-3, BAX, and BCL-2 expression by western blot
(121,122).
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Figure 35 — Mitochondrial membrane potential (AWm) of MCF-7 cell line 48 hours after treatment with E4. Results are
presented as ratio of M/A for each condition relatively to control expressed by mean+SEM of, at least, three independent
experiments, in duplicate. The increase of ratio is directly correlated with mitochondrial dysfunction.
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Figure 36 - Mitochondrial membrane potential (AWm) of HuH7 cell line 48 hours after treatment with E4. Results are
presented as ratio of M/A for each condition relatively to control expressed by mean+SEM of, at least, three independent
experiments, in duplicate. The increase of ratio is directly correlated with mitochondrial dysfunction.
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Figure 37 - Mitochondrial membrane potential (AYm) of HepG2 cell line 48 hours after treatment with E4. Results are
presented as ratio of M/A for each condition relatively to control expressed by mean+SEM of, at least, three independent
experiments, in duplicate. The increase of ratio is directly correlated with mitochondrial dysfunction.

3.5 COX-2 expression

Western blot was performed to evaluate if the treatment with E4 compound
modifies COX-2 expression. In this experiment, one positive control was added:
celecoxib, a COX-2 selective inhibitor used in clinical practice. This addition is of greater
importance because it allows comparison between treatment with cinnamic acid amides
and treatment with a well-studied COX-2 selective inhibitor, allowing confidence in the
results. This method was performed to evaluate if the treatment with E4 alters COX-2
expression, inferring whether there is or not a possible association between its
antiproliferative activity COX-2 expression. Comparison with positive control allows to

infer some differences in anticancer activity between E4 and celecoxib.

The results are presented as arbitrary units with normalization to negative control

(untreated cells).

Figure 38 represents the COX-2 expression in three cell lines and respective
conditions. In all cell lines, E4 treatment provokes a decrease in COX-2 expression,
being the highest concentrations the most efficient — 25 uM for MCF-7 cell line and 75 uM
for HUH7 and HepG2 cell lines. However, these results do not present statistically

significant differences between control and treatments (including with celecoxib).
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In MCF-7 cell line, ICso E4 treatment (16.05 pM) induced a 0.27-fold decrease of
COX-2 expression, in contrast, >ICso E4 treatment (25 pM) caused a decrease of 0.76-
fold. Celecoxib induced an increase of 0.63-fold in COX-2 expression, in agreement to
what is described in the bibliography (123). Niederberger et al. refer that treatment with
50 puM of celecoxib incites an increase in COX-2 expression since it activates NF-kB, an

upstream regulator of COX-2 expression (123).

In HuH7 cell line, although there are no significant differences between
treatments and control, western blot results show a 0.3-fold decrease of COX-2
expression relative to control, when cells are treated with 29.38 uM of E4. The highest
concentration was more efficient in decreasing COX-2 expression by 0.55-fold. In terms
of COX-2 inhibition, no difference was observed between E4 treatment and celecoxib
(decrease of 0.5-fold) in this cell line. The same conclusions can be reported regarding
HepG2 cell line. However, in this case, celecoxib (decrease of 0.37-fold) treatment is
comparable to I1Cso (34.74 uM) E4 treatment (decrease of 0.41-fold), being >ICsq (75 uM)

E4 treatment more efficient in decreasing COX-2 expression by 0.51-fold.

The action of celecoxib in COX-2 expression in MCF-7 cell line is significantly
different to E4 treatments [p=0.0447 for ICso treatment (16.05 uM) and p=0.0024 for >ICsg
treatment (25 uM)] in this cell line and action of celecoxib in HCC cell lines [p=0.0082 for
HuH7 cell line and p=0.0198 for HepG2 cell line].

According to Ribeiro et al., E4 was one of the compounds with intermediate
potency to inhibit COX-2 (12.7+0.5 uM) in blood samples (10). These western blot results
are in agreement with the inhibitory capacity of this compound and its antiproliferative
activity, since they demonstrated a tendency for a decrease in COX-2 expression, after

treatment with E4, in all cancer cell lines.

