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Sintese de compostos N e S fundidos heteroaromaticos e avaliagao antitumoral em linhas
celulares tumorais humanas

Resumo

Atualmente, devido ao cancer burden, a selecio de novos compostos sintéticos como
potenciais antitumorais e a exploracao de alguns dos seus possiveis mecanismos de agdo tém
sido objeto de continuo interesse no combate ao cancro. Assim, o principal objetivo deste
trabalho foi sintetizar novos compostos e avaliar o seu potencial antitumoral.

Novas tieno[3,2-b]piridinas funcionalizadas foram sintetizadas por acoplamento-cruzado
C-C de Suzuki-Miyaura catalisado por Pd, usando o 3-bromotieno[3,2-b]piridina-2-carboxilato
de metilo, também preparado, e (het)aril pinacolboranos, sais de trifluoropotassio de boro ou
acidos borénicos, e foram completamente caracterizadas (pf, *H, 13C-RMN, Espectrometria de
Massa de Alta Resolucdo ou Andlise Elementar). O potencial antitumoral dos compostos foi
avaliado em linhas celulares tumorais: pancreaticas (PANC1 e BxPC3), pulmao de células nao
pequenas (NCI-H460) e mama triplo negativo (MDA-MB-231 e MDA-MB-468) — pelo ensaio
Sulforodamina B. Os mais promissores foram estudados quanto a possiveis efeitos no ciclo
celular e no nivel de expressao de algumas proteinas relacionadas com ciclo celular, apoptose
e danos no DNA.

A série de 3-(het)ariltieno[3,2-b]piridina-2-carboxilatos de metilo foi preparada com fenilo
ou arilos com dadores (OMe, Me) ou retiradores de eletrdes (halogénio (Cl), nitrilo (CN), CF3)
na posicao para, ou com heteroarilos, piridina, deficiente em eletrdes, ou furano, rico em
eletrdes, com rendimentos moderados a altos. Nos ensaios bioldgicos trés compostos inibiram
o crescimento apenas nas linhas celulares de cancro da mama: o composto com p-Cl inibiu o
crescimento das células MDA-MB-231, enquanto os compostos com p-CN e furano o das MDA-
MB-468. Curiosamente, estes compostos apresentaram pouco ou nenhum efeito no
crescimento das células ndo tumorais MCF-12A. Apesar de serem necessarios mais ensaios, o
derivado furano alterou o ciclo celular das células MDA-MB-468, aumentando a fase G2/M
com consequente diminuicdo da fase GO/G1 e expressdo aumentada de p21. Por outro lado,
o composto p-Cl induziu dano no DNA e diminui o tamanho dos tumores xeno enxertados das
células MDA-MD-231 no ensaio CAM (Chick Chorioallantoic Membrane) in vivo. Finalmente, o
derivado p-CN ndo alterou o ciclo celular nem induziu apoptose nas concentracdes testadas.

PALAVRAS-CHAVE: Acoplamento de Suzuki-Miyaura; Avaliacdo bioldgica; Cancro; Tienopiridinas.
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Synthesis of fused heteroaromatic N and S compounds and antitumor evaluation in human
tumor cell lines

ABSTRACT

Nowadays, due to cancer burden, the screening for new potential antitumoral synthetic
compounds and the knowledge about some of their possible mechanisms of action have been
object of continuing interest to tackle cancer. Thus, the main aim of this work was the
synthesis of novel compounds and the evaluation of their potential antitumoral activity.

Novel functionalized thieno[3,2-b]pyridines were synthesized by C-C Pd-catalyzed Suzuki-
Miyaura cross-coupling of methyl 3-bromothieno[3,2-b]pyridine-2-carboxylate, also
prepared, with (het)aryl pinacol boranes, trifluoro potassium boronate salts or boronic acids,
and were fully characterized (m.p.'H, 3C NMR, HRMS or Elemental Analysis). Their
antitumoral potential was evaluated in human tumor cell lines - pancreatic (PANC1 and
BxPC3), non-small cell lung (NCI-H460) and triple negative breast (MDA-MB-231 and MDA-
MB-468) - by Sulforhodamine B assay. The most promising compounds were further studied
concerning possible effects on cell cycle profile and expression levels of some proteins related
with cell cycle, apoptosis and DNA damage.

The series of methyl 3-(het)arylthieno[3,2-b]pyridine-2-carboxylates was prepared with a
phenyl ring or an aryl bearing electron donating (OMe, Me) or withdrawing (halogen (Cl),
nitrile (CN), CFs) groups, in the para position or with heteroaryl rings, pyridine, electron-
deficient, or an furan, electron-rich, in moderate to high yields. The biological studies showed
that three of the synthesized compounds caused growth inhibition only in breast cancer cell
lines: p-Cl inhibited the growth of MDA-MB-231 cells while the p-CN and furan derivatives
inhibited the growth of MDA-MB-468. Interestingly, these compounds had little or no effect
in the growth of the non-tumorigenic MCF-12A cells. Although further assays are necessary,
the furan derivative altered the cell cycle profile of MDA-MB-468 cells by increasing the G2/M
phase with concomitant decrease in GO/G1 phase and increased expression of p21. On the
other hand, the compound p-Cl induced DNA damage and decreased tumor size of
xenografted MDA-MD-231 cells evaluated by the in vivo CAM (Chick Chorioallantoic
Membrane) assay. Finally, p-CN derivative did not alter the cell cycle-profile nor induced
apoptosis, at the concentrations tested.

KeywoRrDs: Cancer; Screening; Suzuki-Miyaura coupling; Thienopyridines.
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1. CANCER

Cancer is the disease of the century and the second major cause of death worldwide,
just after cardiovascular diseases “. In fact, in 2018, an estimated 9.6 million people died from
cancer °. Thus, research for new therapies is an area of tremendous interest and joins the
scientific community together in a great effort to better understanding and combating cancer.

Unfortunately, cancer may affect everybody and may appear in any part of the body °.
Generally, cancer arises from mutations in a normal cell ® but carcinogenesis is a much more
complex and slow process in which the cell accumulates genetic and epigenetic alterations
over time, that together contribute to the malignant phenotype 7. Carcinogenesis is a
multistep process divided into three main phases: initiation, promotion and progression.
Initiation involves at least one stable cellular change arising spontaneously or induced through
exposure to a carcinogen; in promotion the transformed (already initiated) cell can continue
harmless until stimulated to undergo further proliferation; finally, the progression phase of
this multistep process gives rise to progressively malignant sub-populations 2.

Given the ability that tumors have to spread through lymphatic or blood vessels to
other sites of the body °, metastasis is the most life threatening event of cancer °.

The aggressiveness of cancer is due to its typical features known as “Hallmarks of
Cancer” (Figure 1), which are groups of ten characteristics and abilities acquired during the
multistep development of human tumors 1. From the Medicinal Chemistry point of view, the
understanding of the Hallmarks of Cancer uncovers molecular targets, thus leading drug
development in oncology. This is particularly important, given the limited efficacy of current
drugs mainly due to Drug Resistance and/or high cytotoxic effects 2.

In 2000, Hanahan and Weinberg *3 published the initial six Hallmarks of Cancer, which
a decade latter where updated to 8 “Hallmarks of Cancer” and 2 “Enabling Characteristics” 3,
which are the following 4:

e Hallmarks of cancer: self-sufficiency in growth signals, insensitivity to anti-
growth signals, evading apoptosis, limitless replicative potential, sustained
angiogenesis, tissue invasion and metastasis, reprogramming energy

metabolism and evading immune response;

2
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e Enabling Characteristics: genome instability and mutation, and tumor-
promoting inflammation.

The first Hallmark provides cancer cells with proliferative advantage due to the fact of
the usually tightly regulated cell cycle is disrupted 1. This occurs together with alterations in
signalling pathways 1. Furthermore, cancer cells do not respond to anti-growth signals, which
gives them a great proliferation potential, given their capacity to inactivate tumor suppressor
genes such as TP53 7. Another ability that makes cancer difficult to tackle is the evasion from
apoptosis, due to insensitivity to abnormal signals such as DNA damage in the case of TP53
being inactivated '8, contributing also for the increase in the number of cancer cells 1°. Another
hallmark confers cancer limitless replicative potential. The angiogenesis, tissue invasion and
metastasis, as already mentioned, culminate in the systemic dissemination of cancer. The
reprogramming of cellular energy metabolism allows cancer cells to survive under conditions
in which normal cells would not survive, which is a crucial feature to support the continuous
cell growth and proliferation in cancer ?°. Cancer cells also have capacity to evade the immune
response. In normal conditions, the immune system can detect pathogens and destroy
unhealthy cells to protect the organism but cancer can escape the immune surveillance 2.
Finally, not only the instability of the genome and mutations play an important role in the
development of cancer, but also the tumor microenvironment which includes surrounding
blood vessels, the extracellular matrix, signalling molecules, endothelial cells and immune
cells, strongly contributes to cancer progression 2.

All these features combined make cancer a difficult disease to manage and a huge

public health issue, which demands continuous research by the scientific community.
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Figure 1. Hallmarks and Enabling Characteristics of cancer, the ten biological characteristics

of human tumors and possible therapeutic targets. (Adapted from 3)
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1.1 Types of cancer cells tested in this dissertation: pancreatic ductal adenocarcinoma,

non-small cell lung cancer and triple negative breast cancers

1.1.1 PANCREATIC DUCTAL ADENOCARCINOMA

Pancreatic cancer is the fourth cancer related cause of death in the USA and it is
estimated that in the year of 2030 it will be the second one, just before lung cancer deaths 23.
Undeniably, there are some risk factors associated with this type of cancer contributing to the
statistics like age, overweigh, smoking, alcohol abuse and pre-existing chronic pancreatitis 24

In terms of classification, tumors in the pancreas are divided into two main groups:
non-endocrine (exocrine) and endocrine pancreatic tumors. The ductal adenocarcinoma
accounts for >90% of all pancreatic malignancies, being considered exocrine tumors 4.

Pancreatic ductal adenocarcinoma (PDAC) is an aggressive type of pancreatic cancer
that develops without symptoms. Therefore, when diagnosed it is already at an advanced
stage. There are four main altered genes in PDAC: KRAS (Kirsten rat sarcoma), which is
mutated in 70-95% of all cases 2 2%; the tumor suppressor gene TP53, being mutated in 75%
of PDAC cases %’; CDKN2A (Cyclin dependent Kinase 2A) that is mutated or has promoter
methylation in 95% of PDAC cases 28; and SMAD4 (Mothers against decapentaplegic homolog
4), that is mutated in 55% of PDAC cases %°.

The drugs approved by FDA for PDAC treatment are gemcitabine, erlotinib or nab-
paclitaxel 3°. Nevertheless, some patients have resistance to these drugs. Thus, given the lack
of efficacy of the currently clinically used drugs, it is crucial to search for novel and more

effective drugs to treat PDAC.
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1.1.2 NON-SMALL LUNG CANCER

Lung cancer has become the number one killer among cancers worldwide, according
to IARC in 2019 3!, being a public health concern. Therefore, the search for new treatments
for lung cancer is essential.

Lung cancer is divided in two main histologically subtypes: non-small cell lung cancer
(NSCLC) and small cell lung cancer (SCLC). The NSCLC accounts for 85% of all cases of lung
cancer in the USA and in Europe is the biggest cancer killer — being responsible for 20% of all
cancer related deaths 32.

NSCLC has “driver” mutations in oncogenes, namely in AKT1, ALK, BRAF, EGFR, HER2,
KRAS, MEK1, MET, NRAS, PIK3CA, RET, and ROS1, being EGFR mutation the most predominant
33.

There are subtypes of NSCLC: adenocarcinoma, squamous cell (epidermoid)
carcinoma, large cell (undifferentiated) carcinoma and the sarcomatoid carcinomas, which are
much less common 34,

Concerning treatment, surgery resection is the most successful option for lung cancer
patients. Unfortunately, 70% of the patients have locally advanced or metastatic disease when
diagnosed, being chemotherapy the only treatment option. However, the use of targeted
therapies is possible in some cases. For example, therapies against EGFR are used in patients
who have overexpression of EGFR, which accounts for 40% of the cases. Indeed, EGFR
inhibitors like erlotinib (that block the EGFR signal) are currently used in the clinic 3.

Nowadays, some molecular tests are part of the diagnostic algorithm of lung
adenocarcinoma, with the main aim being the discovery of the driver mutation(s) to be
targeted by precise inhibitors 36. These molecular tests are mainly for EGFR and for Alk
(anaplastic lymphoma kinase) mutations. Nevertheless, there are also other driver mutations
already mentioned — in KRAS, ROS1, RET, HER2, BRAF, PIK3CA, NRAS, AKT1, MET and MEK -
which also affect important signalling pathways, such as the RTK/RAS/RAF, PI(3)K-mTOR and
p53 pathways 3’. Therefore, a lot of research is still needed to find novel drugs to fight lung

cancer.


http://www.mycancergenome.org/content/disease/lung-cancer/akt1/
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http://www.mycancergenome.org/content/disease/lung-cancer/pik3ca/
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1.1.3 TRIPLE NEGATIVE BREAST CANCER

Breast cancer is the most frequent diagnosed cancer and the main cause of cancer
death in women 32, The most aggressive, invasive and with poor prognosis type of breast
cancer is the triple negative breast cancer (TNBC), which lacks expression of two hormone
receptors - estrogen receptor and progesterone receptors - and lacks HER2 (Human Epidermal
growth factor Receptor 2) amplification 32,

Nowadays, since medicine is moving towards a personalized approach, the
identification of different molecular subtypes capable of reflecting the biological diversity of
breast cancer, namely the molecular and genetic characterization of the subtypes of the
disease, has as main goal to improve effective targeted therapies and patient clinical
outcomes®. Consequently, due to new histopathologic classifications over the last decade,
breast cancers are divided into different subtypes depending of the expression of key proteins,
like HER-2, estrogen and progesterone receptors, Ki67, claudins, EGFR and others, being
designed as luminal A, luminal B, HER2-enriched (+), basal-like and claudin-low .

