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Abstract

Breast cancer is currently the most frequently diagnosed cancer among women
and the second leading cause of cancer-related death worldwide. Around 70% of all
breast cancer cases diagnosed are estrogen receptor-positive (ER*), a subtype of breast
tumor that depends on estrogens for growth and proliferation. After the initial use of
selective ER modulators (SERMSs), like tamoxifen, the aromatase inhibitors (Als)
emerged as a better therapeutic option and, in fact, are nowadays used as first-line
therapy for this subtype of cancer. However, besides their clinical success, they are
responsible for some side effects, being the development of endocrine resistance the
major clinical concern. Because of that, it is crucial to develop new therapeutic options
to treat this type of tumors. Considering this, the present work focused on the discovery
of multi-target compounds able to simultaneously modulate the activity of aromatase,
ERa and ERp, as well as, on the discovery of new non-steroidal Als, using computational
and biological approaches.

The computational studies have identified a possible multi-target compound,
designated as MT1. Our biological studies using an ER* breast cancer cell line (MCF-
7aro) and a non-cancerous cell line (HFF-1) revealed that MT1 only at the highest
concentration had cytotoxic effects on HFF-1 cells and that, in ER* breast cancer cells,
MT1 presented growth-inhibitory properties. Moreover, besides this compound was not
able to inhibit aromatase in human placental microsomes, MT1 may exert its effects on
ER* breast cancer cells via aromatase, ERa and ERp, by inducing a reduction in
aromatase expression levels and acting as an ERa antagonist and ERB agonist.
Furthermore, MT1 caused MCF-7aro cell cycle arrest and induced apoptotic cell death.

In relation to the discovery of novel non-steroidal Als, by virtual screening (VS),
two compounds, NS8 and NS16, were selected for the biological studies. Unfortunately,
neither NS8 nor NS16 were able to inhibit aromatase in human placental microsomes,
though, NS16 induced significant effects on MCF-7aro viability, without affecting non-
cancerous cells, reason why more studies must be performed in order to understand its
mechanism of action.

In conclusion, this study contributed to the discovery of new molecules with
growth-inhibitory properties in ER™ breast cancer cells. For the first time, a multi-target
compound capable of simultaneously modulate the key targets responsible for estrogen
production/signaling was discovered, using this type of computational approaches. In
addition, the overall study provided crucial structural insights related to the inhibition of
aromatase, ERa antagonists and ERB agonists, through the analysis of molecular

descriptors, which helped to discover a multi-target compound.
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Resumo

O cancro da mama é o cancro mais frequente nas mulheres e a segunda principal
causa de morte relacionada com cancro em todo o mundo. Cerca de 70% de todos 0s
casos de cancro da mama diagnosticados séo recetores de estrogénio-positivos (ERY),
um subtipo de tumor que depende dos estrogénios para crescer e proliferar. Depois do
uso inicial de moduladores seletivos do ER (SERMs), como o tamoxifeno, os inibidores
da aromatase (Als) surgiram como uma melhor opcéo terapéutica e sdo hoje em dia
usados como primeira linha de tratamento neste tipo de tumores. Contudo, apesar do
seu sucesso clinico, eles sdo responsaveis por alguns efeitos adversos, sendo o
desenvolvimento de resisténcia enddcrina a principal preocupacéo clinica. Por causa
disso, é crucial desenvolver novas opc¢des terapéuticas para tratar este tipo de tumores.
Considerando isto, este trabalho teve como foco a descoberta de compostos multi-alvo
capazes de simultaneamente modular a atividade da aromatase, do ERa e do ER[3, bem
como, a descoberta de novos Als ndo esteroides, usando abordagens computacionais
e bioldgicas.

Estudos computacionais indicaram a existéncia de um possivel composto multi-
alvo, designado por MT1. Os nossos estudos biolégicos usando uma linha celular de
cancro da mama ER* (MCF-7aro) e uma linha celular ndo cancerigena (HFF-1),
revelaram que o MT1 tinha efeitos toxicos nas células HFF-1 apenas a concentracao
mais elevada, e que nas células de cancro da mama ER*, o composto apresentava
propriedades inibidoras do crescimento. Para além disso, apesar do MT1 ndo ser capaz
de inibir a aromatase em microssomas de placenta humana, este composto parece
exercer 0s seus efeitos nas células de cancro da mama ER*, através da aromatase, do
ERa e do ERB, induzindo uma reducao nos niveis de expressao da aromatase e atuando
como antagonista do ERa e agonista do ERB. Além disso, 0 MT1 provocou uma
retencdo do ciclo celular nas células MCF-7aro e induziu morte celular por apoptose.

Em relacdo a descoberta de novos Als nao esteroides, por virtual screening (VS),
foram selecionados dois compostos, NS8 e NS16, para estudos biologicos.
Curiosamente, nem o NS8 nem o NS16 foram capazes de inibir a aromatase em
microssomas de placenta humana, contudo, o NS16 reduziu significativamente a
viabilidade das células MCF-7aro, nao afetando, no entanto, as células néao
cancerigenas, razdo pela qual mais estudos devem ser realizados de forma a perceber
0 seu mecanismo de acao.

Em concluséo, este estudo contribuiu para a descoberta de novas moléculas
com propriedades inibidoras do crescimento em células cancerigenas mamarias ER".

Pela primeira vez, um composto multi-alvo capaz de simultaneamente modular os alvos
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chave responsaveis pela producéo/sinalizacdo do estrogénio foi descoberto, usando
este tipo de abordagens computacionais. Adicionalmente, o estudo proporcionou
conhecimentos estruturais cruciais em relacdo a inibicdo da aromatase, aos
antagonistas do ERa e aos agonistas do ERp, através da andlise de descritores

moleculares, os quais ajudaram a descobrir um composto multi-alvo.

Palavras-chave: cancro da mama recetor de estrogénio-positivo (ER"), multi-alvo,

inibidores da aromatase (Als), computacional, virtual screening
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1.1. Breast cancer

Breast cancer is the most common type of cancer among women and the second
most frequently diagnosed cancer worldwide and, like other malignancies, its incidence
rises dramatically with age (1-3). It is estimated that more than two million new cases of
this type of tumor were diagnosed in 2018, resulting in more than 620 000 deaths (3).
Nevertheless, the mortality rate related to this type of cancer has been decreasing as a
result of the improvements in public health and the emergence of new therapeutic
options (1).

Breast tumors can be divided in several subtypes, luminal A, luminal B, HER2*
and basal-like, considering the expression pattern of estrogen receptor (ER),
progesterone receptor (PR) and human epidermal growth factor 2 (HERZ2). Luminal A
carcinomas present a high expression of ER and PR and are considered low-risk
cancers, being linked to a better prognosis. On the other hand, luminal B tumors have a
lower expression of ER and PR, but an elevated expression of HER2, being more
aggressive carcinomas than luminal A. The HER2" breast cancers show only an
overexpression of HER2, while basal-like tumors, usually the most aggressive subtype,
do not exhibit overexpression of ER, PR or even HER2 and, because of this, they are
commonly designated as triple-negative breast cancers (1, 4).

About 75% of all breast cancer cases in post-menopausal women and 60% of the
cases in pre-menopausal women are hormone-dependent/ER* breast cancers (5). In
ER* breast cancer, the ERs are overexpressed and, consequently, estrogens play a
central role in tumor development and survival. The treatment for this type of breast
cancer is based on endocrine therapy that is constituted by anti-estrogens, compounds
that interfere with estrogen-dependent pathways, or aromatase inhibitors (Als), which

inhibit aromatase, preventing the synthesis of estrogens (6, 7).

1.2. Aromatase

Estrogens are synthesized by the enzyme aromatase, which belongs to the
cytochrome P450 family, characterized by the presence of a heme group (8-10).
Aromatase is encoded by the CYP19A1 gene located on chromosome 15 and is
generally expressed in several tissues including gonads, brain, adipose tissue, skin,
bone, blood vessels, endometrium and breast tissue, being well conserved among
vertebrates (8, 9, 11). Despite that, in women, the expression pattern of aromatase varies
with age. In pre-menopausal women, aromatase is essentially expressed in the

granulosa cells of ovaries, while in post-menopausal women, when ovaries are no longer
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functional, aromatase is essentially expressed in other peripheral tissues, like adipose
breast tissue. During pregnancy, there is also high expression of this enzyme in placenta
(8, 12-14). In humans, the expression of aromatase is tightly regulated. Its gene consists
of ten exons, the untranslated exons Is (1.1, I.2. 2a, 1.3, 1.4, 1.5, 1.6, 1.7, L.f and PII) and
the translated exons II-X, which are expressed in a tissue-specific manner and
associated with the respective promoter that is regulated by a specific mechanism. In
normal breast tissue, the expression of aromatase is ensured by promoter 1.4 that is
regulated by glucocorticoids. However, in breast cancer cases, where aromatase is
overexpressed, there is a transcriptional switch from 1.4 promotor to Il and 1.3 promoters,
as a result of the activation of cAMP-mediated pathways induced by prostaglandin E»
(PGEy), locally synthetized by cyclooxygenase isoenzymes (COX-1 and COX-2) (8, 15).

Aromatase is responsible for the conversion of androgens into estrogens. In fact,
aromatase binds with high specificity to the C19 androgens, androstenedione (ASD),
testosterone (T) and 16a-hydroxytestosterone (HTST) and, by catalyzing an
aromatization reaction of the A-ring, it converts them into C18 steroids, estrone (E1), 173-
estradiol (E2) and 16a-estriol (Es), respectively (15, 16) (Fig. 1). This reaction involves a
second protein, the NADPH-cytochrome P450 reductase (CPR), that is responsible for
catalyzing the electron transfer to aromatase. Moreover, it comprises three steps each
one requiring one mole of oxygen and one mole of NADPH. The first two steps are
hydroxylations of the C19 methyl group, in which the residues Ala306 and Thr310
participate, and the third step involves a dehydration and the delocalization of electrons
leading to the aromatization of A-ring (15-18). In this last step, Ala306 and Thr310 along
with Asp309 contribute to the aromatization process (17). This makes aromatase a

unigue enzyme and the only one in vertebrates that performs this type of reaction (16).
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Figure 1: Conversion of androgens, androstenedione (ASD), testosterone (T) and 16a-hydroxytestosterone (HTST), into

estrogens, estrone (E1), estradiol (E2) and estriol (E3), respectively, by aromatase.

The aromatase structure was fully elucidated just in 2009 by Ghosh et al., using
X-ray crystallography (19). This enzyme, anchored to endoplasmic reticulum membrane
by an amino terminal domain, is functional as a monomer and consists of 503 amino
acids arranged into twelve a-helices and ten -strands (16, 19, 20) (Fig. 2). Its binding
site is small, presenting less than 400 A3, and comprises the residues 1le305, Ala306,
Asp309, Thr310, Phe221, Trp224, 1le133, Phel34, Val370, Leu372, Val373, Met374,
Leud77 and Ser478 (21). Some of these residues, namely Phe221, Trp224 and Met374
are especially important for the binding of androgen substrates, since mutation studies
regarding these residues indicate that their absence decrease the catalytical activity of
aromatase (8, 21). Moreover, these residues are also described to be important for the
binding of Als (8). Additionally, some studies attribute a special role to Asp309, pointing
that this residue is directly involved in substrate binding and catalysis (18, 22). More
recently, in 2018, the crystal structure of aromatase complexed with T was resolved,
showing that this androgen binds to aromatase in a similar manner as observed for ASD
(23). In fact, both ASD and T bind to aromatase by interacting specially with the residues
Phe221, Trp224, Asp309 and Met374. Despite this, the residues Argll5, Phel34,
Thr310 and Val370 are also considered important for their binding (8, 21, 23).