Notwithstanding these are preliminary results, other studies with phenolic
compounds treatments revealed a dose-dependent COX-2 expression decrease
(70,124). Yun et al. demonstrated that treatment with sinapic acid (40, 80 and 160 puM)
in RAW 264.7 mice macrophages induced dose-dependent decrease of COX-2
expression (124) and Tao et al. proved that treatment with dahshensu (200 uM) for 24
hours also provoked one reduce of COX-2 expression in lung cancer cell line (A549 cell
line) (70). Furthermore, another study also revealed that treatment with various doses of
celecoxib for 48 hours significantly reduced proliferation in HUH7 cells with association
with decreased COX-2 expression (105). Thus, although the repetition of this method is

needed, E4 compound seems to decrease COX-2 expression in the used cell lines.
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Figure 38 - COX-2 expression in three used cell lines (HuH7, HepG2 and MCF-7) 48 hours after following treatments:
untreated cells (control), ICso, >ICso and celecoxib. Results are presented as arbitrary units (AU) with normalization to
control (untreated cells) of COX-2 expression as a function of different treatments and express the mean+SEM of, at least,
three independent experiments, in triplicate. Significant differences are denoted by *p<0.05, **p<0.01. Below the bar graph
there are western blot diagram of COX-2 and 3-actin expression.

Several reports refer that many of the anticancer effects of NSAIDs are
independent of COX-2 inhibition, including celecoxib. These COX-2-independent
mechanisms can be explained by the fact that these molecules possess antiproliferative
and apoptotic effects on cell lines regardless of their level of COX-2 expression and that
growth-suppressing effect in cancer cells are not reversible with prostaglandin

supplementation (113).
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Celecoxib anticancer activity involves both COX-2-dependent and COX-2-
independent mechanisms, including induction of endoplasmic reticulum stress, induction
of apoptosis, cell cycle arrest and regulation of angiogenesis (105,125). In COX-2-
independent mechanisms, the major COX-2-independent target is PI3K/PDK-1/Akt
signalling. Kulp et al. demonstrated that a deficient in COX-2-inhibitory activity compound
(DMC), analogue to celecoxib, inhibits PC3 cell proliferation through attenuation of Akt
activity as a result of partial inhibition of PDK-1 (3-phosphoinositide-dependent protein
kinase-1) (126). Other study also demonstrated that inhibition of this signalling pathway
is correlated with celecoxib-induced apoptosis and that celecoxib also inhibits
sarcoplasmic/endoplasmic reticulum ATPase leading to rapid leakage of calcium into the
cytosol and, consequently, triggering endoplasmic reticulum stress and ultimately
leading to apoptosis (125). Celecoxib also can inhibit G1-S progression, suppressing
tumor growth and arresting cell cycle through inhibiting formation of CD1/CDK4 (cyclin
D1/ cyclin-dependent kinase 4) complex in a COX-2-independent way. Furthermore,
celecoxib promotes apoptosis of HCC cells by modulating activation of caspase-3 and
caspase-9 in a COX-2 expression-independent manner (105). This latter evidence can
be extrapolated for E4 treatment in HCC cell lines, since a slight difference in COX-2
expression is observed, nevertheless, it will be necessary to study this hypothesis in the
future through, e.g., evaluating caspase-9 and caspase-3 expression by western blot
after silencing COX-2 expression. If E4 treatment will be capable to inhibit caspase-9
and caspase-3 without COX-2 expression, it concluded that it antiproliferative activity is
COX-2 independent.

In future, these results can be complemented by measuring the production of
PGs by ELISA (105,109) and evaluating caspase-3 expression by western blot. It is
known that most COX-2 functions in tumour-related processes are mediated through
overproduction of PGE,. Once COX-2 expression decreases in a dose-dependent way
with E4 treatment in these cell lines, it is expected the consequent decrease of PGE-
production. However, caspase-3 is an upstream regulator of PGE,, involved in the
production of AA, by activation of iPLA,, therefore, it is important to evaluate whether
caspase-3 expression also decreases with E4 treatment. Caspase-3/COX-2/PGE;
pathway is associated with stimulating tumour growth and stem cell proliferation after
chemo- and radiotherapy and, consequently, therapy resistance (54,55). Therapy
resistance is the major challenge when treating cancer patients, including BC and HCC
patients, reinforcing the importance of evaluating caspase-3 expression, in order to

discover new strategies to exceed this challenge.
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Mutations in TP53 gene are similarly frequent in tumours, e.g. HCC, and in
chronic inflammatory diseases, such as rheumatoid arthritis. Obesity, which is a well-
known risk factor of BC, is a condition of low-level chronic inflammation that has been
associated with accelerated tumour progression and decreased response to treatment.
It is known that a hallmark of inflammation is increased vascular permeability, which
incites extravasation of inflammatory and immune cells as well as the escape of protein-
rich fluid into the extravascular tissue. This vascular permeability in the inflammation
process is similar to that seen in tumours, giving a link between inflammation and cancer.
Vascular permeability in both, inflammation and cancer, leads to leaky blood vessels,
which compromises the delivery of chemotherapy in cancer (127). Some molecules with
natural origin, such as curcumin and resveratrol, showed anti-angiogenesis effects by
regulating multiple signalling pathways as NF-kB and PI3/Akt that are involved in COX-
2 expression and activity (51,128). Thus, as E4 treatment decreases COX-2 expression,
it can be a promising mediator to increase drug delivery to the tumour. Therefore, testing
the ability of E4 treatment as an alternative way to increase drug delivery to the tumour

can be also a future work to do.