The claudin-low is one subtype of TNBC that has low expression of cell-cell adhesion
molecules such as claudins 3,4, and 7, being of poor prognosis (Figure 2). The tumors of this
subtype have an aggressive behaviour and a limited response to therapy and patient’s
outcomes are not similar 4. Another TNBC subtype is designed as the basal-like tumors
subtype (Figure 2), due to the high presence of basal markers such as keratins 5/6 and 17,
being characteristically less aggressive, more responsive to chemotherapy and common in
women with mutated BRCA1 gene *2.

On the other hand, luminal A cancers are classified as low-grade, with a typically slow
growth rate and are the ones with better prognosis. The HER2(+) type grow faster than
luminal A, thus having a worse prognosis; however, they may be targeted by therapies for the
HER2 protein, such as Herceptin 2. Nonetheless, the claudin-low and basal tumors are a

challenge to clinic nowadays since no targeted therapies exist 4.
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Figure 2. Subtypes of breast cancers based on expression of key proteins, like HER-2,

estrogen and progesterone receptors, Ki67, claudins, EGFR and others. (Adapted from *2)

In conclusion, classification into subtypes concerning the morphological features and
expression of certain key proteins and genes might help not only to distinguish between the
different characteristics of these malignant neoplasms but are also crucial for a better
knowledge about their clinical behaviour and, consequently, response to therapy3? 444 Thus,
the molecular stratification of different subtypes of breast tumors might be a helpful tool for
better prognosis of patients. However, since they are dependent of intrinsic genetic subtypes
only accessed via gene expression analysis, is not feasible to all tumor samples in the clinical
practice. As so, a combined classification was proposed by Cheang et al., consisting not only
of genetic profiling but also of immunohistochemistry testing to detect: ER, PR and HER-2 in
order to distinguish between luminal (A or B), basal-like and HER-2(+); and the Ki67

proliferation marker which is used to distinguish Luminal A from Luminal B 4.
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2. SCREENING OF NEW COMPOUNDS

Earlier in the 90’s, the National Cancer Institute initiated the so-called “disease-
oriented” drug screening using around 60 human cancer cell lines derived from different types
of cancer - brain, colon, leukaemia, lung, melanoma, ovarian, renal, breast, and prostate “°,
Nowadays, drug screening is widely used in the field of drug development for testing effects
of several drugs or new synthesized compounds against numerous diseases, using numerous
cell lines #7.

Search for novel anticancer agents in primary cancer samples faces as major obstacle
the low sample input %¢. Thus, conventional research in human cell lines in vitro using 2D
culture is the best alternative, although 3D cultures better reproduce the physiological
features of cells (e.g.: cell-cell contact, cell-matrix contact, polarity) compared to the
traditional 2D cultures**>'. Nonetheless, the original tumor features are not completely
reproduced in a 3D screening °°. Drug or compound screening in cell lines is a method with
several advantages, providing a limitless source of material that is broadly accessible and can
be easily propagated in culture, making cell lines appropriate to apply in drug development
research®?,

Since the compounds produced in this dissertation are new, testing them in different
human tumor cell lines was considered a good first approach to verify if they had activity

against human tumour cell line growth.

2.1 Study of the activity of potential novel drugs in apoptosis and cell cycle

The majority of chemotherapeutic agents cause DNA damage and trigger a complex
signalling network, often causing cell cycle arrest and/or apoptosis °3. Indeed, the cell cycle
and apoptosis continue to attract the attention of researchers committed to develop new
types of anticancer therapies >4.

Cancer cells have the capacity to avoid apoptosis, ability known as one of the Hallmarks

13

of Cancer 13, affecting the efficient elimination of cancer cells >°. Therefore, induction of

apoptosis in tumor cells may be a good strategy to kill some cancer cells 6. Novel potent and
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specific compounds that induce apoptosis in tumor cells, may be further studied regarding
toxicity, for possible drug development.

The idea is identifying novel compounds that prime the apoptotic machinery to act as
promising apoptosis-inducing agents. There are several examples of compounds that have
such effect. For example, compounds targeting the antiapoptotic members of the Bcl-2 family
(since this family is often overexpressed in cancer and contributes to chemotherapeutic
resistance °’) or targeting the IAP family (since several primary tumour biopsy samples
presented high IAP expression levels *8) are a good approach.

Regarding the possible activity of novel drugs as anticancer agents acting at the cell
cycle, one of the aims is to induce cellular stress able to cause cell cycle arrest. Thus, currently
approaches of drug screening include targeting checkpoints of the cell cycle with increase
efficacy and, more importantly, selectivity compared to conventional chemotherapeutic
treatments>. As example, the Microtubule-Targeting Agents (MTA) are the most important
antimitotic drugs used °. Other drugs being developed are inhibitors of the cyclin-dependent-
kinases, proteins, that tightly regulate cell cycle progression and/or arrest 62,

To sum up, in the field of screening for novel anticancer drugs, studies concerning the
activity in apoptosis and cell cycle are one of the possible approaches to discover new
compounds to fight cancer. However, other hallmarks need be taken into account due to the

complexity and heterogeneity of cancer®?.

10
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3. THIENOPYRIDINE DERIVATIVES AND SOME OF THEIR BIOLOGICAL PROPERTIES

The major class of heterocycles incorporated in chemotherapeutic drugs is dominated
by nitrogen-based heterocycles (73%), followed by nitrogen-oxygen (15%) and compounds
with sulphur that make part of 4% of all them 63,

In fact, several authors have claimed that nitrogen-based heterocycles like quinoline
64, piperidine and pyridine scaffolds (Figure 3), have a high clinical relevance in cancer
treatment, the latter two being the most common heterocycles approved as drugs in Food
and Drug Administration (FDA) 8. Moreover, pyridine forms the nucleus of over 7000 existing
drugs % and, indeed, some platinum complexes covalently linked to organic intercalators of

DNA, including pyridine, are used for cancer treatment ¢,

N, O | SN
_ N _
H

Quinoline Piperidine Pyridine

Figure 3. Scaffolds of nitrogen-based heterocycles relevant for cancer treatment.

On the other hand, other authors argue that thiophene (Figure 4), might be a good
candidate to develop new anticancer agents. Thiophene derivatives have been described in
the literature to have several pharmacological activities including anticancer activity ©% 62,
namely possessing cytotoxic activity against many type of cancers cells, such as leukaemia,

ovarian, glioma, renal, and lung cancer by causing cell cycle arrest, apoptosis induction and

o

Thiophene

affecting tubulin polymerization 7% 71,

Figure 4. Structure of thiophene.

The thienopyridine unit is composed by a pyridine ring fused with a thiophene one. Six

isomeric thienopyridines structures resulting by different ring fusion are possible (Figure 5).

11
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Figure 5. Six isomeric thienopyridine structures.

Several thienopyridine derivatives have been synthesized based on the high probability
of having different biological properties ’2. Hereafter, some examples from the literature are

presented.

3.1 Thienopyridines and Cancer

Sugano et al. in 2004 reported that the (3-amino-6-thien-2-yl-thieno[2,3-b]pyridine-2-
yl)arylmethanones (Figure 6) showed selectivity against the tumorigenic cell line WI-38 VA-13
subline 2RA (lung cancer cell line) at very low ECso value (40 ng/mL) without cytotoxicity effect

in the non-tumor cell line WI-38 (ECso= 4000 ng/mL) 73.

R'= H, 0-OMe, m-OMe, m-F or di-o and m-OMe

Figure 6. Structure of the (3-amino-6-thien-2-yl-thieno[2,3-b]pyridine-2-yl)arylmethanones

derivatives with antitumoral potential.

In 2004, Munchhof et al. found that the substituted 7-(indol-5-yl)Jaminothieno[3,2-
b]pyridines (Figure 7) have the potential to inhibit the Vascular Endothelial Growth Factor
Receptor 2 (VEGFR-2) 74. VEGFR-2 is a Receptor of Tyrosine Kinase (RTK) that, when is
activated, autophosphorylates and triggers signalization pathways causing endothelial cell

proliferation and angiogenesis 7.

12
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Figure 7. 7-(Indol-5-yl)aminothieno(3,2-b]pyridines, inhibitors of VEGFR-2.

2-Heteroaryl substituted 7-[(2,4-dichloro-5-methoxyphenyl)amino]thieno(3,2-
b]pyridine-6-carbonitriles were described by Boschelli et al. in 2005, which act by inhibiting
the non-receptor tyrosine kinase Src. This kinase has been implicated in cancer, osteoporosis
and ischemic diseases when is overexpressed or overactivated ’® 77, Studies also
demonstrated that the compounds with a 3,5-disubstituted furan or a 2,5-disubstituted
pyridine at C-2 (Figure 8) showed best activity in the cell based assays using c-Src transformed
rat fibroblasts, with ICso ranging between 260 and 360nM, and in the enzymatic assay of
inhibition of Src, with 1Csp values of 13 and 14nM, respectively 8.
N 2
| = | N | 2N\ /
NC S g 5 \// NC s 3 , N

4
HN OMe w
DO
cl 4°Cl
2 3

Figure 8. Structures of the best 7-[(2,4-dichloro-5-methoxyphenyl)amino]thieno[3,2-

b]pyridine-6-carbonitriles, Scr inhibitors.

In 2008, Claridge and co-authors showed that substituted 7-arylethers of thieno[3,2-
blpyridine phenylacetylthioureas were able to inhibit VEGFR-2 and c-Met receptors 7.
Furthermore, although the compounds tested by Claridge et al. were active inhibitors of the
tyrosine kinase Src, the C-2 imidazole substituted compounds were the most potent in kinase
inhibition assays against c-Met and VEGFR2, when tested in vitro (Figure 9). Specifically, the
compound with R=1-methyl-1H-imidazol-4-yl were the most promising in various HGF- and

VEGF-dependent cell-based assays. This compound was also studied in vivo for its

13
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pharmacokinetic properties, showing antitumoral activity against several human tumor

H H

F NYN
OO/ S m R= 1-Methyl-1H-imidazol-4-yl
R= 1-Ethyl-1H-imidazol-4-yl
x-S R R= 1-Methyl-1H-imidazol-2-yI
W R= 1-Ethyl-1H-imidazol-2-yl

N

models 7°.

Figure 9. 7-Arylethers of thieno[3,2-b]pyridine phenylacetylthioureas substituted in the

thiophene ring with imidazoles as potent inhibitors of VEGFR-2 and c-Met.

Heyman et al. in 2007 prepared a series of 1-[4-(4-aminothieno[3,2-c]pyridine-3-
yl)phenyl]-3-(p-tolyl) ureas, which demonstrated to be potent inhibitors of the tyrosine kinase
domain of VEGFR-2. The two most promising ones obtained by the authors were compounds

A and B (Figure 10).

Figure 10. Thieno[3,2-c]pyridine ureas, potent inhibitors of VEGFR-2.

The selectivity of these two derivatives was shown to be much higher against VEGFR-2 then
against Fibroblast Growth Factor Receptor (FGFR) or the cytosolic kinase Src. Compound B

was the most potent inhibitor against VEGFR-2 (<10 nM) in both enzymatic and cellular assays

80
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3.1.1 Earlier work developed with thieno[3,2-b]pyridine derivatives in the scope of
synthesis and biological studies in our research group

Since 2010, the research group of Queiroz et al. of the University of Minho involved in
the present work, have started the synthesis of thieno[3,2-b]pyridine derivatives
functionalizing either the pyridine or the thiophene ring by Palladium (Pd) or Pd/Copper(Cu)-
catalyzed couplings as summarized in Scheme 1 818>, The compounds obtained in the different
series were screened for their potential antitumoral activity regarding the effects on cell
growth inhibition using the Sulforhodamine B (SRB) assay on several human tumor cell lines
in collaboration with other research groups including the Cancer Drug Resistance group of Dr
Helena Vasconcelos of i3S/IPATIMUP. The most promising compounds were also studied
concerning their possible mechanisms of action (cell cycle effects and apoptosis induction).

In the following sections, the most promising compounds of each series obtained by

different metal-catalyzed cross-couplings are presented.
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C-C Suzuki coupling

N

NH, 65-91%

LT S—co,Me

e
Ar
or Hel

PdCl,(dppf).CH,Cly (1:1) (2 mol%),
K»COs (6 equiv.), DME/H,0 (3:1),
1-3 h, 90°

C-N Buchwald-Hartwig coupling

Ar
Pd(OAC), (16mol%) G:?/\KNH2
rac-BINAP or xantphos (18mol%)
Cs,C0O; (1.8mol%), dry toluene,
110°C or dry dioxane, 120°C,
Ar, 2-22h

O
NH, §
)
0
S
‘ N—co,Me . @b
P =8 &
Z
&) /
HetAl @O
<)
60-90% <]

i

Br
N\
\ N co,Me .
Z =8 S
3
8’ —_
© 3
Alkyne (1:1 equiv.) @ -
PdCI,(PPhj), (5mol%) e
Cul (5mol%) Z =
Et;N (3equiv.) g =
DMF, rt (10min) then 3-6h 100°C, Ar —E®
QI
Z@e

Arf
\ HetAr,

Z s

C-N Buchwald-Hartwig coupling

t-BUONO, CuBr,.
CH;CN, rt, 3-4h R'=H, R?= NO, 82%
R'=H, R?= NO, 80%

R'= NO,, R?= OMe,90%

R'= H, R?>=NH,,97%
R'=NH,, R?=H, 95%
R'= NH,, R?=OMe, 90%

| T d—co,me

=8

51-81%

Scheme 1. Synthesis of thieno[3,2-b]pyridine

by C-C Suzuki and Sonogashira couplings and C-

N Buchwald Hartwig coupling in the Queiroz et al. research group.
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3.1.1.1 C-C SUZUKI COUPLING MOST PROMISSING PRODUCTS

The Pd-catalyzed Suzuki-Miyaura cross-coupling products resulted from the reaction
of methyl 3-amino-6-bromothieno(3,2-b]pyridine-2-carboxylate and several (het)aryl
pinacolboranes or potassium trifluoroborates (Scheme 1). The effect of those compounds on
the growth inhibition of three human tumor cell lines - MCF-7 (adenocarcinoma), A375-C5
(melanoma) and NCI-H460 (non-small cell lung cancer)-, was evaluated using Sulforhodamine
B (SRB) assay %. From this series, the most promising compounds were shown to be
compounds C and D (Figure 11) and were obtained in high yields (72 and 84%, respectively).