The elucidation of the aromatase structure, of its active site and of the interaction
between the substrates T and ASD with the active site of the enzyme (19, 23) was a

breakthrough for the future development of potent Als.
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Figure 2: Aromatase structure representation (code 3S79). (A) Aromatase is composed by 12 a-helices (blue) and 10 -
strands (magenta). Images (B) and (C) show the binding site of the enzyme, containing the heme group (yellow) and, in
this case, aromatase is complexed with androstenedione (ASD; grey). (C) ASD binds to aromatase by interacting with
specific residues like Phe221, Trp224, Asp309, and Met 374.

1.3. Estrogen and Estrogen Receptors

1.3.1. Estrogens

Estrogens are steroid hormones involved in crucial female processes. Although
reproduction is the main process in which estrogens play a central role, these hormones
also display important functions in bone homeostasis, growth, brain function,
development of the mammary glands and musculoskeletal and cardiovascular systems.
Estrone (E1), 17p-estradiol (E2) and 16a-estriol (Es) are the main estrogens present in
women, being E; the fundamental form of estrogen in post-menopausal women and E:
the principal estrogen with key functions in pre-menopausal women. Es is the
predominant estrogen during pregnancy (13, 24).

E. deficiency is associated with several symptoms and pathologies that can
induce various adverse effects. Some of the most frequent symptoms are associated
with menopause and include hot flashes, mood swings and increased bone reabsorption
(25), being the latter directly involved in the development of osteoporosis (25). In order
to attenuate these problems, hormone replacement therapy with estrogens is usually
prescribed. However, an increase in circulating levels of estrogens may give rise to

serious adverse effects like bleeding problems, increased risk for the occurrence of
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strokes, as well as, development of endometrial and breast cancers (25). Besides that,
the development of breast cancer depends on other factors like age, radiation exposure,
body weight and family history. Considering this, a general block of estrogen action
should not be favorable. For that reason, over the years, scientists have been trying to
develop tissue-selective ER modulators (26, 27).

In relation to ER* breast cancer, the first evidence of the role of these hormones
in this pathology occurred in 1896, after an oophorectomy, where it was observed the
regression of breast cancer (28). Nowadays, the importance of ovarian steroidogenesis
and circulating estrogen levels on the development of breast tumors are undoubted. In
fact, a long-term exposure to estrogens achieved by early menarche, late menopause,
estrogen replacement therapy during menopause, obesity and elevated circulating levels

of E; is associated with a higher risk of developing this type of malignancy (29, 30).

1.3.2. Estrogen receptors

Estrogens exert their effects by binding to two isoforms of ER (ERa and ERp).
These receptors belong to the steroid receptors family that is included in the nuclear
receptors (NR) superfamily of transcription factors (31, 32). NR exert crucial roles in
several biological processes such as cell growth and death, development, metabolism,
reproduction and immunity, which make them important targets for the treatment of a
variety of diseases (33). The analysis of human genome has revealed the existence of
48 NR and some of them are considered “orphan receptors” because, until now, their
ligands remain unknown (33).

All members of NR superfamily share a common structure (Fig. 3) that comprises
six different functional domains (A-F) with several degrees of sequence homology
between the different members of the family (34). The A/B domain, the N-terminal region,
is the less conserved segment of nuclear receptors. The ERa and ER share only 17%
of homology in this domain, what may explain the specific actions of each ER isoform on
target genes (31, 32, 34). This segment presents a transactivation function domain (AF-
1), which when phosphorylated on some specific residues can lead to the activation of
the receptor in a ligand-independent manner (35). Furthermore, this domain binds to the
transcription machinery when the receptor is within the nucleus and, until now, no
secondary structure has been identified for this region (25, 34). C domain is a highly
conserved region where DNA-binding domain (DBD) is localized. ERa and ER exhibit
94% homology in this domain. DBD is essentially composed by a-helices and contains

two zinc finger-like motifs, that allow its binding to DNA, and two distinct subregions
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responsible for DNA recognition and dimerization of the receptor (34, 36, 37). D domain
is another low conserved segment known as hinge region and responsible for the link
between C and E domains. This domain has also a nuclear localization signal (NLS) and
ERa and ERPB exhibit 36% homology in this domain (34, 38). E domain is a variable
region where ERa and ERf share 59% homology. This ligand binding domain (LBD)
displays important features for the function of the receptors, namely a ligand binding site,
a co-activator/co-repressor interaction region, a dimerization interface and a
transactivation function domain (AF-2), which is responsible for the transcriptional
regulation in a ligand-dependent manner (31, 34). LBD is composed of twelve a-helices
sandwiched with two B sheets, however, the LBD of ERa and ERB has only eleven a-
helices because helix 2 (H2) is absent (25, 36). Helix 12 (H12) is a very flexible helix
crucial for AF-2 activity that changes its conformation upon binding of different
compounds (31, 36, 39). Finally, F domain, where ERa and ER[ share an homology of
18%, is the C-terminal region of NR and seems to present important roles regarding the
protection of the receptors against proteolysis (34, 37, 38).
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Figure 3: Schematic representation of NR structure (A) and comparison of the structures of ERa and ER( (B).

1.3.3. ERa and ERf

ERa was cloned for the first time in 1985 from the human breast cancer cell line
MCF-7 (40) and in 1996, ER was cloned from rat prostate (41). These receptors share
an overall sequence homology of 47% (34) and are encoded by different chromosomes.
ERa is encoded by the ESR1 gene on chromosome 6. It has a molecular weight of 66
kDa and presents 595 amino acids, while ER[, encoded by the ESR2 gene located on
chromosome 14, has a molecular weight of 59 kDa and 530 amino acids (35, 42, 43). As
mentioned above, the LBD of these two receptors share a homology of 59%, but the
ligand-binding cavities exhibit a huge similarity with only two different amino acid
residues. The ERa residues Leu384 and Met421 are replaced, respectively, by Met336
and 1le373 in ERB (26, 44). These differences together with some different residues
outside of the LBD are enough to originate pockets with distinct sizes for ligand binding
(38).



Introduction

ERs exhibit distinct tissue expression patterns and functions. ERa has a
fundamental role in the mammary gland, uterus, bone, hypophysis, adipose tissue,
skeletal muscle preservation and in the regulation of metabolism. ERa is also expressed
in ovaries, prostate, liver, heart and male reproductive organs, such as testes and
epididymis. On the other hand, ER is critical for the function of immune and nervous
systems, but is also found in kidney, mammary gland, bladder, ovaries, brain, bone,
heart, lung, prostate, intestinal mucosa and colon (38, 43, 45, 46). Additionally, both
receptors have important physiological roles in ovaries development and function, as
well as, in the cardiovascular system (46).

ERa and ER display key roles on ER* breast cancer. In this pathological status,
as in normal breast cells, ERa is one of the predominant proteins involved in the
regulation of the endocrine function (7), being responsible for growth, survival and
proliferation of breast epithelial cells, which in cancer cases leads to the promotion of
tumor development (46, 47). In fact, during the diagnosis process, the overexpression of
this receptor is an evidence of a hormone-dependent tumor (48). On the other hand, ER[3
displays anti-proliferative properties when is co-expressed with ERa in breast cancer
epithelial cells, promoting apoptosis and thus, counteracting the ERa effects and acting
as a tumor suppressor (27, 46, 49, 50). Considering this, the use of ERa antagonists or
ERpB agonists seems to be an attractive therapeutic approach for the treatment of ER*
breast cancer cases (46, 49). However, in some rare cases where there is no expression
of ERa (ERa-negative tumors), ERB can also promote cell growth and proliferation.
Taking into account the possibility of ER[ to act as a inhibitor or as a promoter of breast
tumors development, it is also referred as a “bi-faceted” receptor (49).

In addition to the important roles mediated by ERs in hormone-dependent breast
cancer, they are also deeply involved in other tumors, as prostate, colon and ovarian
cancers, where both ER isoforms display similar functions to the observed for ER* breast
cancer (46, 47, 49).

1.3.4. Signaling pathways of ER

Estrogens exert their functions through genomic or non-genomic pathways (7)
(Fig. 4). In the genomic pathway, ERs are generally activated by the binding of
estrogens. Initially, ER is located within the cytosol, where chaperon proteins, like HSP70
and HSP90 are bind to LBD domain. These proteins keep ERs in an inactivated state
and prevent them from being degraded. Upon binding of estrogen to LBD, this domain

suffers conformational changes that result in the dissociation of the ER from the HSP
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and, subsequent, dimerization (homodimers or heterodimers) (35, 42). After that, the
estrogen-ER complex is translocated to the nucleus. Although this process remains
unclear, it seems that D domain has a crucial role on it. This domain has a NLS that is
able to interact with importins and some microtubule-associated molecular proteins,
mediating the transport of the complex into the nucleus (38). Once inside the nucleus,
the DBD of the ER interact with a 5-AGGTCAnNnNnTGACCT-3' DNA palindrome
sequence, located in the estrogen response element (ERE) within the promoters of target
genes (38, 51). This binding allows the interaction of the AF-1 with the transcriptional
machinery and receptor’'s LBD with co-activators or co-repressors. These interactions
modulate the transcription of target genes involved in the regulation of cell proliferation
and survival, such as, growth factors, growth factor receptors (GFRs), transcription
factors (for example, c-Myc, c-Fos and c-Jun) and cell cycle components, like cyclin D1
and p21 (4, 7). This is considered the classical signaling pathway (Fig. 4a). ERs are also
able to modulate the transcription of genes located in alternative ERES in a ligand-
dependent manner but without direct DNA binding. This is known as non-classical or
ERE-independent genomic pathway. This is possible because of the ability of the ERs
to interact with other transcription factors, like activator protein 1 (AP1) and specificity
protein 1 (SP1) (4, 51, 52) (Fig. 4b). Besides these two different genomic mechanisms,
there is still a third mechanism that involves the ER activation in a ligand-independent
manner via phosphorylation of the AF-1 domain by several kinases, such as, Cdk2, p38
MAPK, p44/42 MAPK, JNK and PI3K/Akt (4, 8, 51) (Fig. 4c). This process is often
involved in the development of endocrine resistance (8, 35).

Additionally, estrogens are also capable to induce non-genomic and rapid effects.
These effects are mediated by GFRs, like fibroblast growth factor receptor-1 (FGFR1),
insulin-like growth factor receptor-1 (IGF1R), epidermal growth factor receptor (EGFR),
HER2 and G protein-coupled receptors, like G protein-coupled ER (GPR30) (35, 53).
These pathways lead to the generation of second messengers such as Ca?*, cAMP and
nitric oxide (NO) and to the activation of several kinases, like PLC/PKC, RAS/RAF/MAPK
and cAMP/PKA, activating, in that way, several different signaling pathways (35, 54, 55)
(Fig. 4d).
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Figure 4: ER signaling pathways. (a) In the classical pathway, after the binding of E2, the ERs dimerize and are

translocated to the nucleus where the estrogen-ER complex interact with EREs inducing the recruitment of co-activators
(CoA), or co-repressors, and the transcription of target genes. (b) ERs can also bind to different EREs in a ligand-
dependent manner. This genomic pathway is known as non-classical or ERE-independent. (c) ERs can be activated by
phosphorylation of the AF-1 domain via kinases and, once phosphorylated, they are able to modulate the transcription of
genes. (d) Finally, estrogens are able to induce rapid effects through non-genomic pathways. In this case, the membrane
isoform of the ERs (GPR30) activates several kinases signaling pathways that activate some transcription factors (TF),

which then can induce the transcription of target genes.