Several studies demonstrate that the bioavailability of compounds of this nature
in blood plasma is low. Furthermore, previous studies use doses far above those used

in this work.

Jung et al. used for studies with animal models doses of 200 and 500 mg/kg of
ethyl acetate fraction and ferulic acid, respectively, by oral administration (129).
However, the authors do not refer to bioavailability of compounds in plasma, being
difficult to extrapolate for the concentrations used in this work. Nonetheless, Liang et al.
performed in vivo studies with administration of bergenin/cinnamic acid hybrids via
intraperitoneal, which permits comparing two ranges of doses employed. Liang et al.
used doses of 15 and 30 mg/kg, daily, for 14 days. For conversion, the highest
concentration used in this master’s work is 7.1 mg/kg (200uM), that is very lower than
the one used in Liang et al. study (130). In a study with spheroids was used a range of

concentrations of 0-4 mM of cinnamic acids (131).

Furthermore, other evidence reveals low plasma concentrations of cinnamic acid
derivatives after oral administration due to limited absorption, intensive metabolism
and/or fast elimination from circulation. Thus, efforts have been made to enhance
bioavailability and its biological effects with new formulations when cinnamic acid

derivatives are entrapped into particles (132).
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Thus, it can be concluded that the concentrations employed in this research are
much lower than the ones used in animal models, allowing for a dose increase if
necessary and that cinnamic acid amides are promising compounds to exceed the
limitations of the COX-2 selective inhibitors currently used in the clinical practice and

used as anti-inflammatory and anticancer agents.
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Chapter 4. Conclusions and Future

perspectives

In this Chapter, the major conclusions obtained with this work are emphasized and
summarized. Some main obstacles and challenges that were raised during this Thesis
are described. Perspectives and proposals for further research are also identified and

presented.
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4.1 Conclusions

Female BC is one of the most frequent and deadliest cancers and HCC is also
one of the deadliest cancers worldwide, being therapy resistance the major challenges

when treating these cancer patients.

One of the hallmarks of cancer is tumour-promoting inflammation that can be
linked to COX-2 protein. COX-2 is a protein involved in inflammation processes through
production of PGs and is overexpressed in various types of cancer, such as BC and
HCC. Its overexpression is related to diverse hallmarks of cancer including inflammation,
angiogenesis, apoptosis and therapy resistance. Therefore, COX-2 inhibitors have been
studied for anticancer purposes. However, nowadays there are no anti-inflammatory
drugs which are truly safe and can also be used as a suitable therapy. For this reason,
efforts have been made to discover new compounds to exceed the limitations of COX-2
inhibitors currently used in clinical practice. Cinnamic acid derivatives have been
revealed to be potent and selective COX-2 inhibitors and considerable antiproliferative

agents against various cancers.

In this master’s Thesis, antiproliferative activity of one cinnamic acid and five
cinnamic acid amides was assessed, with the objective of discovering promising
compounds to exceed the limitations of COX-2 inhibitors currently used in clinical
practice and discover, thus, a compound with both anticancer and anti-inflammatory

activities.

All compounds demonstrated antiproliferative activity, being E4 the most
promising compound. Further, antiproliferative activities of E4 and F13 compounds
demonstrated selectivity for breast cancer cells in comparison to normal breast cells.
Although selectivity evaluation was not done in normal liver cells, inhibition of cell
proliferation was much more pronounced in breast cancer cells than in non-tumor breast

cells.

Cell cycle alterations, cell viability and cell death mechanisms data showed slight
but biologically relevant differences between treatments. To support this data, cell
morphology was assessed by May-Grinwald-Giemsa staining. E4 treatment in MCF-7
and HuH?7 cells induced apoptosis, while induced necrosis and apoptosis in HepG2 cells.
This treatment also provoked cell cycle arrest in S phase in HepG2 and HuH7 cells. HCC
cell cycle results can be associated with mutation of TP53 gene (HuH7), or interference

in TP53-related P21 regulation, which is involved in G1 checkpoint activation. E4
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treatment also revealed the ability to stimulate reduction of mitochondrial membrane

potential, implicated in apoptosis intrinsic pathway activation.