The bithiophene C presented the lowest Glsovalues with selectively for MCF-7 and NCI-
H460 cancer cell lines (1.0 and 0.7 uM, respectively). Compound D, an o-aniline derivative,
showed Glsp values below 5 uM against all the tumor cell lines studied. Further studies were
then performed concerning cell cycles effects using NCI-H460 cell line. Compound C caused a

cell cycle arrest on phases GO/G1 and compound D a cell cycle arrest at G2/M phase 2°.

NH,
N
NH 3
2 N—co,Me
Z 8
C, 72% D, 84%

Figure 11. Most promising compounds of the C-C Suzuki Miyaura products.
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3.1.1.2 C-C SONOGASHIRA COUPLING MOST PROMISSING PRODUCTS

The C—C Sonogashira coupling consists in a Pd/Cu-catalyzed cross-coupling of (het)aryl
halides with terminal alkynes (Scheme 1) and resulted in the series of products E-P (Figure
12), obtained with good yields (60-90%). The effects of the compounds were evaluated by SRB
assay in several human tumor cell lines to determine the Glsg values. The most promising ones
within the series were compounds H, l and K .

The results showed that compound H presented the lowest Glsg values, 0.46 uM and
0.32 uM for MCF-7 and NCI-H460 cell lines, respectively. Compound | showed Glso values of
3.1 uMand 5.7 uM and K of 2.6 uM and 8.9 uM for MCF-7 and NCI-H460 cell lines, respectively.
Further studies were performed in NCI-H460 cells to evaluate possible cell cycle effects caused
by the compounds. Compound H and K induced a cell cycle arrest on phase GO/G1 and | caused
a G2/M cell cycle arrest. In addition, the compounds were also able to provoke apoptosis,
mainly compound I, that induced a sub-G1 peak &’.

E R'=R2=H, 70%

F R'=OMe, R?=R®=H, 80%
G R2= OMe, R'=R3=H, 75%
H R3=CMe, R'= R2=H, 70%
I R'= NH,, R2=R3=H, 70%
J R?=NH,, R'=R3=H, 60%
K R3=NMe,, R'=R?=H, 75%
L R*=NMe,, R'=R?=H, 80%
M R'=F, R%=R3=H, 75%

N R3=F, R'=R2=H, 90%

0 R'=R2=R3=H, X=N, 70%

P R'=R2=R3=H, Y=N, 90%
X=Y=CH, unless stated

Figure 12. C-C Sonogashira coupling products.

Earlier in 2019 another series of C-C Sonogashira coupling products were synthesized
and were tested concerning their possible cytotoxic effects on the growth of human tumor
cell lines. This series corresponds to a functionalization on the thiophene ring, using methyl 3-
bromothieno[3,2-b]pyridine-2-carboxylate and several terminal alkynes (Scheme 1). The
antitumoral potential of the series of compounds produced was evaluated with the SRB assay
in HCT-15 (colorectal adenocarcinoma) and NCI-H460 human tumor cell lines. Compound Q

showed to be the most promising (Figure 13), presenting Glsg values of 10.8 and 17.0 uM for
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HCT-15 and NCI-H460, respectively. In addition, further assays on HCT-15 cells were
performed concerning the induction of apoptosis caused by Q and the results indicated that

the cells treated with 1.5xGlso concentration had about 30% more apoptosis than controls 8.

Figure 13. Most promising compound obtained by C-C Sonogashira coupling on the thiophene

ring.
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3.1.1.3 C-N BUCHWALD-HARTWIG COUPLING MOST PROMISSING PRODUCTS

Another Pd catalyzed coupling was the Pd-catalyzed C-N Buchwald-Hartwig that forms
C-N bonds by cross-coupling of (het)arylamines with (het)aryl halides (Scheme 1). The
compounds obtained were tested in the human tumor cell lines MCF-7, A375-C5 and NCI-
H460 using the SRB assay. The most promising compounds in this series were R and S (Figure
14) (obtained with 54 and 53% yields). The diheteroarylamine R presented the lowest Glsg
values of 6.0 uM, 3.5 uM and 6.4 uM, respectively, and the indole derivative S showed Glsgo
values of 18.1 uM, 17.3 uM and 15.8 puM, respectively®*.

NH2 - NHp_
N N NH N
~ ~3
N T Hcoame meone
S N Z 8 N =8
H H

R,54% S, 53%
Figure 14. Most promising C-N Buchwald-Hartwig coupling compounds as potential

antitumoral products.

Moreover, in 2012, nitrodi(het)arylamines were synthesized by Pd-catalyzed C-N
Buchwald-Hartwig coupling functionalizing at the thiophene ring (Scheme 1). The resulting
nitro compounds were submitted to reduction in order to give the corresponding
aminodi(het)arylamine derivatives with high yields (>90%) (Figure 15) 88. These compounds
were studied using the SRB assay in MCF-7, A375-C5, NCI-H460 and HepG2 (hepatocellular
carcinoma), and their cytotoxicity was also evaluated in PLP1 cells (porcine liver primary
culture). Compound V was the most promising one, presenting Glsp of 1.40 uM, 1.30 uM, 1.40
UM and 1.63 uM, respectively. Furthermore, no cytotoxic effects were observed in PLP1 cell

line at least at the Glso concentration 8.
R‘i

,@’Rz T R'=H, R?=NH,,97%
N HN U R1_—'NH2, R2=H’ gSOA)
= 1= 2= 0,
wCOZMe V R'=NH,, R*=OMe, 80%
Z =5

Figure 15. Aminodi(hetero)arylamines synthesized by C-N Buchwald-Hartwig coupling.
20
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Thienopyridines were also recognised as class of inhibitors of the ADP PY2Y12 receptors,

which can be found at the surface of platelets, having a determinant role in the coagulation

89, The ADP P2Y12 receptors can be the target for prevention and therapy of cardiovascular

diseases, such as acute coronary syndromes %9,

Thienopyridines have shown to possess activity in the prevention of atherosclerosis %,

anti-vasoconstrictor activity °2 and, also, hepatitis C virus inhibitors %3, as shown in Table 1.

Table 1. Compounds with the thienopyridine moiety with different biological properties.

ACTIVITY

Prevention of atherosclerosis

(inhibition of  the 3-hidroxy-3-
methylglutaryl-CoA reductase (in vitro),
lowering the biosynthesis of cholesterol

(in vivo) °1

Anti-vasoconstrictor activity

(antagonist of the receptor of serotonin

5-HT1B/5HT2A) %2

Hepatitis C virus inhibitors

(best compound showed ECsp= 3.3 uM

without cytotoxicity) 23

STRUCTURE
F
OH OH
CO.Na
i
74 |\
S N/ c-Pr

\

|
CH,CONH, ‘-8

CF3  NH,
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4. RATIONALE AND AIMS

Synthesis of new compounds with several biological properties is crucial for countless
diseases, particularly for cancer treatment. Thus, research on novel potential antitumor
synthetic agents is of great importance nowadays all over the world due to cancer burden %,

Although the discovery of novel drugs may start with a target, it may also start with drug
screening in cell lines. The present work was developed without a specific target, thus the
biological studies were initiated with a screening in several human tumor cell lines.

The current work resulted from a multidisciplinary collaboration between the research
group of Dr Maria Jodo Queiroz from the Centre of Chemistry of University of Minho and Prof.
Helena Vasconcelos, leader of the Cancer Drug Resistance Group at i3S/IPATIMUP, aiming to
identify novel compounds with antitumour activity and low toxicity.

In recent years, Queiroz et al. explored the potential of several thieno[3,2-b]pyridine
with more emphasis in functionalizing the side of the pyridine with very promising
compounds 8284 88 (35 shown in section 3.1.1 of this chapter). Nonetheless, the potential of
the side of the thiophene ring has not been yet so explored. Although the problems
concerning high lipophilicity and low water-solubility are one of the major drawbacks of the
synthesis of new derivatives, it’s possible to counteract this limitation since this is a frequent
problem of some compounds that are currently used in the clinic, due to improvements in
their lack of solubility . Thus, the synthesis of novel thieno[3,2-b]pyridine derivatives
obtained by C-C Pd-catalyzed Suzuki-Miyaura cross-coupling functionalizing on the side of the
thiophene ring and evaluation of their potential antitumor activity in human tumor cell lines,
was the main aim of this dissertation.

For that, the specific aims were:

+ Synthesize new compounds and fully characterize them by melting point (m.p.),
'H-and 3C-NMR, including bi-dimensional homonuclear H-'H (COSY) and
heteronuclear correlations *H-13C (HSQC and HBMC) to attribute the signals,
Low and High-resolution Mass Spectrometry (HRMS), or Elemental Analysis;

+ Screen the synthesized compounds for their potential antitumor activity using

different human tumor cell lines [such as pancreatic (PANC-1 and BxPC3), non-
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small cell lung (NCI-H460), and triple negative breast (MDA-MD-231 and MDA-
MD-468)], with the Sulforhodamine B Assay, in order to select the most
promising compounds (with the lowest Glso values);

+ FEvaluate the cytotoxicity of the best compounds against the non-tumorigenic
cell line MCF-12A, with the SRB assay (using Glso values obtained in the tumor
cell lines);

+ Study the possible effects of the most promising compounds on cell cycle
profile, by Propidium lodide staining and Flow Cytometry analysis;

+ Evaluate the antitumoral effect of compound p-Cl by the Chick Chorioallantoic

Membrane (CAM) assay in ovo inoculated with MDA-MB-231 cell line.
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Chapter Il — Results and Discussion

1. CHEMICAL SYNTHESIS

A series of eight new functionalized N and S fused heteroaromatic compounds,
bi(het)arylthieno[3,2-b]pyridines were synthesized by C-C Pd-catalyzed Suzuki cross-coupling
of methyl 3-bromothieno[3,2-b]pyridine-2-carboxylate, also prepared, with commercial
(het)aryl pinacolboranes, trifluoro potassium boron salts or boronic acids, as presented and
discussed below. All the new compounds were fully characterized in the Centre of Chemistry
of the University of Minho by melting point (m.p.), H-and 3C-NMR, including bi-dimensional
homonuclear H-'H (COSY) and heteronuclear correlations *H-3C (HSQC and HBMC) to
attribute the signals; Low and High-resolution Mass Spectrometry (HRMS) or Elemental

Analysis (see Chapter IV - Experimental).

1.1 Synthesis of starting materials

1.1.1 Synthesis of methyl 3-aminothieno[3,2-b]pyridine-2-carboxylate (1)
To start the work, it was synthesized the methyl 3-aminothieno[3,2-b]pyridine-2-
carboxylate (1) reacting 3-fluorpicolinonitrile with methyl thioglycolate, in excess of base (1.5

equiv. of KOH (aq)), as illustrated in Scheme 2. Compound 1 was the first synthesized starting

material.
4 NH,
N\ CN P ﬂb 5| =~ \3 CO-Me
| P + HS COOMe DME 6 P ~s 2 2
F 0°C, 1h 7 1
1,91%

Scheme 2. Synthesis of the methyl 3-aminothieno[3,2-b]pyridine-2-carboxylate (1).

The synthesis of compound 1 was optimized earlier by our research group from 35%
using 3-chloropicolinonitrie % to 95% of yield *’.

The mechanism of the synthesis of compound 1 is presented in Scheme 3. The reaction
occurs in basic conditions by aromatic nucleophilic substitution (SnAr) of the F atom by the
sulphur of the methyl thioglycolate. A carbanion is formed on the adjacent C atom to the S

and to the methyl ester, which attacks the nitrile group. Then, the capture of a H atom by the
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N atom and consequent aromatization with the capture of a second H atom creates a free

amine at position 3 &,

KOH @) ., N_CN NS
H‘—/ E/;r/‘ ~~ o [IHX
*s” >cooMe F COOMe  -F S~ ~COOMe
lKOH (aq)
_H+
NH ~
r N
NH, \ i N
(CLpeoomw ~— (2 — UK
COOMe COOMe
g Z 8 = SACOOMe
1

Scheme 3. Mechanism for the synthesis of compound 1.

1.1.2 Synthesis of methyl 3-bromothieno[3,2-b]pyridine-2-carboxylate (2)
The next step was the synthesis of methyl 3-bromothienol3,2-b]pyridine-2-
carboxylate (2) & %8 from compound 1 using t-BuONO and CuBr; in acetonitrile at room

temperature (Scheme 4).

NH, t-BuONO Br
N CuBr, N
y COOMe > || COOMe
Z =8 CH4CN 78
1 rt, 3-4h 2, 56%

Scheme 4. Synthesis of the methyl 3-bromothieno[3,2-b]pyridine-2-carboxylate (2) from (1).

The mechanism of the synthesis of compound 2 consists in the substitution of an
aromatic amino group by a bromo atom through a diazonium salt followed by a SNAr with
CuBr;. Doyle et al. in 1977 reported the arylamine deamination using alkyl nitrites and copper
(1) halides directly converting arylamine into aryl halides, producing copper oxide, N3, the

corresponding alkyl alcohol and aryl halides as shown in scheme 5 *°.