1.3.5. Agonism vs antagonism

As stated above, LBD is an important region of the ERs constituted by eleven a-
helices and harboring the AF-2 transactivation function domain for which H12 is essential
(39). AF-2 is composed by the helices H3, H4, H5 and H12 being the latter the main
regulator of this transactivation function, as it undergoes huge shifts depending on the
type of compound that is bound (31, 56). When an agonist binds to ER, H12 is
repositioned, joining to H3, H5, H6 and H11, occluding the ligand binding site (57). This
is the active conformation of the ER and in that state, the position of H12 allows LBD to
adopt a conformation that favors the binding of co-activators which are critical for
transcriptional activation, as they act like intermediaries between the ERs and all the
machinery involved in transcription (25, 31, 47) (Fig. 5A). Co-activators that belong to
the CBP/p300 and SRC/p160 families harbor a LXXLL motif (L refers to leucine and X to
any other residue), also known as NR boxes (36), which is responsible for their binding
to ERs through interaction with AF-2 (25, 37, 39, 47, 56). In contrast, when an antagonist
binds to LBD, H12 adopts a different position moving towards H3 and H5, what buries

some important residues for AF-2 activity, thus, preventing the co-activator recruitment
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(57, 58). Furthermore, in this inactive conformation, H12 occupies the co-activator
binding site because, like co-activators, this helix also has a NR box-like sequence
(LXXML where L refers to leucine, M to methionine and X to any other residue) that is
able to perfectly mimic the interactions made by the LXXLL motif of the co-activators (34,
39) (Fig. 5B). Consequently, there are no intermediaries between the receptor and the
transcriptional machinery, what impairs the transcription of target genes.

As these two conformations are a consequence of the type of ligands that binds
to the ERs, the structure and the bonds that such compounds establish with the LBD of
the ER are determinant for H12 position. In general, ER ligands contain two hydroxyl
groups, separated by a lipophilic linker scaffold and at least one of these groups should
be a phenolic hydroxyl group. These groups are able to interact with some specific
residues of the ERs (Glu353/305 and Arg394/346, respectively for ERo0/ERB) and a
water molecule, establishing strong H-bonds with them (25, 46). On the other hand, the
majority of antagonists are larger than agonists, which is directly associated with the
different positions displayed by H12 and, consequently, with the different conformations
of the receptors (31, 59). All this information is fundamental for the discovery and
development of new ER ligands considering the desired effects.

Figure 5: Active and inactive conformations of ERs. Both images represent the LBD domain in a monomeric form. In A,
it is represented an ERa LBD complexed with the agonist 173-estradiol (code 1GWR). At this active conformation, H12
adopts a position that allows the binding of coactivators. In B, the structure represents an ERa LBD complexed with
tetrahydroisoquinoline phenol 1, an antagonist (code 5FQP). This ligand induces a different H12 conformation (inactive

conformation), which avoids the binding of coactivators.
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1.4. Endocrine therapy

Breast cancer treatment comprises different therapeutic options that are applied
depending on several factors like, tumor subtype, stage of the tumor and biological state
of the patients. Sometimes, before surgery, an additional treatment can be useful to
reduce the size of the tumor and find the best treatments for the cancer. This is known
as neoadjuvant therapy. After surgery, it is important to lower the risk of cancer
recurrence. This type of treatment is known as adjuvant therapy and can be done using
radiation therapy, chemotherapy, target therapy and endocrine/hormonal therapy.

Endocrine therapy is the mainstay treatment for ER* breast cancer, since it is
responsible for lowering the estrogen levels and, consequently, inhibit the growth and
proliferation of the tumor (60). It is constituted by Als, that inhibit the production of
estrogens, and by anti-estrogens like, selective estrogen receptor modulators (SERMS)
and selective estrogen receptor down-regulators (SERDs), compounds that interfere
with estrogen-dependent pathways (6, 7, 61).

1.4.1. Aromatase Inhibitors

Als are specific drugs that, by inhibiting the aromatase action, are able to reduce
the estrogen levels in more than 90% without interfering with the production of other
steroids (62, 63). According to their chemical structure, these compounds are classified
into two subtypes, steroidal (type 1) and non-steroidal (type Il). Steroidal Als are analogs
of ASD, the natural substrate of aromatase. Because of this, type | Als directly compete
with androgens to the active site of the enzyme, binding in a covalent manner and
causing its irreversible inactivation. During this process, these compounds are converted
by aromatase into reactive intermediates, which in turn bind permanently to the enzyme,
inactivating it and leading to its degradation by the proteasome. Because of this, steroidal
Als are also known as “suicidal inhibitors”. On the other hand, the non-steroidal Als
interact reversely and non-covalently with the heme moiety of aromatase, saturating the
enzyme binding site and preventing the binding of androgens to aromatase (35, 64-66).

In addition, Als are also grouped in three generations according to their
chronological order of appearance and evolutional modifications (Fig. 6). The first-
generation of Als includes aminoglutethimide and testolactone, which were marketed in
the late 1970s. Aminoglutethimide was the first non-steroidal Al that was applied in
clinical studies for hormone-dependent breast cancer treatment (15). However, this
compound showed high toxicity and lack of specificity, since it interfered with other

cytochrome P450 enzymes, and because of that it was withdrawn (20, 65). Testolactone
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was a steroidal Al structurally related to T but with lower potency than aminoglutethimide
(65). The second-generation Als comprises the steroidal formestane (4-
hydroxyandrostenedione) and the non-steroidal fadrozole that were developed during
the 1980s and 1990s. Although these compounds were about 700 times more potent
than aminoglutethimide, their clinical use showed some disadvantages, since
formestane exhibited poor oral bioactivity, being administrated by intramuscular
injection, while fadrozole showed a short half-life and affected the biosynthesis of
aldosterone, progesterone and corticosterone (20, 35, 65). Finally, the third-generation
of Als includes the non-steroidal triazole derivatives, anastrozole (Ana) and letrozole
(Let), and the steroidal exemestane (Exe), (15, 20). These compounds are more
selective than the compounds from the previous generations and are, nowadays, used
as first-line therapeutic options for post-menopausal women in adjuvant treatment for
early and metastatic stages (67, 68). Furthermore, recent guidelines also point the use
of these Als in pre-menopausal women after ovaries ablation (60, 69).

Steroidal (Type I) Non-steroidal (Type Il)
H
O. _N__O
First
Generation
HaoN
Aminoglutethimide
Second
Generation
Fadrozole
2N Ns AN
Third N—
: LN AN N,
Generation N ¢ N
N—
Anastrozole Letrozole

Exemestane

Figure 6: Chemical structures of the two types of Als from the three generations.

In relation to the structural features of the Als complexed with aromatase, some
studies point that Asp309, Thr310, Ser478, Met374, Phel34, Phe221, Trp224, Ala306,
Ala307, Val370, Leu372 and Leu4d77 are important residues for their binding to
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aromatase (17). Furthermore, as well as in the ASD binding to aromatase, the residues
Phe221, Trp224 and Met374 are also described to play key roles in the binding to Als.
However, the interaction is different depending on the type of Al (steroidal or non-
steroidal) (8). In contrast with ASD, the mutations Phe221Tyr, Trp224Phe and
Met374Thr induced a stronger binding of Let, probably because the mutated residues
may re-arrange the binding pocket and reduce the steric clashes. In relation to Exe, the
mutant Met374Thr, cause aromatase inhibition, but the mechanism-based inhibitor of
this mutant is less effective than the wild-type (21). Moreover, for Exe, the residues
Trp224, Glu302, Asp309 and Ser478 are also described to be deeply involved in the
mechanism of aromatase inhibition (8). In addition, as steroidal Als and non-steroidal Als
are structurally different, their binding to aromatase is also different, being the main
difference the interaction with the heme group. While Exe, apparently, does not establish
any interaction with the heme group, Let binds non-covalently to the heme group, being
the distance between them of 3.7 A (8, 21).

However, besides the huge therapeutic success of the third-generation Als, their
prolonged used is linked to a diversity of side effects, being the most common the hot
flashes, headache, arthralgias, mood disorders, musculoskeletal pain, cardiovascular
events, sexual dysfunction, dyslipidemia and thromboembolic side effects (11, 35, 70-
72). Moreover, as these compounds induce a decrease in estrogen levels, they can lead
to loss of bone mineral density, which increases the risk of bone fractures and the
development of osteoporosis (60, 71, 73). Nevertheless, despite all these effects, the
most concerning problem regarding Als is the development of endocrine resistances,
which is responsible for tumor-regrowth (35). Due to all of these side effects, several
efforts have been done in order to develop and discover new and more potent steroidal
(12, 74-76) and non-steroidal Als (71, 77).

1.4.2. Anti-estrogens

As previously stated, anti-estrogens are compounds able to interfere, or even
block, the interaction with estrogens and the activation of estrogen-dependent pathways.
They can be classified as SERMs or SERDs.

Tamoxifen is the best known SERM (Fig. 7A). It is a non-steroidal compound and
is used in pre-menopausal women, acting as a partial ER antagonist by disrupting the
ligand-receptor interaction, which prevents the normal action of estrogens (4). Tamoxifen
binds to the ER in a similar manner as E», but AF-2 is not activated, reason why the

transcription of target genes dependent on AF-2 is reduced (78). Nevertheless, AF-1
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domain remains active. However, besides this antagonistic activity exerted mainly on
breast tissue, tamoxifen is also capable of exerting agonistic effects, mainly on bone and
endometrium. This dual action is modulated by the presence of co-activators and co-
repressors (4, 79). Moreover, tamoxifen is responsible for some adverse effects. Due to
its agonistic activity on endometrium, there is an increased probability to develop
endometrium cancer. Besides that, other effects like chest pain, hot flashes, nausea,
headache and depression can occur, which limits the use of this SERM (80).
Fulvestrant is a SERD that also acts as an ER antagonist, being commonly known
as “pure” anti-estrogen, since the transcription is totally impaired (Fig. 7B). This steroidal
SERD acts by interacting with ERa, blocking its dimerization and DNA binding and thus,
promoting its premature degradation, which consequently blocks estrogen signaling. As
both AF-1 and AF-2 domains remain inactive, the result is a pure antagonistic effect with
the full inhibition of estrogen-dependent pathways (78). Fulvestrant is used both in pre-
and post-menopausal women when other therapies, like SERMs or Als, are not effective
(4, 79). Despite being a well-tolerated compound, fulvestrant causes also some side
effects, namely nausea, vomiting, loss of appetite, headache, weakness and join and
muscle pain. Furthermore, fulvestrant is administrated by intramuscular injection, which

represents another disadvantage (81).
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Figure 7: Structural representation of tamoxifen (A) and fulvestrant (B).

Comparing the clinical efficacy of the three groups of therapies, Als, SERMs and
SERDs, the clinical studies already available point that Als are more effective than
tamoxifen, since they present higher prolonged disease free-survival, higher time to
recurrence, as well as, lower side effects than this SERM. Nevertheless, Als do not
significantly improve the overall survival when compared to tamoxifen (35, 82). On the
other hand, in relation to fulvestrant, data show that Als are not better, since this SERD
seems to increase disease free-survival and overall survival when compared with Als
(83, 84). However, the clinical use of fulvestrant is limited by its low solubility which

impairs its oral delivery. Because of this, Als remain the standard treatment option for
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post-menopausal women with ER* breast cancer and, more recently, also to pre-
menopausal women with ovary ablation (67, 68).

1.5. Resistance to Endocrine Therapy

As previously stated, endocrine therapy comprising anti-estrogenic compounds
and Als is the main therapeutic strategy for ER* breast cancer treatment. However,
despite its clinical benefit, the main limitation regarding this therapy is the occurrence of
endocrine resistances. In fact, it is estimated that about 20% of patients presenting early-
stage disease do not respond to therapy, considered the primary/de novo resistance,
and that 30% of the tumors that are initially responsive to endocrine therapy will
eventually relapse, designated as secondary/acquired resistance (6, 35).