COX-2 expression data are preliminary. In general, slight differences were
apparent between conditions and cell lines. However, E4 treatment tend to diminish
COX-2 expression in MCF-7, HepG2 and HuH7 cell lines, whereas celecoxib increased
COX-2 expression in MCF-7 cell lines. These preliminary results are in accordance with

previous studies on phenolic compounds.

4.2 Future perspectives

Throughout the development of this project, it was noticed that additional data
coming from complementary tests could enrich the results obtained in this Thesis.
However, due to time and pandemic constraints some tests were not possible to perform.
Namely, it would be important to expand the timings of treatment and the screening
against other cancer cell lines, e.g., lung (A549 and H1299) and cholangiocarcinoma
(HUCCT1 and TFK-1) cell lines, since within each type of cancer cell lines present
pronounced differences in COX-2 expression (133—-135). Moreover, it is necessary to
evaluate the effects of the compounds in other normal cell lines to explore the selectivity
of studied compounds. Moreover, the evaluation of ROS production and GSH by flow
cytometry is also important to evaluate if the selectivity of compounds to cancer cells can
be explained by the increase of ROS production and failure of antioxidant defences.
Expanding the timings of treatment might allow to decrease concentrations used, as well
as, to explore if the treatment may last longer. It would be also interesting to continue
the studies using more complex preclinical models, namely spheroids (tridimensional cell

cultures) and animal models.

Because of instability of compounds F11 and F20 demonstrated in this work, it
would be interesting to repeat the experiments with these compounds with some
alterations in protocol. For F20, an approach could be to alter the solvent used,
polyethylene glycol instead of DMSO, since F20 compound demonstrated to be
promising due to its huge capacity for inhibit COX-2. For F11 it could be an option to
repeat the experiment making a new solution each time the compound is tested, avoiding
the production of by-products. Due to the drastic difference observed between the

antiproliferative actions of compounds E5 and F19, it would be interesting to perform
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future molecular modelling and docking studies, in order to understand why one isomer

has more activity than the other.

Furthermore, the repetition of western blot and flow cytometry assays is also
important due to the few statistical differences found between treatments with reduced
experiments and technical problems faced. As a complement to western blot results, it
would be interesting to evaluate the production of PGs by ELISA, as well as to assess
the expression of caspase-3 and other proteins associated with signalling cascades that
bind COX-2 to tumorigenic processes by western blot and evaluate the effect of these
compounds on lines with COX-2 silencing, in order to assess whether their
antiproliferative activity is dependent or independent of COX-2. Additionally, as a
complement to flow cytometry results, the silencing of COX-2 expression and the
assessment of caspase-9, BCL-2 and BAX expression by western blot would allow to
verify whether apoptosis is caused through the intrinsic pathway, and if these processes
is COX-2-dependent or COX-2-independent. In addition, to complement cell cycle results
would be interesting study P21 levels by ELISA with and without E4 treatment in order

to infer if there is or not interference in TP53-related P21 regulation.

Due to the differences in linearity between the MTT and SRB assays in the
HepG2 line with the F19 treatment, the repetition of the SRB assay with this compound,
including the selectivity assessment, would be important. Also, to confirm if the
mechanism of action of cinnamic acid amides is COX-2-dependent or COX-2-
independent one could silence COX-2 expression and evaluate its antiproliferative
activity again. In case of identical results, it would be confirmed that its action is really
COX-2-independent. Besides, it would be interesting to evaluate expression of other
proteins related to cancerous processes, such as VEGF (angiogenesis), caspase-8,
caspase-9, BCL-2, and BAX (resistance to apoptosis), and PI3K/PDK-1/Akt pathway, the
major COX-2-independent target of celecoxib. In addition, due to evidence showing low
plasma concentrations of cinnamic acid derivatives after oral administration, further
formulation of these cinnamic acid amides in a particle-bound form would also be of

interest.

Finally, the evaluation of E4, the most promising compound, in combination with
radiotherapy or standard of care drugs, might page the way to overcome resistance and

cardiotoxicity.
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Appendix 1 — MTT assay with Celecoxib treatment

MTT with celecoxib treatment
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Figure 39 - Results of MTT in MCF-7 cell line 48 hours after treatment with compounds E4 and F19. Results are presented as the percentage of metabolic activity (%) as a function of compounds’
concentration (uM) and express the mean+SEM of, at least, three independent experiments, in triplicate.