2 ArNH, + 2 RONO +CuX, —® 2ArX+2ROH +CuO +H,0 +2N,

(1) ArN;*CuXy” —  ArX + N, + CuX

Scheme 5. Synthesis of aryl bromo compounds from arylamines using alkylnitrites and

Cu(ll) salts.

26



Chapter Il — Results and Discussion

Compound 2 was used as starting material in the C-C Suzuki-Miyaura cross-coupling to

obtain the new bi(het)arylthieno[3,2-b]pyridines synthesized in this work.

1.2  C-C Suzuki-Miyaura cross-coupling

1.2.1 Introduction

The C-C Suzuki-Miyaura is a Pd-catalysed cross-coupling that forms a carbon-carbon
bond to give, in our work, bi(het)aryl compounds (Scheme 6) 1%, Biaryl compounds are
utilized as important primary skeletons of functional materials like liquid crystals and in the

scientific field as biologically active compounds 1%,

o |l
a
B(OR),
or L Je) e 2
X Base Ore/
(EE;U\ X =1, Br, Cl

BF,K

R =H or alkyl

Scheme 6. General scheme for the C-C Suzuki-Miyaura cross-coupling used in this work.

The first Suzuki-Miyaura cross-coupling was discovered by reacting phenylboronic acids
with haloarenes and it was published by Suzuki and Miyaura in the year of 1981. Thus, since
the 80’s this cross-coupling is used to functionalize several heterocyclic classes of compounds

103 pyridines 1%, imidazoles and among others 1, Its capacity to

such as pyrroles 12, indoles
form C-C bonds easier between the coupling components, the reagents that are commercially
available, the possible presence of water in the reaction, little formation or facile elimination
of side products %> 1% among other advantages such as mild reaction conditions and its less
toxic nature, turns this coupling very usual nowadays. Moreover, in the last years major
advancements have occurred, including expansion of the substrate scope %7 198, reaction at
lower temperatures 0% 110 and reduction in the catalyst loading **.

The previous advantages of this coupling are numerous but there are also

disadvantages. One of the main drawnbacks of the Suzuki-Miyaura cross-coupling is the
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formation of secondary products, frequently the called “self-coupling” between two

molecules of boronic acid, as shown in Scheme 7 19,

B(OH) "Self-coupling”

Scheme 7. Self-coupling, the secondary product most common of the C-C Suzuki-Miyaura

coupling.

To avoid this, other boron coupling components (illustrated in Figure 16) are
preferably used nowadays namely pinacol esters 12 and trifluoroborate salts *3and then

boronic acids 114.

?
- BFaK - B(OH); B0 _ .
| | | B R= different substituents
N P '\R
R R
Trifluoroborate Boronic acid Pinacol boronic ester

Figure 16. Examples of some of the most popular types boron reagents used as coupling

components in the Suzuki reaction.

Boronic acids are more susceptible to form side products, due to the fact they are an
easy target of protodeboronation, oxidation and homocoupling 1**. On the other hand, the
trifluoroborates are tetrahedral and their strong B—F bonds, together with the representative
salt-like structure, offers them advantageous physical characteristics like being free-flowing
crystalline solids and stable to air, making them good reagents to handle, unlike certain
boronic acids that are decomposed in air or pinacol boronic esters, mostly liquids or of low

melting solids 1*°.
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1.2.1.1 Catalytic cycle
The Pd-catalyzed Suzuki-Miyaura coupling vcatalytic cycle consists in three main steps:

oxidative addition, transmetalation and reductive elimination (Scheme 8) 105 116-118,

Pd(II
Ar-Ar'

Pd(o
Reductive elimination Oxidative addition

Ar-Pd(I1)-A Ar-Pd(11)-X

Base (MY)
(Y)s BH (OH), M*
Ar-Pd(Il)-

Transmetalation
Ar'B(OH), ArB (OH), M*

Y
Scheme 8. Catalytic cycle of Pd-catalyzed Suzuki-Miyaura coupling, applied to a boronic acid.

The catalytic cycle initiates with Pd(0) but Pd(ll) catalysts can be used since they are
more stable to air and easily reduced in situ to Pd(0). The main process is the oxidative
addition of organic halides to the complex Pd(0) forming the organopalladium (ll) halide (Ar-
Pd(I1)-X), through Pd electrons donation to form the new Pd—C bond. The displacement of the
halide ion of the Pd(Il) complex is triggered by the metal of the base and its replacement
occurs by the base anion, forming a more polar bond than Pd-X, thus favouring the next step
of transmetalation. In this step, the boron organometallic compound (Ar’-B-(OH);) reacts with
the Ar-Pd(ll)-Y forming the complex Ar-Pd(Il)-Ar’. For this, the boron compound must be
activated by the base being transformed in a tetravalent boron. Finally, reductive elimination
of the Pd(Il) occurs regenerating the Pd(0) and forming the bond C-C between the aryl
compounds (Ar-Ar’) 105 116-118

Relatively to the wuse of Pd(0) catalysts, the most applied is the
tetrakis(triphenylphosphine)palladium(0), Pd(PPhs)s, but others of Pd(ll) can be used,
bis(triphenylphosphine)palladium(ll) dichloride, PdCl;((PPhs), [1,1'-
bis(diphenylphosphino)ferrocene]dichloropalladium(ll), Pd(dppf)Cl,, and palladium(ll)
acetate, Pd(OAc); 1. In terms of base, the most common used is Na,COs, but with steric
hindered substrates it can be poorly achieved. Other alternative inorganic bases that can be

used are NaHCO3, Cs>CO3, K2COs, KF, CsF or NaOH 119120,
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1.2.2 Synthesis of methyl 3-(het)arylthieno[3,2-b]pyridine-2-carboxylates (3-10) by C-C
Suzuki-Miyaura cross-coupling

The C-C Suzuki-Miyaura cross-coupling products 3-10 were obtained from the
reaction of the brominated compound 2 with aryl potassium trifluoroborates (BFsK) salts,
(het)aryl boronic acids or pinacol esters. The series of thieno[3,2-b]pyridine derivatives was
synthesized with no substituents, with electron donating (OMe, Me) or withdrawing
substituents (Cl, CN, CF3) in the para position of a phenyl ring relative to the C-C bond
formed, or with an electron deficient ring, pyridine, or electron-rich ring, furan, using the
catalyst and the base depicted in Table 2. The compounds were obtained in moderate to
high yields (35-84%) after purification by column chromatography and were fully

characterized.

Table 2. Synthesis of compounds 3-10 by C-C Suzuki-Miyaura cross-coupling using compound
2 and (het)aryl BFsK salts, boronic acids and/or pinacol esters. The yields (%) and reaction time

(h) are shown for each compound.

Ar
or

&l

HetAr

B(OR),
Br or
N Ar J
N
| N CO,Me + Heta L
8 BF,K
2

or
?
x \\ A
etk o

i) PACl,(dppf).CH,Cl, (1:1) (2-4 mol%)}, K,CO; (6 equiv.), DME/H,0 (3:1), 2-4.5 h, 100° C
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STARTING MATERIAL SUZUKI COUPLING PRODUCTS

4 ¢ ¥
>
~0 | N—co,Me

6 Z~g 2
1

/©BF3K

BF;K
I

F.C

3

BF3K
cl” :

7, 3h, 82%
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o)
(E;_:H . N |
HO~ AN 5 N 3
| N
o | CO,Me
6 78 2
7 1

10, 4.5h, 52%

The compounds obtained with the best yields were 3 (Ph), 4 (p-Me) and 7 (p-Cl),
followed by compound 9 (pyridine) and 10 (furan) (Table 2). A relation between the
substituents and the yields obtained is not possible to stablish and this may also be due to
different boron starting reagents used.

An example of characterization by 'H and 3C-NMR using bi-dimensional

heteronuclear correlations, 3C and °’F-NMR spectra is presented for compound 6 (Figure

17).
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A 2H, d, J=8.0 Hz,
2’ and 6’-H
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7-CH 3
134
13
L 136
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| NN, g P
e o oot - St . [l WY
M T - - T - - M - T - - N - T N - " - T N N - - T - - N - T - N T - T
160 155 150 145 140 135 130 125

Figure 17. A) 'H (CDCl;, 400MHz)-3C (CDCl;, 100.6MHz) HSQC correlations (expansion

between 120 ppm and 163 ppm), B) *°F- NMR (CDClz, 376.5 MHz) and C) of 13C-NMR (CDCls,

100.6 MHz) of compound 6.
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The coupling of °F and 3C in this compound appear as quartets with characteristic
coupling constants, as exemplified in Figure 17C. The signal of *°F is also characteristic in this
solvent (CDCls). The compound was also characterized by melting-point (170-171 °C) and by
elemental analysis: calculated for Ci6H10F3NO2S (337.32): C, 56.97%, H, 2.99%, N, 4.15%, S,
9.51%; found: C, 56.62 %, H 2.65 %, N 4.35 %, S, 9.81 %. The latter are two purity criteria.

Having compounds 3-10 in hands, a screening of growth inhibition activity using human
tumor cell lines was performed and for the most promising compounds further studies took

place.
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2. BIOLOGICAL STUDIES

The second part of this work aimed to evaluate the possible antitumoral activity of the
synthesized thieno[3,2-b]pyridine derivatives. For that, a screening was first performed with
the synthesized compounds in several human tumor cell lines, in order to select the
compounds with potential antitumor effect. Then, further assays were performed, for the
most promising compounds, to explore the mechanisms of action beyond the potential

antitumor activity.

2.1 Screening of the synthesized compounds against several human tumor cell lines

The Sulforhodamine B (SRB) is an assay commonly used to screen compounds
regarding their potential anticancer effect in several cancer cell lines . Briefly, SRB is a pink
aminoxanthene dye able to bind to basic amino acids on fixed cells. The amount of bound dye
can be used as a measurement of cell density since cellular protein content correlates linearly
with the number of cells *?. Therefore, this assay can easily assess cell growth being sensitive
and inexpensive 122,

The antitumor potential of all compounds was evaluated using the SRB assay, which in
in some cases allowed to determine the Glsoconcentration - concentration of each compound
that inhibits 50% of the cell growth. Thus, the eight synthesized compounds were tested in
five different human tumor cell lines: PDAC (PANC-1 and BxPC3), NSCLC (NCI-H460) and TNBC
(MDA-MB-231 and MDA-MB-468) cell lines. Some of the features of the cancer cell lines used

are presented in Table 3 and their morphology is showed in Figure 18.
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Table 3. Features of the different cancer cell lines used in the SRB assay (origin, cancer type,

tissue, morphology and common mutations) 123,

Tissue

Morphology

Culture
properties

Mutations

PANC
1 Human

3ydeef Human
NCI-
LU Human

MDA-

MB- Human
231

MDA-

MB- Human
468

PDAC

NSCLC

TNBC

TNBC

Pancreas-
duct

Pancreas

Pleural
effusion

Pleural

effusion

Pleural
effusion

Epithelial

Epithelial

Epithelial

Epithelial

Epithelial

36

Adherent

Adherent

Adherent

Adherent

Adherent

KRAS and
TP53

TP53,
CDKN2A and
SMAD4
EGFR,
PIK3CA

ER and PR
negative,
lacks HER-2
amplification
ER and PR
negative,
lacks HER-2
amplification
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Figure 18. Microscopic images of the different tumor cell lines used in the SRB assay.
A) PANC-1; B) BxPC3; C) NCI-H460; D) MDA-MB-231 and E) MDA-MB-468 human tumor cell

lines. Amplification: 20X.

Results (Table 4) demonstrate that none of the tested compounds had an effect in
either pancreatic (BxPC3 and PANC-1) or lung (NCI-H460) cancer cell lines, at least at the
concentrations tested. Interestingly, three of the compounds tested significantly inhibited the
growth of both breast cancer cell lines (MDA-MD-231 and MDA-MB-468) with Glso below 13
UM. Indeed, compound 10 presented lowest Glso value in the MDA-MB-468 cell line.
Unfortunately, it was not possible to determine the Glsg values for most of the compounds,
since they formed crystals at higher concentrations. Therefore, in these cases, the Glsg values
were considered higher than the maximum concentration tested without crystal formation,

once the exact value for the Glsp was not determined.
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Table 4. Glso concentrations (Glso) in different human tumor cell lines, using SRB the assay.

Cell line and respective Glso* concentration (uLM) for each compound

Compound (nM) PANC-1 BxPC3  NCI-H460 MDA-MB-231 MDA-MB-468

Compound 3 >10 >20 >20 >20 >20
Compound 4 >10 >10 >10 >10 >10
Compound 5 >10 >10 >10 >10 >10
Compound 6 >50 >30 >30 >10 >30
Compound 7 >10 >14 >10 12.56 + 1.88 >14
Compound 8 >50 >30 >50 28.67+1.34 8.73+1.73
Compound 9 >50 >75 >75 >75 >75
Compound 10 >50 >75 >75 >75 4.67 £ 0.68

*Glso values correspond to the mean + S.E.M. of at least three independent experiments, all performed in duplicated. Doxorubicin was used
as a positive control on the cell lines in which the tested compounds showed activity, namely in the breast cancer cell lines MDA-MB-231
and MDA-MB-468. Doxorubicin Glso values were 68.34 +5.69 nM and 81.30 + 8.99 nM in MDA-MB-231 and MDA-MB-468 cells, respectively.

The concentrations tested were the ones possible without appearance of crystals or aggregates in culture.

Even though it is not possible to stablish structure-activity relationships, since some
Glso concentrations could not be determined, the results suggest a selectivity of compound 7
with p-Cl as functionalization for the breast cancer cell line MDA-MD-231. On the other hand,
the furan derivative compound 10, an electron-rich ring, seems more selective for the MDA-
MB-468 cell line. Moreover, compound 8, with a p-CN as functionalization, also a withdrawing
group as compound 7, was more selective for the breast cancer cell line MDA-MB-468 (lower
Glso).