De novo resistance is defined as a relapse during the first 2 years of adjuvant
endocrine therapy or as disease progression within the first 6 months of first-line
endocrine therapy for metastatic breast cancer. Acquired resistance, in turn, is defined
as a relapse during adjuvant endocrine therapy but after the first 2 years, or as a relapse
within 12 months of completing adjuvant endocrine therapy or disease progression after
6 months of initiating endocrine therapy for metastatic breast cancer (67).

In the last years, several mechanisms responsible for the development of
endocrine resistances have been described. One of the mechanisms involves the ER
signaling pathway, as ESR1, the gene that encodes ERa, can suffer point mutations,
translocations and amplifications (85-89). Furthermore, the deregulated activation of
GFRs, IGFR-1, FGFR-1 and their downstream signaling pathways (6, 52, 90, 91), as well
as, the deregulation of PI3K/Akt/mTOR or MAPK pathways (85, 88, 89, 91), and the
hypersensitivity of the ERs to estrogens (35) can deregulate the activity of ERa and lead
to endocrine resistance.

Other mechanisms of resistance involve the androgen receptor (AR) (35, 88), the
aberrant expression or activation of molecules associated to the regulation of the cell
cycle (35, 88, 92), apoptosis and autophagy (35, 93, 94) and, more recently, miRNAs
(88, 95).

Considering all of these mechanisms, recent studies suggest the use of traditional
endocrine therapy compounds in combination with other compounds such as CDK4/6
and mTOR inhibitors (6, 89, 96). Furthermore, keeping in mind how endocrine resistance
limits the treatment of ER* breast cancer, it is crucial to discover and develop new

therapies able to surpass this issue.
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1.6. Multi-target Compounds for ER* Breast Cancer Treatment

ER" breast cancer treatment has evolved over time for the use of more efficient
and selective compounds. Despite that, as previously referred, the therapies already
available are associated with diverse side effects, being the most worrying the
development of resistances. Because of this, in recent years, several studies have been
focused on the discovery of new compounds and in the construction of better therapeutic
approaches. Some of the studied approaches were the combination of Als with SERMs,
like the use of the Al Ana in combination with the SERM tamoxifen (97), or the
combination of Let with the SERD fulvestrant (98). Both combinations proved to reduce
the incidence of side effects. However, in relation to the former this was shown to be less
effective than Ana alone (99). Besides that, the uptake of different drugs increases the
risks of drug interactions that can lead to more pronounced side effects. Because of this,
compounds with dual AI/SERM activity should be more effective than the combination of
two different drugs (100).

The first multi-target compound identified for ER* breast cancer treatment was
norendoxifen, a metabolite of tamoxifen, synthetized for the first time in 2013 (101).
Besides its agonistic effects on ERa and ERf, with ECso values of 17 nM and 28 nM,
respectively, this compound was also able to inhibit aromatase, with an ICs value of 90
nM (102, 103). Although, until now, the biological effects of this compound are not yet
described. Compounds like this are thought to exhibit an improved efficacy and lower
side effects. In fact, taking into account the tissue-dependent actions of SERMs, it is
expected that in cancerous cells, these compounds are able to simultaneously inhibit the
production of estrogens, due to anti-aromatase activity, and block the effect of eventual
residual estrogens through SERMs antagonistic action, if the compound act as an ERa
antagonist. On the other hand, in noncancerous tissues, the agonistic action of SERMs
would be able to alleviate the side effects induced by the depletion of estrogens (100,
102, 104).

Taking these evidences into account, the discovery and development of multi-
target compounds would be crucial for the improvement of breast cancer treatment. For
that, structural information about some molecules, like norendoxifen, already tested for
that propose, as well as, the knowledge regarding the functions of important targets to
be modulated are of pivotal importance. Thus, considering ER™ breast cancer and the
role of aromatase, ERa and ER on this type of tumors, the ideal would be the discovery
of a multi-target compound able to inhibit aromatase and ERa and, at the same time,
activate ER.
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1.7. Virtual Screening

Drug discovery is a very complex and demanding process that aims to find a drug
able to interact and modulate the function of a specific target, generally a protein, in order
to modify its activity and, thus, be effective for the treatment of a specific disease. In fact,
the discovery of a drug is a time-consuming process that is associated with very high
costs. It is estimated that the whole process can take 14 to 17 years and costs hundreds
of million dollars (105, 106). The most common technique used by the pharmaceutical
industry to the identification of new leading compounds has being the physical screening
of large libraries of chemicals against a biologically-relevant target, known as high-
throughput screening (HTS). However, this approach presents many drawbacks.
Besides the previously mentioned and related with time and costs, the other one is
uncertainty of the mechanism of action of the compounds. Therefore, in general, it is
crucial to develop new technologies to facilitate and reduce the hit-to-lead timeline,
increase the number of potential compounds and save money and resources (105-108).

One of the most popular methods is virtual screening (VS). This method is used
to select hit molecules with desirable properties, allowing the screening of millions of
compounds and being faster and much less expensive than HTS. Therefore, it is a very
useful technique that is able to reduce the number of compounds being tested with HTS
(109, 110). VS can be divided into two distinct methodological classes: ligand-based VS
and receptor-based VS methods. Ligand-based VS methods take into account the
information regarding the compounds that are known to bind to the target in study, being
applicable in the absence of structural information about the protein and in identifying
the most common features among all of them. Considering that similar compounds may
have similar effects, this information is then used to find other potential active
compounds. On the other hand, receptor-based VS methods, also known as structure-
based methods, requires the 3D structure of the target and use that information to select
the compounds. In fact, these methods involve the explicit molecular docking of each
ligand from a database into the binding site of the target, predicting the binding mode of
each one and giving a measure related to the quality of the fit of the compound in the
target-binding site (105, 106, 108-110).

The structure-based drug discovery is a fundamental tool in the search of novel
therapeutic compounds. The application of a rational drug design taking into account,
the molecular basis of a disease and the 3D structure of the biological target is more
efficient than HTS (108). This approach encompasses several computational stages like,
target and database preparation, docking and post-docking analysis and prioritization of

the compounds for testing (Fig. 8).
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In relation to the target preparation, the most typical steps are: (i) selection of the
best target; (ii) obtention of the respective 3D structure or construction of an homology
model in case of the protein 3D structure is not available; (iii) evaluation of the
druggability of the receptor, defined as its ability to bind molecules with drug-like
properties; and (iv) identification of the binding site properties. Furthermore, general
steps like the addition of hydrogen atoms, the definition of amino acid protonation states
and the removal of solvent and ligands are also necessary to prepare the target for
docking. In addition, when the structure is incomplete it must be constructed a more
complete 3D model (105, 108).

As previously referred, with VS it is possible to easily test a huge number of
compounds. However, it is necessary to restrict the number of compounds to be tested,
so a good number of molecules can be analyzed in a reasonable period of time. Thus,
several filters should be applied. The most common take into account that drugs need
some crucial characteristics to be administered by patients and that some chemical
groups display toxic properties or are not suitable in a drug. Additionally, counting
methods like the Rule of Five developed by Christopher A. Lipinski (111) are also applied
to assess the drug probability of a compound. The Rule of Five method is based on the
features of the majority of drugs already available and states that a compound should
present 5 or less hydrogen bond donors, 10 or less hydrogen bond acceptors, a
molecular weight smaller than 500 and a log P (partition coefficient) smaller than 5 (111).
Moreover, it is also important to keep in mind that the database to be used should be
very diverse to increase the success of the VS (105, 106).

After the preparation of the target and library of compounds, the next step is the
molecular docking. This is the step that requires more computational cost and time. Each
compound is virtually docked into the target binding site in different conformations, in
order to find the pose of the compound that results in the best interaction between the
ligand and the target. For that, the docking programs use two different algorithms: the
search algorithms and the scoring functions. The search algorithms provide degrees of
freedom to the system allowing the generation of several poses to fit each ligand in the
target binding site and can be classified as rigid-body search algorithms, flexible-ligand
search algorithms and flexible-ligand and receptor search algorithms. Because of their
good time-accuracy relation, flexible-ligand methods, which consider the target to be
rigid, while ligands are flexible and able to explore conformational space, are the most
common. The scoring functions are then used to rank the quality of each pose by
calculating an energy value related to the affinity between the protein and the ligand.
Furthermore, they can be organized into four categories as force field scoring functions,

empirical scoring functions, knowledge-based potentials and machine learning methods.
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The force-field scoring functions quantify the binding energy between the ligand and the
receptor and, sometimes, the internal energy of the ligand. Empirical scoring functions
are much simpler than the force-field scoring functions and assume that the binding
energies are the sum of several contributing terms. Knowledge-based scoring functions
are statistical methods used to reproduce experimental structures instead of binding
affinities (105, 106, 108, 112). Finally, machine learning methods, which use pattern
recognition algorithms to establish mathematical relationships between empirical
observations, have gained a lot of attention in several areas including the development
of scoring functions. However, in contrast to force field scoring functions, empirical
scoring functions and knowledge-based potentials, which assume an additive functional
form to represent the linear relationship between the binding affinity and the features of
the complex protein-ligand, the machine learning methods do not establish this kind of
assumptions. Since that linear relationship may not be always present, the non-linear
methods introduced by machine learning should have a better performance (113, 114).

One of the most common methods to validate the docking program is evaluate
its ability to discriminate between known active ligands and inactive molecules (decoys).
It means that a good docking software should attribute a better score to the actives than
to the inactive ligands. So, it is expected that the actives are on the top of the list resulting
from the VS. This discrimination could be easily evaluated by the construction of a ROC
(Receiver Operating Characteristic) curve and by the determination of the enrichment
factor, defined as the ratio between recovered actives and the expected number of
recovered actives using random scores (105, 115, 116).

Once the docking has been finished, it is necessary to choose the compounds to
be experimentally tested. It is possible to choose the compounds based just in the rank,
however, as the scoring functions are not absolutely accurate, some false positives could
be among the top scored compounds. Because of this, it is useful to use additional post-
analysis strategies to improve the choice of the compounds. Regarding this, visual
analysis of the compounds is the most common additional analysis performed
considering the knowledge about the target under study. However, it is impossible to
visual analyze thousands of compounds, so additional strategies should be applied, like
the clustering of the molecules and consensus scoring. With clusters, molecules are
arranged in several groups according to their similarity and with this, it is possible to
select the representative compound of each cluster and make a closer analysis of them.
Consensus scoring means rescore de top docked poses with several different scoring
functions and select the top compounds common to all functions (105, 106). These

strategies increase the chances of finding a biologically relevant compound.
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Besides the huge success and relevance of VS, this technigque faces some
limitations. Although the computational time is a big challenge for the finding of new
compounds, flexibility is the major problem regarding these studies. Furthermore, as
previously referred, the scoring functions still display some imperfections and physical
phenomena such as entropy, and electrostatic interactions are not fully considered.
Moreover, aspects like the solvent effect, the involvement of water molecules and,
sometimes, the bad resolution of the crystallographic structures, bring additional
complexity to this process (112, 117). Thus, much remains to be done to improve the VS
techniques in order to reach a good methodology for an efficient drug discovery

campaign.
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Figure 8: Receptor based VS workflow.

1.8. Objectives

Considering all this information and using VS techniques, we intent to discover a
multi-target compound able to inhibit aromatase and, simultaneously, modulate ERa and
ERp actions. This approach seems to be very appealing as it may allow an improvement
for the ER™ breast cancer treatment and, on the other hand, there is very little information
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about this matter. Additionally, other aim is to find novel non-steroidal Als more potent
than the Als already available in the clinic.

First of all, we will perform structure-based VS, to select the best compounds,
and make an extended analysis of the molecules already known to exhibit the desired
effects in order to understand the specificities and features that the selected compounds
should present. After selection, the compounds will be tested first in human placental
microsomes, to assess their anti-aromatase activity. The compounds able to inhibit
aromatase will be further studied on MCF-7aro and HFF-1 cells, in order to evaluate their
in vitro effects on ER* breast cancer and on non-tumoral fibroblastic cells, respectively.
Furthermore, for the non-toxic compounds in non-tumoral cells but able to impair
proliferation of ER* breast cancer cells, it will be investigated if their effects on cells are
dependent on aromatase, ERa and/or ERB modulation. It will also be explored their
effects on cell cycle progression and their ability to induce ER* breast cancer cell death.

For the best of our knowledge, this is the first attempt to discover multi-target
compounds for ER* breast cancer treatment using this type of computational

approaches.
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Materials and Methods

2.1. Structure-based VS

2.1.1. Database preparation

The database used was created by Dr. Xavier Barril Laboratory. It is composed
by 3.4 million non-steroidal, drug-like and purchasable compounds from several
companies, namely Enamine, KeyOrganics, LifeChemicals, Princeton Biomolecular,
Asinex and Specs. These compounds follow the Lipinski Rule of Five. These rules were
stablished considering the main common molecular features among the drugs available
in the market, in a certain country and year and for oral administration. They are very
useful to evaluate the probability of a compound to be potentially orally bioavailable. For
that, Lipinski states that the compound should have a molecular weight lower or equal to
500 Da, no more than 5 donors of hydrogen bonds, no more than 10 hydrogen bond
acceptors and a log P lower than 5 (111, 118). Furthermore, there is a fifth rule that
states that when the target is a substrate of a molecular transporter, the other four rules
are not applicable. Moreover, these compounds respect the requirements of solubility

and toxicity and are not frequent hitters, or false positives.

2.1.2. Target preparation

The crystal structure of aromatase used (3S79) was obtained from Protein Data

Bank (PDB) (https://www.rcsb.org/). This structure was determined by D. Ghosh et al

(16) using X-ray crystallography at 2.75 A resolution (16) and consists of aromatase
complexed with androstenedione, its natural substrate. In order to prepare the enzyme
for docking, all water molecules were removed. This was made because no one of them
was involved in the binding of the ligand and, besides that, the deletion of waters makes
calculations easier and avoids their interference in the searching of poses. Furthermore,
the ligand was also removed, and the protonation state of the residues evaluated by
Propka 2.0.0 (http://nbcr-222.ucsd.edu/pdb2pgr_2.0.0/) (119). Considering the Propka

results and earlier studies (18, 22), the residue Asp309 was modelled as neutral.

2.1.3. Docking validation?

Before running the VS, it is necessary to choose the best algorithm and software

to do that. Thus, different software are evaluated, namely rDock, AutoDock Vina and

! This step was made by Dr. Ana Oliveira from the Theoretical Chemistry and Computational Biochemistry
group of FCUP. | have only participated in the preparation of some data files as actives and decoys files.
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AutoDock. One of the best ways to verify the performance of a docking software is to
evaluate its ability to discriminate between known active ligands and similar inactive
molecules (decoys). This means that a good docking software should attribute a better
score to the actives than the structurally similar inactives. Here, the already known Als,

collected from ChEMBL (https://www.ebi.ac.uk/chembl/), and the respective decoys,

generated with the free available DUD-E program (http://dude.docking.org/) (120), were

used. To understand the effectiveness of the software, enrichment factors were
determined. The software with the best enrichment factor was chosen to run the VS of

3.4 million compounds.

2.1.4. Molecular Docking

The docking program used in the VS was rDock (http://rdock.sourceforge.net/).

rDock is an open available docking program, fast and versatile, that can be used to dock
molecules against proteins and nucleic acids (121). The scoring function used by this
software is a sum of intermolecular (Siwr), ligand intramolecular (Sina), Site
intramolecular (Ssie) and external restraint terms (Srestraint) (EquUation 1). Siner is the most
important term as it represents the protein-ligand interaction score. Siwa is related with
the relative energy of the ligand conformation, while Ssie represents the relative energy
of the flexible regions of the binding site. Finally, SrestaintiS @ collection of non-physical
restraint functions that can be used to bias the docking in several useful ways.

During the VS, 5 conformations for each ligand were generated. Each one has a

specific score value.

Stotal = Sinter + Sintra + Ssite + Srestraint (1)

2.1.5. Post-docking analysis?

After running the VS, it is necessary to choose the best compounds to be
experimentally analyzed. In this study, when the VS was finished, the best pose of each
compound was selected and then all those compounds were reordered by binding free
energy value. After that, the 1000 compounds with the best score were selected and
Extended Connectivity Fingerprints (ECFP) were generated for each one. ECFPs are
topological fingerprints that represent the molecular structures by means of circular atom

neighborhoods. They can be rapidly calculated and applied in molecular

2 This step was made with Dr. Ana Oliveira from the Theoretical Chemistry and Computational
Biochemistry group of FCUP.
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characterization, similarity searching, structure-activity modeling and VS studies (122).
Then, clusters based on chemical diversity were constructed with ECFP. This was made
using JKlustor, available in ChemAxon software. Finally, the 3 compounds with the best
binding free energy values of each cluster were selected to visual analysis and some

compounds were chosen to be experimental tested.

2.2. Modelling of the ERs

For the study of ERa and ER, the structure of both receptors was modelled. First

of all, using the database UniProt (https://www.uniprot.org/), it was possible to select the
best structure of each receptor taking into account the resolution value of the structure,
the existence of mutations and the receptor conformation. To know if the sequence of
the selected structure was complete, each chosen structure was aligned with the
respective fasta sequence in the VMD software through the MultiSeq analysis tool. Once
the alignment was done, it was possible to verify which segments of the chosen
structures were absent. Then, in order to complete the structure, the database BLAST
(https://blast.ncbi.nlm.nih.gov/Blast.cgi) was used to find homologous receptors

containing the missing parts of ERa and ER structures well resolved. This process was
repeated for each segment to complete as much as possible the sequence. After
searching for all the homologous structures, all of them were aligned with fasta and the
best structure selected. The next step was the 3D modelling of the missing regions of
the receptors. This was carried out with Modeller 9.20, a software that models three-
dimensional structures of proteins. This software uses the alignment of the sequence to
be modeled with known related structures and automatically construct several models
for each receptor. The best models were chosen taking into account their score value
and then were refined, also with Modeller 9.20, to obtain an even better model. Finally,
the receptors were submitted to the software Propka 2.0.0 to evaluate their protonation

states.

2.3. Alignment of the binding sites

In order to find a multi-target compound for hormone-dependent breast cancer, a
close analysis of the binding sites of the three targets was made. The binding site
residues of each target were selected taking into account the position of the ligand. For
that, in PyMol, the ligand in the structures of aromatase (3S79), ERa (5FQP) and ERf

(5TOA) was selected and the binding site was defined considering all the residues in a
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radius of 12 A. Then, each binding site was saved as an independent molecule and in

VMD the sequences of the three targets were aligned.

2.4. Compounds collection

The already known Als, ERa antagonists and ERB agonists were retrieved from
ChEMBL in order to compare the different sets and find the differences and similarities
among them. The final list contained 6985 compounds (2619 Als, 3701 ERa antagonists
and 665 ERP agonists). In order to perform the analysis, these compounds were filtered
by affinity with a cutoff of nanomolar (nM), which means that only the compounds with a
nM ICso or ECspvalue were considered, being the 1Csothe concentration of the compound
able to induce an inhibition of 50% and the ECsothe concentration responsible for 50%
of the maximum effect. Therefore, Als and ERa antagonists were filtered by their ICso
value, while ERB agonists were filtered by ECso. The resulting list contained 1210 Als,
1557 ERa antagonists and 73 ER[ agonists, counting for a total of 2840 compounds.

2.5. Molecular descriptors generation

Molecular descriptors are a set of values used to descript the molecular structure
of the compounds in one, two or three dimensions (1D, 2D and 3D) and can be
understand as an encoded representation of the chemical structures. They refer to all
structural keys, hashed fingerprints, binary fingerprints, different pharmacophore
fingerprints and scalar values and are very useful to quickly compare several compounds
taking into account the values of the analyzed properties. In this study, the ChemAxon
software was used to generate the molecular descriptors of the known ligands of
aromatase, ERa and ER in order to compare the different sets.

To analyze the compounds, 1D and 2D molecular descriptors were generated.
The 1D descriptors generated were molecular weight, molecular volume, number of
rings, number of hydrogen bond acceptors, number of hydrogen bond donors, water-
accessible surface area (ASA), Van Der Waals (VdW) interactions, logP and more. In

relation to 2D descriptors, ECFPs were constructed.

2.6. Clusters construction

In order to group the several compounds according to their chemical similarity,

clusters have been constructed. They were constructed according to similarity ranges
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defined through the Tanimoto index and based on ECFP. Tanimoto index is a measure
able to determine how similar (or different) two compounds are and is obtained dividing
the number of common features by the total number of features (105). The cluster

method used was Jarp, available in ChemAxon software.

2.7. Hierarchical clusters

Hierarchical clusters are very useful to evaluate the chemical evolution of a set
of compounds. Here, these clusters were constructed for the members of the clusters
previously identified as having compounds from the three targets. For that, Library MCS
software, also available in ChemAxon, was used. This software searches for the
maximum common substructures of a set of compounds in a hierarchical manner giving
rise to a dendogram with several levels, being the first the smallest common substructure

among all the compounds.

2.8. Pharmacophore construction

A pharmacophore is typically defined as a geometrical representation of the
important chemical groups of a ligand that are needed to interact with the receptor. This
model can be constructed in a ligand-based manner, by superposing a set of compounds
that are known to exert the desired activity and extracting their common features, or in a
structure-based manner, through the determination of the important points in the target
to interact with ligands. Considering this, pharmacophores display important roles in VS
and de novo drug design as they can increase the possibilities of finding a desired
compound (123).

For the construction of the pharmacophore, the clusters presenting compounds
from the three targets were used what account for a total of 78 compounds (26 Als, 50
ERa antagonists, 1 ERB agonist and 1 compound that is, at the same time, ERa
antagonist and ER agonist). First, the best pose of each compound in aromatase was
selected and all those poses were saved in the same mol2 file. Then this list was
submitted to the free available online program PharmaGist

(http://bioinfo3d.cs.tau.ac.il/PharmaGist/) that allows the construction of several

pharmacophores at the same time in a simple and fast manner (124-126). This method
is ligand-based and does not require any information about the target. After the

pharmacophore generation, the best model was chosen considering its score value, the
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representative molecule of the pharmacophore (pivot molecule) and the activity of the

pivot molecule.

2.9. Biochemical and Biological studies

2.9.1. Materials

The MCF-7aro cells used in this study were kindly provided by Dr. Shiaun Chen
(Beckman Research Institute, City of Hope, Duarte, CA, USA). The HFF-1 cells were
obtained from ATCC (Manassas, VA, USA). To perform cell culture, it was used Eagle’s
minimum essential medium (MEM), Dulbecco’s Modified Eagle’s Medium (DMEM), fetal
bovine serum (FBS), L-glutamine, antibiotic-antimycotic (10000 unit/mL of penicillin G
sodium, 10000 mg/ml of streptomycin sulfate and 25 mg/ml of amphotericin B), Geneticin
(G418), sodium pyruvate and trypsin, which were acquired from Gibco Invitrogen Co.
(Paisley, Scotland, UK).