Taking these results together, it was decided to further explore the mechanism of
action of compounds 7, 8 and 10 in MDA-MD-231 and MDA-MB-468 breast cancer cell lines.
Of interest, these cancer cell lines are from TNBC presenting unique features, as presented in

Table 5. The MDA-MB-231 cancer cell line is highly invasive and aggressive, belonging to the
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class of TNBC tumors that have claudin-low genetic and molecular associated profile and poor
prognosis 4% 124126 On the other hand, the MDA-MB-468 cancer cell line is moderately invasive
and is derived from a basal type like tumor with low response to chemotherapy, which is the

only option for therapeutic approach for TNBC 40, 124-126,

Table 5. Molecular classification, immune-profile and typical features of the breast cancer

cell lines MDA-MB-231 and MDA-MB-468 40, 124-126

MOLECULAR
CLASSIFICAT CELL
IMMUNOPRO FEATURES
ION LINE
FILE
Ki67, E-cadherin, claudin-3, claudinin-4 and
. ER—, PR—, o i MDA-
Claudin-low claudinin-7 low, Intermediate response to
- HER2- MB-231
chemotherapy
EGFR+ and/or cytokeratin 5/6+, Ki67 high,
ER—, PR—, ] ) MDA-
Basal endocrine nonresponsive, often chemotherapy
HER2- . MB-468
responsive

2.2 Effect of the selected compounds in the growth of non-tumorigenic cells

Next, the most promising compounds with effect in the inhibition of breast cancer cell
growth (the ones with the lowest Glsg values) were evaluated regarding their toxicity against
the non-tumorigenic mammary epithelial MCF-12A cell line (Figure 19). For that, the SRB assay
was performed using the Glso concentrations of each compound. Results presented in Table
6 demonstrate that the compounds 7, 8 and 10, at the Glso concentrations in the most
sensitive cancer cell line, caused a small or no effect in the growth of the non-tumorigenic
MCEF-12A cells. These results suggest that the three compounds are selective for cancer cells
without affecting the non-tumorigenic ones, at the concentrations tested.

It is important to note that the duration of the SRB assay carried out in non-
tumorigenic cells is longer than when carried out in cancer cells, since the non-tumorigenic
cells have a slower cell growth rate. This longer duration of the assay allowed to evaluate

possible unwanted delayed effects of the compounds in non-tumorigenic cells.
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Figure 19. Morphology of MCF-12A cells (non-tumorigenic cell line) visualized under

a Microscope.

Table 6. Evaluation of the toxicity of the most promising compounds in the non-tumorigenic

cell line MCF-12A.

% Growth of MCF-
Glspo concentration
Tumor cell line 12A cell line
Compound (M) in the tumor
tested at Glsg
cell lines
concentration
Compound
\‘\ 12.56+1.88 MDA-MB-231 88.62 +4.04
7 sﬁ'Nz\”i}%:O:MC
Compound e
8.73+1.73 MDA-MB-468 117.73 +3.22
8 .
Compound o.
. § 4.67 £0.68 MDA-MB-468 82.13+4.78
10 S peoe

Glso concentrations values correspond to the mean + S.E.M. of at least three independent experiments, all performed in duplicate. The % of

growth of the cell line MCF-12A was achieved using the Glso concentrations of each compound in the indicated tumour cell lines.

40



Chapter Il — Results and Discussion

2.3 Effect of the selected compounds on viable cell number of cancer cell lines

The effects of compounds 7, 8 and 10 on breast cancer cell viability were determined
48 h after cell treatment, using the Trypan Blue Exclusion Assay. For that, the breast cancer
cell lines (MDA-MB-231 and MDA-MB-468) were treated with the Glsp and 2x Glsp
concentrations of the three most promising compounds, as well as with the vehicle (DMSO)
at the same concentration used for the compounds (Control Glso and Control 2x Glsg). Results
show that compound 7 at 2x Glsp concentration significantly reduced MDA-MB-231 cell
viability. In addition, compound 10 at 2x Glso concentration also reduced the cell viability of
MDA-MB-468 cells. On the other hand, compound 8, decreased MDA-MB-468 cell viability but
the effect was not significant (Figure 20). Moreover, the vehicles (Control Glsp and Control 2x
Glso) did not alter cancer cells viability, when compared with the blanks (cells treated only
with medium), indicating that the effects observed are due to compounds treatment and not
caused by DMSO toxicity. In addition, the positive control (doxorubicin), as expected,
remarkably decreased cell viability in both cell lines.

It is important to take into consideration that the Trypan blue exclusion assay was
performed in different conditions from the conditions used for the SRB assay. Indeed, the SRB
assay was carried out in cells growing in medium with 5% FBS and in 96-well plates, while the
Trypan blue exclusion assay was carried out in cells growing in medium with 10% FBS and in
6-well plates. These differences might justify why only the 2x Glsp compound treatments
caused significant effects on cellular viability. Nevertheless, these results are in accordance
with the previously observed inhibitory effect on cancer cell growth observed in the three

selected compounds.
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(A) and of compound 8 (B) and 10 (C) on MDA-MB-468 viable cell number,
determined using the Trypan Blue Exclusion Assay. Cells were treated for 48 h
with medium

(Blank), with Gl concentration of each compound (13uM, 9uM

and 5uM for compounds 7, 8 and 10, respectively) or 2xGI50 concentration, and

with DMSO (vehicle, at the amount used in the treatments). Results represent
the mean =S
0.01 of Controls vs. Treatments (Control GI50 S GI50 and Control 2xGI50 S 2xGI50)

EM of at least three independent experiments. * p < 0.05, ** p <

or Control GI50 vs. Doxorubicin (positive control).
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24 Effect of the selected compounds on cell cycle profile

Many antitumoral drugs are known to induce apoptosis and to target cell cycle—
specific events 27, In order to understand whether the selected compounds (compounds 7, 8
and 10) are capable of causing alterations in the cell cycle profile, cells were treated during 48
h with the Glsg and 2x Glsg concentrations of each compound or with control treatments. A
flow cytometry analysis of the cells was performed, after fixing and staining their DNA with
Propidium lodide (PI). This allows to measure the DNA content of the cells from different
samples (treatments and controls), and to determine the percentage of cells in each of the
cell-cycle phases (G1, S and G2).

Results showed that compound 7 had no effect on the cell cycle profile of MDA-MB-
231 cells (Figure 21), although these results were from two independent experiments only.
Compound 8 did also not cause any effect on the cell cycle profile of MDA-MB-468 cells (Figure
21). Since these two compounds inhibit cancer cell growth (already concluded from the
previous data) but they do not interfere with the cell cycle profile, other possible mechanisms
of action should be explored, namely a possible induction of apoptosis. This could be done
with the Annexin V/Pl assay 28,

Interestingly, compound 10, at both concentrations tested (and compared with the
respective controls) clearly decreased the G1/G0 and increased the G2/M phases of the cell
cycle (Figure 21). Nevertheless, this analysis should be repeated since only two independent
experiments were considered, and no statistical analysis could be performed. Thus, the effect
of compound 10 in the cell cycle profile might justify the significant effect previously observed
in the inhibition of MDA-MB-468 cells viability. The cell cycle arrest in the G2/M phase
prevents cells to divide by mitosis and thus decreases their proliferative rate, leading to a
decrease in the G1 phase. Of note, previous work by other scientists with a different
compound, the 4-Hydroxynonenal, responsible for an oxidant-induced toxicity, induced a
G2/M cell cycle arrest accompanied by a concomitant decrease in the GO/G1 phase and an
activation of the p21 expression in HepG2 cells 12°. Thus, further analysis, such as the analysis
of p21 expression levels, could clarify the alterations caused in the cell cycle profile, and would
help to understand the significant decrease of cancer viable cell number induced by

compound 10.
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Figure 21. Cells cycle effects of compound 7 on MDA-MB-231 cells (panels A and B), and
of compound 8 (panels C and D) and 10 (panels E and F) on MDA-MB-468 cells, analysed

by Flow Cytometry following incubation with Propidium lodide (PI).

Cells were treated for 48h with medium (Blank), with the GI50 concentration (13uM, 9uM
and 5uM for compounds 7, 8 and 10 respectively) or 2x GI50 concentration of each

compound, or with DMSO (vehicle of the compounds as controls, tested at the same
amount as used in the treatments). A, C and E) Plots from the FlowJo analysis. B, D and F)
Statistical analysis of the data from the FlowlJo, analysed on GraphPad Prism, using a two-
way ANOVA followed by Tukey’s multiple comparison test. Columns represent the mean
+ SEM of two (compound 7 and 10) or three (compound 8) independent experiments. * p
<0.05, ** p £0.01 of Controls vs. Treatments (Control GI50 VS GI50 or Control 2x GI50 Vs 2X

Gl_) or Control Gl__vs. doxorubicin.
50 50
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Moreover, the positive control (doxorubicin), caused a notable increase of G1 phase,
as expected 39131 indicating that the experiment by itself is working. The cells treated with
the vehicles (Control Glsg and Control 2x Glso) also showed values almost equal to the cells
only treated with medium (blank), confirming that the effects observed are due to the
compounds and not due to toxicity caused by the DMSO (vehicle of the compounds). Of note,
treatment of MDA-MB-231 cells with the positive control (doxorubicin) reduced the number
of cells drastically, therefore not being possible to read enough events in the cytometer. For

this reason, the positive control is not included in the histograms of compound 7 (Figure 21).

2.5 Effect of the selected compounds on the expression levels of some proteins related
with cell cycle, apoptosis and DNA damage
In an attempt to better understand the mechanism of action of the selected

compounds (7, 8 and 10) the expression levels of the apoptotic marker PARP-1 132, the cell
cycle markers p21 133 and cyclin-D1 3% and of the DNA damage marker y-H2A.X 13, were

analysed by Western Blot following 48h treatments. Each compound was tested in the most
sensitive cell line.

Treatment with compound 7 did not cause a cleavage of PARP-1, in either of the
concentrations tested in the MDA-MB-231 cells, contrarily to what was observed with the
positive control, doxorubicin (Figure 22). These results suggest that compound 7 does not
induce apoptosis. However, other analysis, such as the Annexin V/PI analysis by flow
cytometry, should be performed to confirm this possibility. Moreover, a high expression level
of y-H2A.X was detected when cells were treated with 2x Glso concentration of compound 7,
suggesting that this compound induces DNA damage. The expression levels of p21 and cyclin-
D1 could not be detected in this cell line (neither in cells treated with the compound nor in

the positive control).
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Figure 22. Expression levels of PARP-1 and y-H2AX in MDA-MB-231 cells, following
treatment with compound 7, analysed by Western blot.

Cells were treated for 48 h with medium (Blank), Glso (13 uM) and 2x Glso concentration
(uM) of the compound, or with the corresponding DMSO concentrations (control). Actin
was used as a loading control. Images are representative of at least three independent
experiments. The densitometer results are presented as the mean + S.E.M. from at least

three independent experiments and expressed after the normalization for actin.

To the best of our knowledge, there are no reported studies describing thienopyridine
derivatives as inductors of DNA damage. Thus, other complementary assays should be done
in order to confirm the possible effect of compound 7 as inducer of DNA damage. For example,
the Comet assay, a single-cell gel electrophoresis that allows measuring deoxyribonucleic acid
(DNA) strand breaks in eukaryotic cells 136, could help clarifying this possibility.

Treatment of MDA-MB-468 cells with compound 8 non-significantly decreased the
expression levels of total PARP-1 at 2x Glsp concentration (although, surprisingly, no cleaved
PARP-1 was detected, Figure 23). Therefore, other assays such as the Annexin V/P?® are
necessary in order to verify if compound 8 induces apoptosis. Unfortunately, the p21 and y-

H2A.X proteins were not detected in this particular cell line (including in the positive control).
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Figure 23. Expression levels of PARP-1 and p21 in MDA-MB-468 cells, following treatment

with compounds 8 or 10, analysed by Western blot.

Cells were treated for 48 h with medium (Blank), with Glsp and 2x Glso concentrations of

each compound, or with the corresponding DMSO concentrations. Actin was used as a

loading control. Images are representative at least three independent experiments. The

densitometer results are presented as the mean * S.E.M. from at least three independent

experiments (except for PARP-1 analysis referring to compound 10, for which only one

experiment was carried out); and expressed after the normalization of the values with actin.
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Treatment of MDA-MD-468 cells with compound 10 (Figure 23), surprisingly caused an
increase in the expression levels of total PARP-1 (contrarily to what was observed with the
positive control, doxorubicin, which decreased total PARP-1), but only one experiment was
analysed due to time limitations and no statistical effect was verified. Moreover, the
expression of cleaved PARP-1 was not detected in either controls or treatments, suggesting
that the antibody did not work properly in this analysis. Therefore, other assays need to be
performed (such as the Annexin V/PI staining by Flow Cytometry !28), to clarify if this
compound interferes with apoptosis. Compound 10 also caused a dose-dependent increase
on the expression levels of p21, at both concentrations tested. This is in agreement with the
previous data obtained from the cell cycle profile analysis (decrease in GO/G1 and increase
G2/M) and effect on viable cell number. Future work should include analysis of other proteins
involved in the cell cycle, such as cyclin-B (associated with G2 arrest 137).

Unfortunately, it was not possible to detect cyclin-D1 or y-H2A.X expressions levels in
this cell line (either in treatments or in controls), with the antibodies selected for this work.

For the proteins for which no expression was detected, including in the positive
control, future optimizations of the antibody incubation conditions (concentration, time and

temperature) are needed, for each cell line.