Other compounds like T, E», trypan blue, nicotinamide adenine dinucleotide
phosphate (NADPH), ethylenediaminetetraacetic acid (EDTA), dimethyl sulfoxide
(DMSO), Tween® 20, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium (MTT),
activated charcoal, protease inhibitor cocktail, 2’,7’-dichlorodihydrofluorescein diacetate
(DCFH2-DA), Staurosporine (STS), ICI 182780 (ICl), 4-[2-phenyl-5,7, bis
(trifluoromethyl) pyrazol [1,5-a] pyrimidin-3-yI] phenol (PHTPP), DNase-free RNase A,
Triton X-100 and propidium iodide (PI) were supplied by Sigma-Aldrich Co. (Saint Louis,
USA). Caspase-Glo® 3/7, as well as, Caspase-Glo® 9 luminometric assays were
obtained from Promega Corporation (Madison, USA). LDH Cytotoxicity Assay Kit was
supplied by Thermo Scientific (Rockford, USA) and isopropanol by VWR Chemicals
(Rador, Pennsylvania, USA). [1B-*H]-androstenedione was obtained from Perkin-Elmer
(Boston, MA, USA). The scintillation cocktail was purchased from ICN Radiochemicals
(Irvine, CA, USA). Bradford reagent was provided by BioRad (Laboratories Melvile, NY,
USA) and WesterBright™ ECL chemiluminescent substrate by Advansta Inc. (Menlo
Park, CA, USA). Triple Xtractor, Xpert cDNA Synthesis Mastermix and Xpert Fast SYBR
were acquired from GRiSP Research Solutions (Porto, Portugal).

For reference or under study compounds, Exe was purchased from Sequoia
Research Products Ltd. (Pangbourne, UK), Ana and Let were acquired to Sigma-Aldrich
Co. (Saint Louis, USA), MT1 was obtained from Carbosynth (Compton, Berkshire, UK)
and NS8 and NS16 were supplied by Enamine (Riga, Latvia).

In relation to the antibodies used, mouse monoclonal anti-ERa, mouse polyclonal

anti-ERpB, goat polyclonal anti-CYP19 (aromatase), rabbit polyclonal p-ERaSer®” and
31



Materials and Methods

mouse polyclonal B-tubulin antibodies were provided by Santa Cruz Biotechnology
(Dallas, TX, USA). Mouse polyclonal p-ERaSer'*® was purchased by Cell Signalling
(Danvers, MA, USA).

Stock solutions of T and E; were prepared in absolute ethanol, while stock
solutions of Exe, ICI, PHTPP, MT1, NS8 and NS16 were prepared in 100% DMSO. All
these compounds were stored at -20 °C. Before beginning each experiment, dilutions of
the compounds were prepared using fresh medium, being the final concentrations of

DMSO and ethanol in culture medium lower than 0.05% and 0.01%, respectively.

2.9.2. Anti-aromatase activity

In order to screen the ability of the compounds to inhibit aromatase, we used a
radiometric assay in which the anti-aromatase activity was measured in human placental
microsomes, according to Thompson and Siiteri (127) and Heidrich et al. (128) modified
(75) methods. After the aromatization reaction, the tritiated water released from [18-3H]-
androstenedione was measured, being the amount of tritiated water proportional to the
index of estrogen formation, and thus, to the activity of aromatase. For this assay, we
used human placental microsomes, since they are a biological matrix rich in aromatase
enzyme (129).

All the compounds tested were dissolved in DMSO and the subsequent dilutions
were performed in 67 mM of potassium phosphate buffer (pH 7.4). The reaction was
performed using 20 pg of microsomal protein, 15 uM of NADPH, 40 nM of [1B-3H]-
androstenedione and 2 uM of each compound under study, in a final reaction volume of
500 pL. First, the buffer was added, followed by the microsomes, the compounds, the
[1B-3H]-androstenedione and, lastly, the NADPH, which is responsible for initiating the
aromatization reaction. The reaction occurred in a water bath at 37 °C, during 15 min.
After this time, the reaction was stopped by adding 500 pL of 20% trichloroacetic acid
(TCA). In order to quantify only the tritiated water, the mixture was transferred to tubes
containing a charcoal-activated pellet, vortexed and incubated for 1 hour. After
incubation, the tubes were centrifuged at 14000 xg during 10 min, and the supernatants
were then transferred to new charcoal-activated pellets, vortexed and incubated for 10
min. After centrifugation, 600 pL of the supernatant containing the tritiated water was
transferred to scintillation tubes containing 3 mL of liquid scintillation cocktail. The
scintillations were counted in a liquid scintillation counter (LS-6500, Beckman Coulter,
Inc, Fullerton, CA).

All the experiments were performed in triplicate, in at least three independent

experiments. The Als Exe, Ana and Let at 1 uM were used as reference compounds.
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2.9.3. Cell culture

To study the in vitro effects of the new compounds, we used MCF-7aro and HFF-
1 cell lines, which grew at 37 °C and 5% of CO..

MCF-7aro cells are an ER* aromatase-overexpressing human breast cancer cell
line, which was prepared by stable transfection of MCF-7 cells with human placental
aromatase gene and Geneticin selection (74, 130). Since these cells express high levels
of aromatase, they are considered a good in vitro cell model to study ER* breast cancer
and Als (131). These cells were generally cultured in a MEM with phenol-red, 10% heat-
inactivated FBS, 1 mmol/L of sodium pyruvate, 1% of penicillin-streptomycin-
amphotericin B and 100 pg/mL of G418. To avoid the interference of the hormones
present in FBS, as well as, the estrogen-like properties of phenol-red (132), three days
before the beginning of the experiments, cells were cultured in an estrogen-free MEM
without phenol red, containing 5% of pre-treated charcoal heat-inactivated fetal bovine
serum (CFBS), 1 mmol/L of sodium pyruvate, 1% of penicillin-streptomycin-amphotericin
B and 2 mmol/L of L-glutamine. All the experiments with MCF-7aro cells were performed
in these conditions, but also in the presence of 1 nM of T, which was used as aromatase
substrate and proliferation inducing agent (133), or with 1 nM of E,, the aromatase
product of the aromatization reaction (133).

The human foreskin fibroblast cell line (HFF-1) is a non-cancerous cell line that
was used to evaluate the cytotoxicity of each compound. These cells were cultured in a
glucose enriched DMEM medium, without phenol-red and supplemented with 1 mmol/L
of sodium pyruvate, 1% of penicillin-streptomycin-amphotericin B, 2 mmol/L of L-
glutamine and 10% of FBS.

2.9.4. Subcultures

Cell growth was monitored weekly and when cells reached a confluence of 70-
80%, they were trypsinized. For this, the medium from the culture flasks was removed
and, cells were washed with PBS (pH 7.4) and 0.25% Trypsin/1 mM EDTA solution was
added, during 3 min at 37 °C, to effectively detach the cells from the surface of the flask.
After washing with PBS, the cells were collected to centrifugation tubes containing
medium, in order to inactivate Trypsin/EDTA action, and were further submitted to
centrifugation (300 xg during 5 min at 4 °C). The supernatant was discarded, and cells
were resuspended and homogenized in medium to be further plated in cell culture flasks.

To carry out the experiments and to know the cellular density of the cell

suspension, after trypsinization the trypan blue (1:1) was added and the viable cells were
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counted in a Neubauer’'s chamber. Trypan blue is a dye that crosses the membrane of
the cells after membrane rupture, allowing the blue staining of non-viable cells. After this,
cells were cultured in the appropriate cell culture plates, with the desired cell density,
according to the type of the assay. After 12-16 hours of cell adhesion, the compounds
were added at the desired concentrations (0.1-50 uM). Cells were maintained at 37 °C
and 5% CO., during 3 and 6 days of incubation, and the culture medium and compounds

were refreshed every 3 days.

2.9.5. Cell viability

In order to evaluate the effects of the compounds on MCF-7aro and HFF-1 cell
viability, the 3-(4,5-dimethylthiazol-2-yl)-2,5-difenyltetrazolium (MTT) assay was
performed and the release of the enzyme lactate dehydrogenase (LDH) was also
measured. The MTT assay allows the evaluation of the effects of the compounds on cell
viability, based on the ability of the viable cells to metabolically reduce the MTT. This salt
is a yellow water-soluble compound easily incorporated by viable cells. In viable cells,
the reductases of mitochondria can reduce the MTT by the action of the NADH
dehydrogenase enzyme. When MTT is reduced, it is converted in formazan crystals, a
purple compound that is not soluble in water but soluble in an organic solution. The
reduction of MTT to formazan is proportional to the mitochondrial activity and to the
number of viable cells (134). On the other hand, the lactate dehydrogenase is a cytosolic
enzyme involved in cell metabolism. Only cells with damage on cell membrane will
release LDH, which will react with the enzyme substrate of the LDH Cytotoxicity Assay
Kit (Thermo Scientific) (135).

To perform these assays, MCF-7aro and HFF-1 cells were cultured in 96-well
plates at a cellular density of 2.0 x 10* cell/mL (for 3 days) and 1.0 x 10* cell/mL (for 6
days) for MCF-7aro cells, and 1.5 x 10* cell/mL (for 3 days) and 7.5 x 10° cell/mL (for 6
days) for HFF-1 cells. The cells were incubated with different concentrations (0.1-50 pM)
of the compounds, and in case of MCF-aro cells, also in combination with T (1 nM), E»
(1 nM), ICI (100 nM) or PHTPP (1 uM), during 3 or 6 days. MCF-7aro cells, stimulated
only with T or E, with or without ICI or PHTPP, were considered as control. It should be
pointed that MCF-7aro cells do not grow in the absence of T or E; (136) and that the
selected concentrations of ICI and PHTPP were the ones previously used in this cell
model (136, 137). For HFF-1 cells, the cells that were cultured without treatment were

designated as control.
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After each incubation time, 10% of the total volume corresponding to each well
of the 3 days assays was withdrawn to a new 96-well plate, where an equal volume of
LDH substrate reagent (LDH Cytotoxicity Assay Kit) was added. The plate was covered
with aluminum, to protect from the light, during 30 min. After this period, to stop the
reaction, the “stop solution” of the LDH Cytotoxicity Assay Kit was added and the air
bubbles were removed. The absorbance was further determined at 450 nm in a Biotek
Synergy HTX Multi-Mode Microplate Reader (Biotek Instruments, Vermont, USA).

MTT assay was performed with the remaining 90% volume of each well and, in
order to have 1:10 dilution, 10% of total volume of an MTT solution (5 mg/ml), previously
prepared, was added. The plate was incubated during 2 hours and 30 minutes at 37°C
in 5% of CO,. After this time, the content of each well was collected and 200 pL of
DMSO:isopropanol mixture (3:1) were added to solubilize the formazan crystals. The
solubilization was performed on a stirred during 15 minutes and the absorbance was
read at 540 nm in a Biotek Synergy HTX Multi-Mode Microplate Reader (Biotek
Instruments, Vermont, USA).

All these experiments were performed in triplicate in, at least, three independent
experiments. The results are expressed as relative percentage of the untreated control
cells (100% of cell viability) for MTT assay and as relative unit (1) for LDH assay.

2.9.6. Cell cycle analysis

Cell cycle is the process responsible for DNA replication and division of the cells
and consists in two distinct phases, interphase (G1, S, G2), and mitosis. During
interphase, DNA duplication occurs and, after that, cells enter in mitosis (138).

In this study, we performed cell cycle analysis, by flow cytometry, in order to
investigate the anti-proliferative effects of MT1 on MCF-7aro cells. For that, MCF-7aro
cells (7 x 10° cells/mL) were cultured in 6-well plates and incubated with MT1 (5 and 10
pM), for 3 days, in a medium containing T (1 nM). Cells only treated with T were
designated as control. After the incubation period, the medium was removed and the
cells were washed with PBS and trypsinised. Subsequently, cells were transferred to
centrifugation tubes and centrifuged at 300 xg, for 5 minutes at 4 °C. The supernatant
was removed and the cells washed with PBS, resuspended and centrifuged. After that,
the supernatant was once again removed, and cells resuspended in 500 pL of PBS and
4.5 mL of 70% cold ethanol, which was added to fix the cells. After at least 48 hours of
cell fixation at 4 °C, the samples were centrifuged and cells washed two times with PBS,
being then resuspended in 500 pL of a PBS/PI staining solution, containing 5 pg/mL of
Pl, 0.1% of Triton X-100 and 200 pug/mL of RNAse A. The Triton X-100 permeabilizes
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the cell membrane allowing PI to cross the cell membrane to bind and to intercalate with
DNA. The RNAse A is important to ensure that only DNA is analyzed during this process.

To analyze the DNA content of the cells it was used the BD Accuri™ C6 cytometer
with a BD Accuri™ C6 analysis software® (San Jose, CA, USA). The detectors of the
three fluorescence channels (FL-1, FL-2 and FL-3) were set on a linear scale, as well
as, the forward and side light scatter (FSC and SSC, respectively). Using a two-
parameter plot of FL-2-Area to FL-2-Width of PI fluorescence, cell debris, doublets and
aggregates were removed. The results were analyzed using a BD Accuri™ C6 software®
and the anti-proliferative effects of MT1 were presented as percentage of cells in the
Go/G1, S and G2/M phases, in relation to the control cells. Data correspond to three

independent experiments performed, at least, in triplicate.

2.9.7. Analysis of apoptosis

Caspases are a family of protease enzymes with a cysteine residue and capable
of cleaving a target protein only after an aspartic acid residue. They have essential roles
in the apoptotic programmed cell death, occurring widely during development, and
throughout life to maintain cell homeostasis (139). To evaluate the activity of caspases,
luminescent assays with Caspase-Glo® 3/7 and Caspase-Glo® 9 kits, were performed
according to the manufacturer’s instruction. However, as MCF-7aro cells are deficient in
caspase-3 (133), only the activity of caspase-7 was evaluated. MCF-7aro cells were
plated on a 96-well white plate with a cell density of 2 x 10* cells/mL and incubated with
MT1 (5 and 10 uM) in the presence of T (1 nM), for 2 days. Cells only treated with T (1
nM) were designated as control, while cells treated with STS at 10 uM were used as
positive control. STS was added to cells 3 hours before adding caspase-7 and caspase-
9 solutions. Luminescence was measured in a Biotek Synergy HTX Multi-Mode
Microplate Reader (Biotek Instruments, Vermont, USA). The results are expressed
relative to untreated control cells and data were presented as relative luminescence units
(RLU). All the assays were performed in triplicate, in at least, three independent

experiments.

2.9.8. Intracellular reactive oxygen species measurement

Intracellular reactive oxygen species (ROS) are chemical species containing
oxygen that have important roles in cell signaling and homeostasis, but under stress
conditions, their levels can increase dramatically, which may result in considerable

damage of cell structures (140, 141).
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The DCFH2-DA method was used to detect the intracellular levels of ROS.
DCFH,-DA is a lipophilic non-fluorescent compound that crosses the cell membrane and
once inside the cell it is metabolized by intracellular esterases to form 2’,7’-
dichlorodihydrofluorescein (DCFHz). Then, DCFH; reacts with intracellular ROS to form
the fluorescent compound 2’,7’-dichlorofluorescein (DCF) (142).

MCF-7aro cells were plated at a cell density of 2 x 10* cell/mL in a 96-well black
plate and, then, incubated with MT1 (5 and 10 uM) in the presence of T (1 nM) for 30
minutes, 1 hour, 2 hours, 6 hours, 1 day, 2 days and 3 days. A group control of cells
treated just with T (1 nM) were also performed. As a positive control, cells were incubated
with Exe (10 uM), which is known to induce the production of ROS in this cell line (133).
After incubation, cells were labeled with DCFH,-DA (50 uM), during 30 minutes at 37 °C.
Fluorescence was measured with an excitation wavelength of 480 nm and an emission
filter of 530 nm in a Biotek Synergy HTX Multi-Mode Microplate Reader (Biotek
Instruments, Vermont, USA).

The results are expressed as mean fluorescence intensity (MFI) and in relation
to untreated control cells. All the assays were performed in triplicate in, at least, three

independent experiments.

2.9.9. Western-Blot analysis

The Western-Blot is a widely used analytical technique that allows the study of
the expression levels of specific proteins in a biological matrix. The proteins of the
samples are separated according to their molecular weight on an SDS-PAGE
electrophoresis, transferred to a nitrocellulose membrane and, then, incubated with
specific antibodies against the proteins under study. The proteins are detected and the
intensity levels of the bands correspond to the levels of the protein present. Thus, a
standard should be used as a loading control, in order to normalize the amount of the
protein present in the sample (143).

The effects of MT1 (5 and 10 puM) on the expression levels of aromatase, ERa
and ERB, as well as on the ERa phosphorylated on Ser!'8 and Ser'®” were investigated
by Western-Blot. The MCF-7aro cells were plated in a 6-well plate, at a cell density of 7
x 108 cells/mL during 8 hours, to study aromatase levels, or at 7 x 10° cells/mL, during 3
days, to study ERa, ERB and p-ERa levels. Cells only treated with T (1 nM) were
designated as control, while cells treated with ICI (100 nM) or PHTPP (1 pM) or Exe (10
HM) were used as positive controls. After incubation, cells were lysed with cold TNTE
lysis buffer (20 mM Tris-HCI, 150 mM NaCl, 0.3% Triton X-100 and 5 mM EDTA)

containing an appropriate protease inhibitor cocktail (1:100) and centrifuged at 14000 xg
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for 10 minutes, at 4 °C. The supernatants were stored at -80 °C and protein
concentrations of each sample were determined using Bradford assay. A total of 50 ug
of protein per sample were subjected to electrophoresis using a 12% Bis-Tris gel and
transferred to nitrocellulose membranes using a transfer buffer solution (48 mM Tris-
Base, 39 mM glycine and 20% methanol at pH 9.2). After the transfer, the membranes
were blocked during 1 hour with 5% milk in TBS-Tween (0,1%) and further incubated
overnight at 4 °C with the primary antibodies mouse monoclonal anti-ERa antibody
(1:200), mouse polyclonal anti-ERB antibody (1:200), rabbit polyclonal anti-p-Ser¢’
antibody (1:200), mouse polyclonal anti-p-Ser!!® antibody (1:200) and goat polyclonal
anti-CYP19 (aromatase) antibody (1:200). Membranes were, then, washed twice with
TBS-Tween (0.1%) and incubated for 1 hour, at room temperature, with the secondary
antibodies goat anti-mouse (1:2000), goat anti-rabbit (1:2000) and rabbit anti-goat
(1:2000). The mouse polyclonal anti-B-tubulin antibody (1:500) was used to control
loading variations. After incubation with primary and secondary antibodies, the
membranes were further washed twice with TBS-Tween (0.1%) and, then, twice with
TBS. A WesterBright™ ECL chemiluminescent substrate (Advansta Inc.; Menlo Park,
CA, USA) was used to visualize the immunoreactive bands and an appropriate software
(BioRad) was used to quantify the intensity levels of each band.

For each target protein, at least, three independent experiments were performed.

2.9.10. Polymerase Chain Reaction analysis

Polymerase chain reaction (PCR) is an enzymatic, very sensitive, simple and
widely used technique, that allows the quick amplification of a specific DNA segment,
resulting in billions of copies. For that, this assay requires the presence of DNA sample,
primers, nucleotides and DNA polymerase. DNA polymerase is the key enzyme of this
assay, as it is the responsible for the linking of individual nucleotides together to form the
PCR product, while the primers are short DNA fragments with a sequence
complementary to the target DNA segment that we want to detect and amplify. First, the
PCR reaction mixture is heated above the melting point of the two complementary DNA
strands of the target DNA in order to separate them (denaturation). Then, the
temperature is lowered allowing the primers to bind to the specific DNA segments, a
process known as hybridization or annealing. After that, temperature is raised again in
order to DNA polymerase synthetize a DNA strand. Quantitative real-time, or gRT-PCR,
allows the detection and quantification of the PCR product, while it is being synthetized
(real-time). This version can be combined with reverse transcription allowing the use of
MRNA that is converted to cDNA which is further quantified by qRT-PCR (144).
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Here, gPCR was performed to analyze the effects of MT1 on the transcription
levels of CYP19A1 gene in MCF-7aro cells. Cells were plated in a 6-well plate at a cell
density of 7 x 108 cells/mL, during 8 hours. After that, the total RNA content of the cells
was collected and extracted using the TripleXtractor reagent according to the
manufacturer’s protocol. RNA quality was assessed with the Experion RNA StdSens Kit
(Bio-Rad Laboratories), by the Experion analytical software (Bio-Rad Laboratories), and
further quantified at 230 nm, using the NanoDrop ND-1000 Spectrophotometer
(NanaDrop Technologies, Inc, Wilmington, DE, USA). Furthermore, the ratio between
260 nm and 280 nm was also considered, since it is related to the purity of RNA, as well
as the ratio between 260 nm and 230 nm, which is related to the purity of the nucleic
acids. Further, RNA was converted into cDNA using the GRiSP Xpert cDNA Synthesis
Mastermix containing reverse transcriptase, according to the manufacturer’s protocol.
By using a specific mastermix, containing an appropriate intercalating dye (GRiSP Xpert
Fast SYBR) and the specific primers for the gene under study, it was possible to amplify
the desired sequence. This process was performed in MiniOpticon Real-Time PCR
Detection System (Bio-Rad Laboratories, USA), according to the manufacturer’s
protocol. For gPCR reactions, the enzyme activation was performed at 95 °C for 40
seconds, the denaturation at 95 °C for 3 seconds and the annealing for 30 seconds,
followed by 40 cycles of denaturation. The sequences of the primers used, and the
respective annealing temperatures are listed in Table 1. Through the melting curve it
was evaluated the specificity of PCR product amplification. The amplification is
represented as relative mRNA expression. The fold change in gene expression was
calculated using the 222 method (145) and considering the housekeeping genes -
Actin and a-Tubulin, to normalize CYP19Al1 gene expression, as well as, two

independent experiments.

Table 1: Primer sequences and annealing temperatures for housekeeping and target genes.

} Annealing
Symbol Primers
Temperature

Forward: 5-GATGATGTAATCGATGGCTAC-3'
CYP19A1 58 °C
Reverse: 5-TTCATCATCACCATGGCGAT-3'

) Forward: 5'-TACAGCTTCACCACCACAGC-3'
B-Actin 55 °C
Reverse: 5- AAGGAAGGCTGGAAGAGAGC-3'

. Forward: 5-CTGGAGCACTCTGATTGT-3'
a-Tubulin 55°C
Reverse: 5-ATAAGGCGGTTAAGGTTAGT-3'
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2.10. Statistical analysis

The statistical analysis of all data was carried out with GraphPad Prism 7®
software and by the analysis of variance (ANOVA), followed by Bonferroni and Tukey
post-hoc tests for multiple comparisons (Two-way ANOVA and One-way ANOVA,
respectively). Values of p < 0.05 were considered statistically significant. All the data
were expressed as the mean + standard error of the mean (SEM), with exception of

preliminary results.
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Results

3.1. Multi-target approach for ER* breast cancer treatment

Aromatase, ERa and ERP display important roles in the development and
progression of ER* breast cancer. Taking this into account, the discovery and
development of compounds able to simultaneously modulate these three targets is a
very promising therapeutic approach. Considering the functions of each target in breast
tumor environment, it would be ideal to discover a compound capable to inhibit

aromatase and ERa and, at the same time, activate ERp.

3.1.1. ERs modulation

Considering that none of the LBD ER structures deposited in PDB are totally
complete, the first step was to build a model structure of each receptor, using Modeller
9.20. For ERa, the template structures chosen to build the model were 2JFA and 5FQP
(Table 2), both in an inactivated conformation. In relation to ER[, the structures used
were 5TOA, 210G, 1QKM, 1U9E, 2GIU, 1X76 and 1ZAF (Table 3). All the seven

structures are in an active conformation.