2.6  Antitumoral effect of compound 7 by the Chick Chorioallantoic Membrane (CAM)

assay in ovo inoculated with MDA-MB-231 cells

The previous data indicated that compound 7 was the most promising synthesised
compound against the MDA-MD-231 cell line (representing an aggressive type of TNBC). In
addition, this compound induced the expression of the DNA damage marker y-H2A.X.
Interestingly, compound 7 has also the particularity of having part of its hydrophobic tail (the
phenyl ring coupled to a Cl atom) similar to Sorafenib. This specific common region is
responsible for the binding to the allosteric region, which corresponds to the adjacent site
where Sorafenib binds to the ATP-binding site (common sites for protein kinases) '3,
Sorafenib is an antiangiogenic drug, known as an active multikinase inhibitor **°, approved to
treat hepatocellular carcinoma patients with advance untreatable tumors 4% Unfortunately,

in breast cancer, the use of Sorafenib is not encouraged given its toxicity '4%. Therefore, the
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antiangiogenic and antitumor potential of compound 7 was studied using the Chick Embryo
Chorioallantoic Membrane (CAM) assay.

CAM assay is used to study the effect of compounds on the angiogenesis process 42,
as well as to evaluate the effect on tumor growth (tumorigenic response). Since animal models
are expensive and time consuming, the CAM assay has been used as a suitable in vivo model,
alternative to mouse model, for the screening of potential novel drugs. Thus, the CAM assay
was performed by inoculating MDA-MB-231 cells in ovo, in order to create tumors in the eggs,
which was followed by testing the effect of compound 7 as potential antiangiogenic and
inhibitor of tumor formation.

The obtained results (from 2 independent experiments) demonstrate that treatment
of inoculated eggs for 48h with the Glsg concentration of compound 7 efficiently decreased
tumor formation (tumor size), when compared with the control group (vehicle) (Figure 24).
Unfortunately, the antiangiogenic potential was not possible to analyse due to the high
vascularization induced by the breast cancer cells, which lead to some degree of inflammation.
Therefore, even though this needs further confirmation, the CAM assay showed promised
results regarding anti-tumorigenic effect. This needs to be further confirmed in xenografts in

nude mice.
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Effect of compound 7 on tumor formation by CAM assay
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Figure 24. Chick Embryo Chorioallantoic membrane (CAM) assay. MDA-MB-231 cells
were injected in the eggs, which and, after 24 h, were treated with vehicle or compound
7 at Glso concentration, for 48 h.

A) Tumor size of eggs treated with vehicle and compound 7. Data is from 2 independent
experiments. B) Representative images of CAM assay (1.25X amplification): 1) tumor
size of cells treated with vehicle (DMSO) and 2) tumor size of cells treated with

compound 7.
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1. FINAL REMARKS

The synthesis of novel compounds with potential applications in fields such as medicine,
pharmacy, biology and medicinal chemistry is crucial for countless diseases, including to
improve cancer treatment. Cancer is the disease of the century and the second major cause
of death worldwide, just after deaths provoked by cardiovascular illnesses 4. Thus, the
screening for novel potential antitumoral drugs and the understanding of their possible
mechanisms of action is of great importance to the fight against cancer.

The thieno[3,2-b]pyridine derivatives are one of the classes of compounds with known
anticancer potential. Therefore, this work aimed the synthesis and fully characterization of
novel methyl 3-(het)arylthieno[3,2-b]pyridine-2-carboxylates obtained by C-C Pd-catalyzed
Suzuki-Miyaura cross-coupling, and the evaluation of their potential antitumor activity in
several human tumor cell lines.

Considering all the specific aims of this work, it was a fulfilling year. From the first part
of this work, in the synthesis process two important precursors were obtained, the methyl 3-
aminothieno[3,2-b]pyridine-2-carboxylate (1) and the methyl 3-bromothieno(3,2-b]pyridine-
2-carboxylate (2), using t-BuONO and CuBr;, with yields of 91 and 56%, respectively. With the
latter compound 2, a series of eight novel compounds was prepared by C-C Suzuki-Miyaura
cross-coupling, with moderate to high yields (from 35% to 84%). Those compounds were fully
characterized by m.p., *H-and 3C-NMR, including bi-dimensional homonuclear *H-*H (COSY)
and heteronuclear correlations *H-3C (HSQC and HBMC) to attribute the signals; Low and
High-resolution Mass Spectrometry (HRMS) or Elemental Analysis. Therefore, new
synthesised compounds were generated, which makes this work innovative.

Regarding the biological part of this work, the evaluation of the effect of the series of
eight compounds on cell growth (by the SRB assay) allowed to find the three most promising
compounds, namely compounds 7, 8 and 10, with Glsg values below 13 uM. Interestingly,
these three compounds presented only effects against the TNBC cell lines used (MDA-MB-231
and MDA-MB-468). Moreover, and importantly, the three compounds had little or no effect
against the non-tumorigenic cancer cell line MCF-12A, at the concentrations tested (that
inhibited growth of the cancer cells by 50%). Therefore, these 3 best compounds seem to have

selectivity for breast cancer cell lines, without toxicity effects against non-tumorigenic cells.
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Although further assays are needed to understand the mechanisms of action of the best
compounds, some conclusions can be taken from the work presented in this dissertation. First,

compound 7 seems to cause DNA damage in MDA-MD-231 cells, since it induced high
expression levels of the DNA damage marker y-H2A.X at a concentration of 2x Glso. Regarding

compound 10, it interfered with the cell cycle-profile of MDA-MB-468 cells, increasing the %
of cells in G2/M phase with a consequent decrease of the % of cells in the GO/G1 phase, at
both concentrations tested (Glsp and 2x Glso). In addition, treatment with this compound
caused an increase in the levels of expression of p21 (cell cycle related protein). Regarding
compound 8, it seemed not alter the cell cycle profile nor to induce apoptosis, at the
concentrations tested.

Finally, preliminary experiments indicate that compound 7 decreased tumor size induced

by inoculation of MDA-MB-231 cells in ovo.

2. FUTURE PERSPECTIVES

In this work, a problem of crystal formation in culture (in vitro studies) was verified,
when higher concentrations of the compounds were tested, which indeed limited the
concentration used and thus the determination of the potential antitumor effects of the
compounds. One suggestion for future work is to improve the solubility of these compounds
in order to allow an increase in the maximum concentration tested. For that, one option is do
chemical alterations, such as make complexation and/or salt formations or use the
miscellaneous methods, like the use of adjuvants surfactants and/or solubilizers 43, In fact,
Zafar and co-authors 144 described alternatives to counteract the lack of aqueous solubility of
some thieno[2,3-b]pyridines, by using solubilizing agents such as the cyclodextrin through the
addition of the solubilizing group to the scaffold of the thieno[2,3-b]pyridine derivatives.
Alternatively, other substitution patterns or another type of derivatives (e.g. pyrazines instead
of pyridines) with the same substituents might be interesting to synthesize and test
biologically.

Concerning the biological part of this work, some results could not be totally clarified
due to the lack of time to finish the number of experiments required, or even the need to

perform other complementary assays. Therefore, for compound 7 and 8, since no effects were
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observed on the cell cycle profile, other possible mechanism of action responsible for the
inhibition of breast cancer cell growth should be explored, such as the possible induction of
apoptosis (for example using Annexin V/Pl) by those compounds. In addition, since high
expression levels of y-H2A.X were detected in MDA-MB-231 cells treated with compound 7, it
would be interesting to confirm those results, for example using the Comet assay 39, to clarify
the effect of compound 7 in the induction of DNA damage. In addition, due to the non-
conclusive results on the effect of compound 10 on apoptosis, in the future the use of other
approaches, for example the Annexin V/PI analysis, would clarify if compound 10 induces or
not apoptosis.

In the future, another interesting evaluation of the selected compounds would be to
perform a screening using 3D cell culture. The 3D model is physiologically more relevant since
it has into account the structure of the tumor, being nowadays considering a relevant in vitro
approach to determine the cytotoxicity of new therapeutic compounds 4. Additionally, the
use of other cancer cell line models, or even multidrug resistance cell lines (pairs of drug
sensitive and drug resistant cell lines) could be studied, as well as other non-tumorigenic cell
lines, such as MCF-10A, to further confirm that the compounds are only selective for cancer
cells and non-toxic to non-tumor cells. Finally, since compound 7 reduced the tumor size of
MDA-MB-231 cells in the CAM assay, it would be interesting to test this compound in

xenografted mouse models.
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1. CHEMICAL SYNTHESIS

1.1 Synthesis: General Procedure

Melting points (°C) were determined in a SMP3 Stuart apparatus. *H and 3C NMR
spectra were recorded on a Bruker Advance Ill at 400 and 100.6 MHz respectively, which
integrates the national network of NMR (PTNMR), using the signals of the non-deuterated
solvents of CHCI3 (7.27 ppm) of the CDCls or of DMSO (2.49 ppm) of the DMSO-ds, as internal
pattern and reference relatively to TMS (0 ppm). DEPT 135° (differential technique of *3C)
and bi-dimensional homo 'H-'H (COSY) and heteronuclear correlations *H-*3C (HSQC and
HMBC) were used to attribute the signals.

Elemental analysis was performed on a LECO CHNS 932 elemental analyser. The low-
resolution MS spectra were obtained by ESI using Thermo-Finnigan LXQ at the Centre of
Chemistry of University of Minho. HRMS were obtained at the external service of mass
spectrometry of the University of Vigo-Spain (CACTI) using EI.

The reactions were all followed by thin layer chromatography (TLC), in plates of
aluminium cover with a layer of 0.2 mm of silica gel (Macherey-Nagel) with a fluorescence
indicator (UV254). Column chromatography was performed on silica gel 0.060-0.200 mm, 60
A, and dry flash chromatography on silica gel 0.035-0.070 mm, 60 A, to purify the
compounds. Whenever necessary washes with ether or petroleum ether were performed
after column or even a recrystallization using the same solvents or mixture of both.

Petroleum ether refers to the boiling rang 40-60 °C. Ether refers to dietylether. When
a solvent gradient was used, the increase of polarity was made from petroleum ether to
mixtures of ether/petroleum ether, increasing the ether proportion in 10%. DME refers to
1,2-dimethoxyethane. The catalyst PdCly(dppf).CH:Cl; (1:1) refers to 1,10-
bis(diphenylphosphino) ferrocenedichloropalladium (Il), complex with dichloromethane

(1:1) and was purchased from Aldrich.
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1.1.1 Synthesis of starting materials

1.1.1.1 Methyl 3-aminothieno[3,2-b]pyridine-2-carboxylate (1):

4 NH,
N
\ 5 COaMe
6 ~F 8
7 1
1

In a round flask, to a mixture of 3-fluoropicolinonitrile (1.00 g, 820 mmol) in DMF (10
mL), methyl thioglycolate (1.5 equiv.) and KOH (3 equiv., ag. 30%) were added at 0 °C and it
was left stirring for 1h. Then, the mixture was poured into ice and yellow solid came out,
which was filtrated under vacuum and dried in the oven at 50 °C overnight (0.510 g, 92%). The

IH-NMR spectrum was identical to the one earlier described by our research group 2.

1.1.1.2 Methyl 3-bromothieno[3,2-b]pyridine-2-carboxylate (2):

Br
N\
| N cooMe
Z 3
2

In a round flask, to the amine 1 (0.700g, 3.36 mmol) in CH3CN (6 mL), t-BuONO (1.5
equiv.) and CuBr; (1.2 equiv.) were added at room temperature and it was left stirring for 3 h.
Then, water (10 mL) was added and the aqueous phase was extracted with CH,Cl, (3x10 mL)
and the organic phases were collected, dried (MgS04) and filtered. Removal of the solvent
gave a brown solid which was purified by column chromatography using a solvent gradient till
40%-60% ether/ether petroleum. Compound 2 was obtained as a white solid (0.450 g, 57%).

The 'H-NMR spectrum was identical to the one earlier described by our research group &°.
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1.2 Synthesis of the C-C Suzuki-Miyaura coupling products

1.2.1 General procedure

In a round flask, DME (3 mL) and water (1 mL), methyl-3-bromothieno[3,2-
b]pyridine-2-carboxylate (2), (het)aryl boronic acids, pinacol esters, or potassium
trifluoroborates (1.2 equiv. unless stated), PdCly(dppf).CH2Cl; (1:1) (2mol%, unless
stated), K,COs (6 equiv.) were added and the mixture was heated with stirring at 100 °C
for some hours. The reactions were monitored by TLC.

After cooling, the solvents were evaporated under reduced pressure giving a solid
or water was added (10 mL) and extraction with ethyl acetate (3x10 mL) was performed.
In the latter case, the organic phases were collected, dried (MgSQa.), filtered and the
solvent removal gave a solid.

All the resulting solids were submitted to a column chromatography or to a dry

flash to give the products.
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1.2.1.1 Methyl 3-phenylthieno[3,2-b]pyridine-2-carboxylate (3)

From compound 2 (0.100 g, 0.370 mmol) and phenylboronic acid pinacol ester (0.0900
g, 0.440 mmol) following the general procedure for 3 hours; purification by column
chromatography using 50% ether/petroleum ether, gave compound 3 as a white solid (0.0730
g, 74% yield).

m.p.: 152-154 °C

1H-NMR (DMSO-ds, 400MHz) & = 3.75 (3H, s, OMe), 7.43-7.48 (5H, m, Ar-H), 7.56 (1H,
dd, J= 8.0 and 4.4 Hz, 6-H), 8.61 (1H, dd, J= 8.0 and 1.6 Hz, 7-H), 8.74 (1H, dd, J= 4.4 and 1.6
Hz, 5-H). 3C-NMR (DMSO-ds, 100.6 MHz) & = 52.6 (OMe), 122.0 (6-CH), 127.4 (2XCH), 128.0
(CH), 130.5 (2XCH), 131.0 (C), 132.0 (7-CH), 133.1 (C), 134.2(C), 142.6 (C), 148.6 (5-CH), 153.3
(C), 162.1 (C=0) ppm.

MS (ESI) m/z (%): 270.03 [M+H]* (100%).

Elemental Analysis Calcd. for C1sH11NO3S (269.32): C, 66.89%, H, 4.12%, N, 5.20%, S,
11.91%. Found: C, 67.08 %, H, 4.09 %, N, 5.46 %, S, 12.16 %.
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1.2.1.2 Methyl 3-(p-tolyl)thieno[3,2-b]pyridine-2-carboxylate (4)

From compound 2 (0.150 g, 0.554 mmol) and potassium p-tolyltrifluoroborate
(0.132g, 0.664 mmol) following the general procedure, using PdClx(dppf).CH2Cl; (4%mol) and
heating for 4.5 h; purification by column chromatography using 40% ether/petroleum ether,
gave compound 4 as a white solid (0.132 g, 84% yield).

m.p.: 153-154 °C

1H-NMR (CDCls, 400MHz) & = 2.44 (3H, s, Me), 3.85 (3H, s, OMe), 7.33 (2H, d, J= 8.0
Hz, 3’ and 5’-H), 7.43 (1H, dd, J= 8.4 and 4.8 Hz, 6-H), (2H, d, J= 8.0 Hz, 2’ and 6’-H), 8.24 (1H,
dd, J= 8.4 and 1.6 Hz, 7-H), 8.80 (1H, dd, J= 4.8 and 1.6 Hz, 5-H). 13C-NMR (CDCls, 100.6 MHz)
& = 21.5 (Me), 52.5 (OMe), 121.1 (6-CH), 125.2 (C), 128.7 (3’ and 5’-CH), 130.1 (2’ and 6’
CH), 130.7 (C), 131.2 (C), 134.9 (7-CH), 138.2 (C), 144.0 (C), 148.4 (5-CH), 154.6 (C), 162.7
(C=0) ppm.

MS (ESI) m/z (%): 284.07 [M+H] * (83%).

Elemental Analysis Calcd. for Ci6H13NO,S (283.35): C, 67.82%, H, 4.62 %, N, 4.94 %, S,
11.32 %. Found: C, 68.15 %, H 4.35 %, N, 5.20 %, S, 11.69 %.

60



Chapter IV - Experimental

1.2.1.3 Methyl 3-(4-methoxyphenyl)thieno[3,2-b]pyridine-2-carboxylate (5)

OMe

From compound 2 (0.100 g, 0370 mmol) and potassium 4-
methoxyphenyltrifluoroborate (0.094 g, 0.440 mmol), following the general procedure for 2
h; purification by column chromatography using 25% ether/petroleum ether, gave
compound 5 as a white solid (0.0450 g, 40% vyield).

m.p.: 190-191 °C

'H-NMR (CDCls, 400MHz) & = 3.85 (3H, s, CO;Me), 3.89 (3H, s, OMe), 7.05 (2H, d, J=
8.8 Hz, 2H, 3’ and 5’-H), (1H, dd, J= 8.0 and 4.4 Hz, 6-H), 7.50 (2H, d, J= 8.8 Hz, 2’ and 6’-H),
8.23 (1H, dd, J= 8.0 and 1.6 Hz, 7-H), 8.80 (1H, dd, J= 4.4 and 1.6 Hz, 5-H). 3C-NMR (CDCls,
100.6 MHz) 6 = 52.5 (COOMe), 55.2 (OMe), 113.4 (3’ and 5’-CH), 121.1 (6-CH), 125.2 (C),
130.7 (7-CH), 130.9 (C), 131.6 (2’ and 6’-CH), 134.9 (C), 143.6 (C), 148.5 (5-CH), 154.2 (C),
159.7 (4’-C), 162.9 (C=0) ppm.

MS (ESI) m/z (%): 300.06 [M*+H]* (100%).

Elemental Analysis Calcd. for Ci6H13NOsS (299.34): C, 64.20%, H, 4.38%, N, 4.68%, S,
10.71%. Found: C, 64.20 %, H, 4.45 %, N, 4.848 %, S, 10.33%.
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1.2.14 Methyl 3-(4-(trifluoromethyl)phenyl)thieno[3,2-b]pyridine-2-
carboxylate (6)

From compound 2 (0.100 g 0370 mmol) and potassium 4-
trifluoromethyl)phenyltrifluoroborate (0.106 g, 0.440 mmol) following the general procedure
for 4 h; purification by column chromatography using 40% ether/petroleum ether, gave
compound 6 as a white solid. This was recrystallized from ether to give a purer solid (0.0350
g, 40% yield).

m.p.: 170-171 °C

'H-NMR (CDCls, 400MHz) &= 3.85 (3H, s, Me), 7.43 (1H, broad d, 6-H), 7.66 (2H, d,
J=8.0 Hz, 2’ and 6’-H), 7.78 (2H, d, J= 8.0 Hz, 3’ and 5’-H), 8.28 (1H, broad d, J=8.0 Hz, 7-H),
8.80 (1H, broad s, 5-H). 13C-NMR (CDCls, 100.6 MHz) & = 52.7 (OMe), 120.6 (6-CH), 124.8 (q,
J=271.62 Hz, CF3), 124.9 (q, J= 3.6 Hz, 3’ and 5’ -CH), 130.3 (q, J=32.4 Hz, CCF3), 130.8 (2" and
6’- CH), 131.0(7-CH), 132.3 (C), 135.0(C), 137.0(C), 142.1 (C), 148.8 (5-CH), 153.3 (C), 162.4
(C=0). F -NMR (CDCls, 376.5 MHz): & = - 62.63 (s, F3) ppm.

MS (ESI) m/z (%): 338.05 [M+H] * (100%).

Elemental Analysis Calcd. for C16H10F3NO2S (337.32): C, 56.97%, H, 2.99%, N, 4.15%, S,
9.51%. Found: C, 56.62 %, H 2.65 %, N 4.35 %, S, 9.81 %.
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1.2.1.5 Methyl 3-(4-chlorophenyl)thieno[3,2-b]pyridine-2-carboxylate (7)

From compound 2 (0.120 g, 0.443 mmol) and potassium (4-
chlorophenyl)trifluoroborate (0.116 g, 0.532 mmol) following the general procedure for 3 h;
purification by column chromatography using 50% ether/petroleum ether, gave compound 7
as a white solid (0.102 g, 82% yield).

m.p.: 195-196 °C

'H-NMR (CDCl3, 400MHz) 6 = 3.85 (3H, s, OMe), 7.43 (1H, dd, J=8.4 and 4.4 Hz, 6-H),
7.49 (4H, coalesced doublets, Ar-H), 8.27 (1H, broad d, J= 8.4 Hz, 7-H), 8.81 (1H, broad s, 5-H).
13C-NMR (CDCl3, 100.6 MHz) 6 = 52.6 (OMe), 121.3 (6-CH), 128.3 (2XCH), 131.2 (7-CH), 131.7
(2xCH), 132.2 (C), 134.7(C), 135.1 (C), 142.1 (C), 148.4 (5-CH), 153.4 (C), 157.3 (C), 162.5 (C=0)
ppm.

MS (ESI) m/z (%): 326.0 [M**Cl+Na]* (100.0%), 328.0 [M3’Cl+Na]* (37.9%), 304.03
[M35CI+H]*(82.3%), 306.04 [M37Cl+H]*(29.8%).

HRMS (El) M* 35Cl Calcd. for C1sH10*°CINO,S: 303.0121; Found: 303.0134. M*37Cl Calcd.
for C1sH10*’CINO2S: 305.0091; Found: 305.0099.
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1.2.1.6 Methyl 3-(4-cyanophenyl)thieno[3,2-b]pyridine-2-carboxylate (8)

From compound 2 (0.100 g, 0.37 mmol) and 1.6 equiv. potassium (4-
cyanophenyl)trifluoroborate (0.121 g, 0.592 mmol) following the general procedure for 3 h.
The solid obtained was submitted to dry flash till 90% ether/petroleum ether to give
compound 8 as a white (0.038 g, 35% yield).

m.p.: 198-200 °C

1H-NMR (CDCls, 400MHz) & = 3.86 (3H, s, CO:Me), 7.44 (1H, dd, J= 8.0 and 4.4 Hz, 6-
H), 7.65 (2H, d, J= 8.4 Hz, 2’ and 6’-H), 7.80 (2H, d, J= 8.4 Hz, 3’ and 5’-H), 8.27 (1H, broad dd,
7-H), 8.78 (1H, broad d, 5-H). 3C-NMR (CDCls, 100.6 MHz) & = 52.7 (OMe), 112.2 (C), 118.9
(C), 121.5 (6-CH), 131.00 (7-CH), 131.3 (3’ and 5’-CH), 131.6 (2’ and 6’-CH), 132.6 (C), 135.0 (C),
138.2 (C), 141.4 (C), 148.8 (5-CH), 153.4 (C), 162.2 (C=0) ppm.

HRMS (El) M* Calcd. for C16H10N202S: 294.0463. Found: 294.0474.
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1.2.1.7 Methyl 3-(pyridin-4-yl)thieno[3,2-b]pyridine-2-carboxylate (9)

From compound 2 (0.120 g, 0.443 mol) and 1.6 equiv. of 4-pyridine boronic acid (0.079
g, 0.709 mmol) following the general procedure, using PdCl,(dppf).CH2Clz (4%mol) and heating
for 4 h. The solid was submitted to dry flash chromatography till 80% ether/petroleum ether
to give compound 9 as a white solid (0.0400 g, 66% yield).

m.p.: 192-193°C

1H-NMR (CDCl3, 400MHz) & = 3.90 (3H, s, OMe), 7.50 (1H, dd, J= 8.4 and 4.4 Hz, 6-H),
7.90 (2H, broad d, 3’ and 5’-H), 8.32 (1H, dd, J=8.4 and 1.2 Hz, 7-H), 8.79-8.82 (3H, m, 5-H, 2’
and 6’-H). 13C-NMR (CDCl3, 100.6 MHz) & = 53.1 (OMe), 122.0 (6-CH), 127.8 (3’and 5’-CH),
131.1 (7-CH), 134.4 (C), 135.1 (C), 137.7 (C), 139.3 (C), 143.0 (2’ and 6’-CH), 149.3 (5-CH), 152.6
(C), 161.7 (C=0) ppm.

MS (ESI) m/z (%): 271.0380 [M*+H]* (100.00%).

Elemental Analysis Calcd. for C1aH10N203S (270.31): C, 62.21%, H, 3.73%, N, 10.36%, S,
11.86%. Found: C, 61.90 %, H, 3.69 %, N, 10.06 %, S, 11.79 %.
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1.2.1.8 Methyl 3-(furan-3-yl)thieno[3,2-b]pyridine-2-carboxylate (10)

From compound 2 (0.120 g, 0.443 mmol) and 1.6 equiv. potassium 3-furanylboronic
acid (0.0706 g, 0.709 mmol) following the general procedure, using PdCly(dppf).CH2Cl,
(4%mol) and heating for 4.5h. The solid was submitted to dry flash chromatography till 30%
ether/petroleum ether to give compound 10 as a white solid (0.0700 g, 52% yield).

m.p.: 130-132 °C

1H-NMR (CDCl3, 400MHz) 6 = 3.94 (3H, s, OMe), 7.02-7.03 (1H, m, Ar-H), 7.40 (1H, dd,
J=8.4 and 4.4 Hz, 6H), 7.56-7.57 (1H, m, Ar-H ), 8.21(1H, dd, J=8.4 and 1.6 Hz, 7-H), 8.25-8.26
(1H, m, Ar-H), 8.81 (1H, dd, J=4.4 and 1.6 Hz, 5-H). 3*C-NMR (CDCls, 100.6 MHz) 6 =52.6 (OMe),
112.3 (CH), 116.7 (C), 121.2 (6-CH), 130.0 (C), 130.6 (7-CH), 134.5 (C), 134.6 (C), 141.8 (CH),
144.3 (CH), 148.1 (5-CH), 162.8 (C=0) ppm.

MS (ESI) m/z (%): 260.04 [M*+H]* (100.00%).

Elemental Analysis Calcd. for Ci3H9oNOsS (259.08): C, 60.22%, H, 3.50%, N, 5.40 %, S,
12.37 %. Found: C, 60.27 %, H, 3.33 %, N, 5.69 %, S, 12.48 %.
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2. BIOLOGICAL STUDIES

2.1 Reagents and Compounds

Fetal bovine serum (FBS) and phosphate buffered saline (PBS) were purchased from
Biowest and Gibco, respectively. Acetic acid, dimethyl sulfoxide (DMSO), ethylene diamine
tetraacetic acid (EDTA), sulforhodamine B (SRB), trypan blue, trichloroacetic acid (TCA) and
Tris base were purchased from Sigma Aldrich.

Stock solutions of the synthesized compounds were prepared with the solvent DMSO
as vehicle at the concentration of 60 mM and kept at -20 2C. Stock solutions of 5 mM, 20 mM

and 40 mM were also made in DMSO.

2.2 Cell culture

Five human tumor cell lines were used in this work: PANC-1 and BxPC3 (PDAC), NCI-
H460 (NSCLC), MDA-MD-231 and MDA-MB-468 (TNBC).

All the cell lines were routinely maintained as adherent cell cultures and kept at 37 2C
in a humidified atmosphere containing 5% CO,. All cells used were regularly observed with a
microscope and the experiments were done only when cells presented >90% of viability. The
PANC-1 and BxPC3 cell lines were cultured in DMEM (Dulbecco's modified Eagle's medium),
supplemented with 4.5 g/L of glucose with ultraglutamine (from Biowhittaker) and with 5% of
FBS; the NCI-H460, MDA-MB-231 and MDA-MB-468 cell lines were cultured in RPMI 1640
(Roswell Park Memorial Institute) medium supplemented with 25 mM of glutamine and 4-(2-
Hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES) buffer (from Biowest) and with 5%
FBS. The non-tumorigenic cell line MCF-12A was cultured in RPMI-1640 supplemented with
hEGF (Human Epidermal Growth Factor; 20 ng/uL), hydrocortisone (500 ng/uL), 5% FBS and
1% Penicillin-Streptomycin (Gibco).

All procedures concerning cell culture were carried out under a clean environment in

biological safety cabinets, using sterile reagents and materials.
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2.3 Trypan Blue Exclusion Assay

The cell number was counted using a haemocytometer (Neubauer Chamber) and the
Trypan Blue reagent (Sigma-Aldrich). Trypan blue is an exclusion dye that penetrates the
membrane of disrupted cells, allowing to distinguish between alive (bright) and dead cells or
non-viable cells (blue ones). Therefore, trypan blue assay allows to assess cell viability and the

right cell number to plate for each cell line.

2.4  Sulforhodamine B (SRB) assay

The effects of the synthesized compounds on the growth of several human tumor cell
lines was evaluated using an assay based on a protein-binding dye, the sulforhodamine B
(SRB).

In order to determine the Glsoconcentration of each compound — concentration of the
compound that reduced cell growth by 50 % -, dose-response curves were performed. For
that, cells were plated in 96-well plates (one plate for each cell line), at the ideal cell
concentration previously determined (see Table 7), by adding 100 pL of cells per well. Cells

were then incubated at 37 2C for 24 hours (h).

Table 7. Number of cells per mL plated, for each cell line, for the SRB assays.

PANC-1 BxPC3 NCI-H460 MDA-MB-231 MDA-MB-468 MCF-12A

5.0x 10* 7.5x 10* 5.0x 10* 5.0x 10* 5.0x 10* 5.0x 10*

Twenty-four hours later, cells were treated with 5 serial dilutions of the synthesized
compounds, by adding 100 pL of compound per well, and incubated at 37 2C for further 48 h.
The effect of the vehicle (DMSO) on the growth of the cell lines was also evaluated (control),
by exposing untreated control cells to the maximum concentration of DMSO used in the assays
(which was never more than 0.25 % per well). The maximum concentration tested for all the
compounds was 150 pM, since precipitation was detected above this concentration.

At the end of the incubation period, cells were fixed with 10% (w/v) of cold TCA during

1 h at 4 °C. Subsequently, air-dried cells were stained with 0.4% of SRB for 30 min in the dark
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at room temperature (RT). At the end, cells were washed with 1% (v/v) of acetic acid and the
bound stain was solubilized with Tris base at 10 mM. The absorbance was measured at 510
nm in a microplate reader (BioTek’s SynergyTM Mx) using the Gen5 software (BioTek).

The Glso concentrations were assessed from the dose-response curves and determined
for each compound in each cell line. The Glso values presented are the average + standard
error (S.E.M) from at least 3 independent experiments. The layout of the plates used for the
SRB assay is presented in Figure 25, in which panel A represents the layout of the plates used
for screening of the synthesized compounds or the positive control (Doxorubicin), in all the
tumors cell lines, and panel B represents the layout of the plates used for the evaluation of

the cytotoxic potential of the best compounds in the non-tumorigenic cell line.

> Conc <Conc > Conc <Conc
— 0

Q 0. 00012,

888888888888

cells

MCF-12A
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A
B
c
D
3
F
G
H

Figure 25. Layout of the plates used for the screening with the SRB assay.

A) Cells refers to all the cell lines used; > CONC means the highest concentration of the
eight compounds or doxorubicin tested in five different serial dilutions; < CONC means
the lowest concentration of the eight compounds or doxorubicin tested in five serial
dilutions; M represents the medium (control); V means vehicle of the compounds,
namely DMSO (control); the rows 1-5 and 8-9 represent each concentration of
compounds tested whereas row 6 (M) corresponds to the medium and row 7
corresponds to the vehicle (DMSO); rows A and B or G and H had medium plus the
compounds (blank) and rows C-F had cells plus the compounds. B) MFC-12A cells plated
in rows E and F; M represented medium (blank) plus each compound; Ct M represented
only medium and Ct V the vehicle DMSO; the wells C7, C8 and C10 refer to compound 7,

compound 8 and compound 10, respectively.
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2.5 Flow Cytometry for cell cycle analysis with Propidium lodide

For cell cycle distribution analysis, 1.5x 10° cells per mL were plated from MDA-MB-
231 and MDA-MB-468 cell lines, in 6-well plates for 24 h. Cells were then incubated with
complete medium only (blank), medium with the vehicle (DMSO) or with the respective
compounds using the previous calculated Glso or 2x Glsg concentrations, as represented in
Figure 26. Following 48 h incubation with the selected compounds (compound 7 for MDA-
MD-231 and compounds 8 and 10 for MDA-MB-468), cells were collected, centrifuged (1200
rpm for 5 min) and then fixed with 70% cold ethanol. After being stored at 4 2C for at least 12
h, cells were centrifuged (5 min at 1200 rpm, 4 2C) and the pellets resuspended in a solution
of PBS containing 5 pg/mL propidium iodide and 0.1 mg/mL RNase A, and incubated for at
least 30 min in the dark on ice, prior to each analysis on the flow cytometer.

Cellular DNA content for cell cycle distribution was analysed by flow cytometry using
the BD Accuri™ C6 Flow cytometer (BD Biosciences). The exclusion of cell debris and
aggregates was performed for each analysis, and at least 20,000 events per sample were
plotted for all the acquisitions. The percentage of cells in the GO/G1, S, and G2/M phases of
the cell cycle was subsequently determined using the FlowJo 7.2 software (Tree Star, Inc.
version 7.6.5, Tree Star, Inc., Ashland, OR, US). The results were from two or three

independent experiments, and are presented as mean + SEM.

2.6 Expression of specific proteins

2.6.1 Extraction of total protein

For protein extraction, MDA-MB-231 and MDA-MB-468 cells were plated 1.5x10°
cells/mL in 6-well plates and treated with the selected compounds, compound 7 (for MDA-
MB-231) and compounds 8 and 10 (for MDA-MB-468), at concentrations of Glsg and 2x Glso,
for 48 h, as illustrated in Figure 26.

After an incubation period of 48 h, culture medium containing floating cells was
recovered to a 15 mL falcon tube. Adherent cells were washed with PBS, tripsinized and
collected to the same falcon. Then, cells (floating and adherent) were centrifuged (1200 rpm,

5 min) and the pellets resuspended in PBS. After another centrifugation step (1200 rpm, 5 min,
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4 9C) the supernatant was discarded, and the pellet was kept on ice to continue immediately
for lysis (or kept at -20 2C if lysis was not done immediately). To lysate the cells, 30 uL of ice-
cold Winman’s buffer (5 mM EDTA, 0.15 M NaCl, 1% NP-40, 0.1 M Tris-HCI pH 8) supplemented
with protease inhibitor cocktail (Roche Applied Sciences) was added to each sample during 30
min at 4 2C with agitation. Then, cell lysates were centrifuged at 13 000 rpm for 10 min at 4

oC and the supernatants (corresponding to the proteins) were collected and stored at -202C.

2.6.2 Protein quantification

The determination of the protein concentration was performed using the colorimetric
method based on the Lowry protocol (Bio-Rad DC™ Protein assay). Briefly, protein
concentration was determined using a standard curve made with bovine serum albumin (BSA,
from Sigma-Aldrich, Co). The absorbance was read in a microplate reader (Biotek (Synergy Mx)
at 655 nm. Ultrapure H,O was used as Blank. The total protein concentration was determined

as pg/mL.

2.6.3 Western blot assay

A total amount of 20 pg of protein was mixed with Loading Buffer (Tris-HCl 1 M, 5%
SDS, 12% glycerol, 12% B-mercaptoethanol and 0.024% bromophenol blue) and boiled for 5
min at 95 2C (for protein denaturation). The protein samples were then separated in 10% Tris-
glycine SDS-Page polyacrylamide gel (at 70 V for about 30 min, followed by 1 h and 30 min at
100 V). The molecular weight marker (Precision Plus Protein™ Standards Dual Color, BioRad)
was used to determinate the size of the proteins run in the gel. The running buffer used was
10x Tris/Glycine/SDS buffer solution (Bio-Rad). After protein separation, proteins were
transferred onto a nitrocellulose membrane (Amersham Protran 0.45NC, GE Healthcare)
during 1 h and 30 min at 100 V on ice, with agitation. The transfer buffer used was 10x
Tris/Glycine buffer solution (Bio-Rad) containing 20 % of methanol. All the procedure was
done in a Bio-Rad Western Blot System. After that, membranes were stained with Ponceau
solution (Sigma Aldrich) in order to verify the successful protein transfer and the correct
loading of the same amount of protein. Membranes were then blocked in TBS-T (a Tris-
buffered saline solution with 0.1 % Tween-20 (Promega), containing 5 % (w/v) non-fat dry milk

(Molico), for at least 1 h and 30 min with agitation at RT. After this period, the membranes

71



Chapter IV - Experimental

were incubated with the primary antibodies overnight at 4 2C with agitation. The primary
antibodies used and their corresponding dilutions were: PARP-1 (1:1000; sc-7150), Cyclin D1
(1:1000, sc-8396) and y-H2A.X (1:250, sc-101696) from Santa Cruz Biotechnology and p21
(1:1000, ab7960) from Abcam. The loading control used was actin (Actin (1:2000; sc-1616)
from Santa Cruz Biotechnology. The primary antibodies were prepared using TBS-T solution
and kept at -202C. Then, membranes were washed 3 times in TBS-T during 10 min with
agitation and incubated with the corresponding secondary antibodies for 1 h at RT. The
following secondary antibodies were used: anti-rabbit IgG-HRP (sc-2004); anti-mouse IgG-HRP
(sc-2031) and anti-goat IgG-HRP (sc-2020), all from Santa Cruz Biotechnology at dilution of
1:2000. The Amersham™ ECL Western Blotting Detection Reagents (GE Healthcare), the High
Performance Chemiluminescence Film (GE Healthcare) and the Kodak GBX developer and fixer
(Sigma-Aldrich, Co.) were used to detect the signal (bands). The intensity of the bands was
analysed using the software Quantity One — ID Analysis (Bio-Rad) and actin was used as
internal control (for protein loading). Results are from three independent experiments unless
stated.

In order to reprobe the membranes with other antibodies, whenever it was necessary,
membranes were stripped with a stripping solution (10 % methanol and 10 % acetic acid in
H.0) for 15 min at 50 2C, followed by several washes with TBS-T and then blocking for further

primary antibody incubation.
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Figure 26. Layout of the 6-well plates for the Cell cycle and Western Blot experiments

performed in MDA-MB-231 and MDA-MB-468 human tumor cell lines.

Well 1: cells with only medium (blank); wells 2 and 3: cells incubated with DMSO (control) at
the same concentration used for the Glsp and 2x Glsp of each compound wells 4 and 5: cells
treated with the compounds at Glsp and 2x Glsg concentrations; well 6: cells treated with

doxorubicin (positive control).

2.7 Chick Chorioallantoic Membrane (CAM) assay

The experimental procedure for the CAM assays was performed by the i3S facilities
(Dr. Marta Pinto). The aim of this experiment was to evaluate the effect of the best compound
on xenografted tumor’s induced angiogenesis and formation. The cell line MDA-MB-231 (the
most aggressive TNBC subtype cell lines used in this work) was inoculated in fertilized chicken
eggs in order to make the xenografts. The experimental procedure is illustrated in Figure 27.

Briefly, MDA-MB-231 cells were inoculated, pairwise, into a total of 10 to 12 eggs for
each of replica (were made two) for two different tested conditions: A (vehicle) and B
(compound). Thus, Chick Chorioallantoic Membranes (CAM’s) were inoculated at embryonic
development day (EDD) 9 with the cells resuspended in matrigel to allow them to become
adherent (between 6.0 x10° to 1.0 x10° cells were used). After 24h (EDD 10), the xenografted
tumors were treated with the following tested conditions: group A treated with DMSO and
group B treated with compound 7. The experiment ended at EDD13, in order to mimetize the

48h treatment performed in vitro. At this endpoint, CAM’s were fixed with paraformaldehyde,
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the embryo was excised ex ovo and photographed. The readouts analysed were used to
evaluate the tumorigenic response (pictures were used to determine tumor area). The

angiogenic response was not possible to be measured due to inflammation issues.

CAM exposure

when the egg is Day 2
opened 10uL per ring (1 with
g compound and other with
<
(Ss ws > vehicle)
<
&2 Day 4
(Sl 3
& O &
Q38
9.9 S
55
&
&5
S

7uL cells in matrigel per ring (two  48h treatment in the same egg, Measurement of anglogenesis

rings per egg) two different conditions and tumorigenesis (tumor
(compound or vehicle) growth) response

EDD9 EDD10 EDD13

10-12 eggs per replica

Figure 27. lllustration of CAM (Chick Chorioallantoic Membrane) assay procedure.
Fertilized chicken eggs were opened at day 9 of EDD (embryonic development day), when
the developing vasculature is identified and a “window” is opened on the egg in order to
seed, in each of the two rings, the tumor cells in a matrigel suspension. On the following
day (EDD10), the vehicle (control on ring A) and the compound (treatment on ring B) are
given. After 48h of incubation it should be possible to assess tumor growth and angiogenic

response.

2.8 Statistical analysis of the results

Data is presented as mean * standard error of mean (SEM). All data was analysed using
the software GraphPad Prism 8.0 (GraphPad Software, Inc., CA, USA). Statistical analysis was
performed using the Student’s t-test and two-way ANOVA followed by Tukey’s multiple

comparison tests. p-values less than 0.05 (p < 0.05) were considered statistically significant.
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