Table 2: Information about the structures used to build ERa models.

Code Resolution (&) Ligand Conformation References
2JFA 2.55 Raloxifene Inactive (146)
5FQP 188 Tetrahydroisoquinoline Inactive (147)

phenol 1

For each receptor, the three best models, with appropriate conformation, were
chosen taking into account, their score value. In relation to ERa, the best models
presented a score of -5977, -5459 and -5416, while the best ERB models had score
values of -3535, -3378 and -3364. The best model of each receptor is represented in
Fig. 9.
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Table 3: Information about the structures used to build ERB models.

Code  Resolution (A) Ligand Conformation References
5TOA 2.5 Estradiol Active (58)
210G 2.5 Benzopyran Active (148)
1QKM 1.8 Genistein Active (149)
1U9E 24 WAY-397 Active (150)
2GIU 2.2 Compound 45 Active (151)
1X76 2.2 WAY-697 Active (150)

3-Bromo-6-hydroxy-2-(4-

1ZAF 22 hydroxyphenyl)-inden-1-one

Active (152)

Figure 9: Structural representations of ERa (A) and ER (B) generated with Modeller. Both receptors are represented in
dimeric and monomeric forms. In ERa, H12 exhibit a position that avoids the binding of co-activators and, because of that,
that conformation is known as inactive. On the other hand, in ERB, H12 is positioned in a way that allows the binding of

co-activators. That conformation is known as active.
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Each model was further submitted to Propka 2.0.0 to evaluate the protonation
state of the residues. According to Propka results, the residue Glu49 of ERa had a pka
of 5.47, 6.48 and 5.75 in the three different models, while the pattern pka value of Glu is
4.4. Considering the higher pka values determined, we decided to evaluate the effect of
different protonation states of this residue in the three models. The same occurred with
Glu46 and Glu78 in ER, as the values determined for Glu46 were 6.64, 6.08 and 6.18
and for Glu78 were 6.64, 6.44 and 6.11.

3.1.2. Binding site alighment

In order to understand how similar the binding sites of aromatase, ERa and ERf
are, we aligned in VMD the primary sequence of the protein. Through the alignment
analysis, it was possible to verify that some of the residues crucial for the druggability
are conserved among the three targets (Fig. 10). One of those residues is an aspartate

(Asp309), critical for substrate binding and aromatase catalysis (18).

Aromatase

. . .FEIGESsCITLIIHIHNY SsRFGE S[]:
ERa LFFILYSESaAaHEHHGLLTHLOATDEE|J|Y
ERB FFHYLIEGFTE®SBSHHNHMSLTEKLGA ATIDEE|]Y

Aromatase HWGIIFHHH Waafelr oz oc 1 LfElH L I &
ERa HHILETGSG®@aHM HLeLldo roc ks vlglewve
ERB HHMH . + + o+ C M .LwlorE s ko w]Els T LE

Aromatase i F TH S W
ERa I1 F M L L A
ERB I F HLLT

Figure 10: Alignment of the binding sites of aromatase, ERa and ERB. The binding site of each target was defined

considering all the residues in a radius of 12 A.

3.1.3. Comparison of the known aromatase inhibitors, ERa antagonists and
ERf agonists

Considering the similarities found among the binding sites of aromatase, ERa
and ER, we decided to evaluate how similar the Als, ERa antagonists and ER[ agonists
already described in literature are. For that purpose, we started to construct several 1D
descriptors with ChemAxon software (Fig. 11). According to the results (Fig. 11A), itis
possible to conclude that the majority of the Als has a molecular weight between 100
g/mol and 300 g/mol and that more than 80% of the ERB agonists have a molecular

weight between 100 g/mol and 200 g/mol. Furthermore, as expected, ERa antagonists
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have typically higher molecular weights, mainly between 301 g/mol and 400 g/mol.
Similarly, the volume values of Als and ERB agonists vary, mainly, between 301 A and
600 A3, while the majority of ERa antagonists has higher molecular volumes, typically
between 601 A® and 800 A® (Fig. 11B). In relation to the number of rings, most of the
compounds have 3 or 4 rings (Fig. 11C). The analysis of the number of donors reveals
that the majority of the compounds has between 2 and 5 donor groups (Fig. 11D).
However, in relation to the number of acceptor groups, they differ among the three sets.
While most of the ERa antagonists and ERB agonists have typically 2 acceptor groups,
more than 60% of the Als do not have any acceptor group (Fig. 11E). In relation to VdW
interactions, the majority of the Als and ER agonists exhibit values between 100 A% and
200 A2, while the ERa antagonists present values between 100 A2 and 400 A? (Fig. 11F).
ASA values exhibit, once again, differences among the three sets of compounds. Als
and ERB agonists have ASA values mainly between 200 A? and 400 A?, while most of
the ERa antagonists have values typically between 301 A2 and 600 A? (Fig. 11G). Finally,
in relation to log P values, it is possible to see that there is a considerable distribution of
them. Nevertheless, the majority of the Als have log P values between 1.0 and 3.0, while
around 70% of the ERB agonists have log P values between 2.1 and 3.0 and the ERa
antagonists have typically higher values, mainly between 2.1 and 5.0 (Fig. 11H).

In addition, 2D descriptors were also generated to analyze the compounds. For
that, ECFP were chosen. They were then used to generate clusters according to
Tanimoto index, in order to group the compounds according to their similarity and to find
clusters containing compounds from the three sets. For a Tanimoto index between 0.6
and 0.9, 2840 compounds were grouped in 175 clusters. Two of those clusters had
compounds from the three targets. Cluster 1 is composed by 75 compounds (25 Als, 49
ERa antagonists and 1 ERPB agonist) and cluster 2 by 3 compounds (1 Al, 1 ERa
antagonist and 1 compound that is simultaneously an ERa antagonist and ER[ agonist)
(Fig. 12).
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Figure 11: 1D descriptors for the sets of Als (pink), ERa antagonists (cyan) and ERB agonists (blue). The descriptors

represented are molecular weight (A), volume (B), number of rings (C), number of donors (D), number of acceptors (E),

VdW interactions (F), ASA (G) and log P (H).
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Figure 12: Composition of the two clusters containing members of the three sets of compounds.

3.1.4. Chemical evolution of the compounds of the clusters

In order to understand the chemical evolution of the compounds of the two
clusters containing Als, ERa antagonists and ERB agonists, the hierarchical cluster
method Library MCS (LibMDS), available in ChemAxon, was used. The hierarchical
cluster of cluster 1 is represented in Figure 13. As it is possible to observe, the minimum
common sub-structure is composed by 2 aromatic rings, while all the 75 members of this
cluster have 3 aromatic rings differently substituted.

In relation to cluster 2 (Fig. 14), its chemical evolution is much simpler than the
previous one. The minimum common sub-structure and the 3 cluster members have 3

aromatic rings differently substituted.
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Figure 13: Hierarchical clusters of cluster 1.
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Figure 14: Hierarchical clusters of cluster 2.

3.1.5. Pharmacophore construction

Considering the similarity of the compounds of the 2 clusters, we decided to
construct a pharmacophore model. This model was constructed taking into account the
structural information of the 78 compounds and using the online program PharmaGist.
The pharmacophore chosen has a score value of 55.537 and its pivot molecule,
randomly selected by the software, is an Al with an ICso of 30 nM. Furthermore, this
model is a representation of the common features among all the 78 compounds and
through its analysis, it is possible to conclude that the majority of the 78 compounds has
2 donor groups, 3 aromatic rings and 4 hydrophobic groups in specific positions (Fig.
15).
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Figure 15: Representation of the pharmacophore model constructed. It is composed by 2 donor groups (blue), 3 aromatic

rings (green) and 4 hydrophobic groups (pink).

3.1.6. Visual analysis of the compounds

In order to find a multi-target compound, we have also decided to verify how the
ERs ligands of the 78 compounds fit in aromatase. For that we performed docking
studies to evaluate if those compounds could bind to the binding site of aromatase. We
verified that three of those compounds fit very well in the enzyme, establishing
interactions with Argl15, Phe221, Trp224, Asp309, Thr310, Leu372, Val373 and
Leu477, residues that are described as important for aromatase inhibition (17). However,
after a literature search on information related to these compounds, we found that one
of the compounds, diethylstilbestrol, was removed from the market in 2000, by FDA, as
serious side effects have been associated with this compound (153, 154). Because of
this, this compound was not selected for the biochemical and biological studies. Another
compound was genistein, an isoflavone present in soya. This compound has already
been studied, at biochemical and biological level, by the Biochemistry group of FFUP
and results for the anti-aromatase activity in human placental microsomes showed an
aromatase inhibition lower than 30%, being, thus, considered a weak inhibitor (155).
Because of this, this compound was not selected for the subsequent studies. Finally, for
the third compound, nominated MT1, there is no controversial information, reason why,

this compound was selected for the biochemical and biological studies.
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3.1.7. Anti-aromatase activity of MT1

Once a promising multi-target compound, MT1, has been identified the anti-
aromatase activity of MT1, in human placental microsomes was evaluated, according to
the Thompson and Siiteri (127) and Heidrich (128) methods, with modifications (75), by
measuring the tritiated water released from [1B-3H]-androstenedione, during the
aromatization reaction. The results showed that MT1 was not able to inhibit aromatase
and, on the contrary, it seems to stimulate aromatase reaction in 2.81% (Table 4). As
reference Als, it was used all the three Als used in clinic, the steroidal Al Exe and the
non-steroidal Als Ana and Let. As expected, and contrary to MT1, all these reference Als
presented very high anti-aromatase activity (= 97%).

Table 4: Percentage of anti-aromatase activity of MT1 in human placental microsomes.

Compound Anti-aromatase activity (%)
MT1 -2.81 £ 3.05
Exe 97.86 £ 0.52
Ana 99.12 £ 0.02
Let 99.69 £ 0.06

Microsomes (20 pg) were incubated with NADPH (15 pM), MT1 (2 uM) and [1B-3H]-androstenedione (40 nM), during 15
minutes at 37 °C. Results are presented as a percentage of tritiated water released, in relation to control, and are
represented as the mean + SEM of three independent experiments carried out in triplicate. The reference Als, Exe, Ana

and Let, at 1 M, were used as positive controls.

3.1.8. Effects of MT1 on non-cancerous cells

One of the most concerning and limiting questions about anti-cancer therapies
are the effects of the new drugs in non-cancerous cells. A drug, to be secure and
successfully used in clinic, should not affect non-cancerous cells. In order to verify if MT1
was able to induce undesired effects on non-tumour cells, an MTT assay was performed
using a non-cancerous human foreskin fibroblastic cell line (HFF-1). For that, cells were
treated with MT1 (0.1 - 50 uM), during 3 and 6 days, and cells without MT1 treatment
were considered as control. After 3 days of MT1 treatment, no effects on cell viability
were observed (data not shown). The results presented in Figure 16 showed that MT1,
after 6 days of treatment, only induced a significant (p < 0.01) decrease in HFF-1 cell
viability at 50 pM. Considering these results, this concentration was no longer used in

the further experiments.
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Figure 16: Effects of MT1 on HFF-1 cell viability. Cells were treated with different concentrations of MT1 (0.1 — 50 pM),
during 6 days. Cells without MT1 treatment were used as control, representing 100% of cell viability. The results are
presented as mean + SEM of at least three independent experiments, performed in triplicate. Statistically significant

differences between MT1-treated cells and control cells are expressed as ** (p < 0.01).

3.1.9. Effects of MT1 on ER* breast cancer cells: MTT and LDH assays

After studying the effects of MT1 in non-cancerous cells, we investigated its
effects on the viability of MCF-7aro cells, an ER* aromatase-overexpressing human
breast cancer cell line that expresses high levels of aromatase, being thus, considered
a good in vitro cell model to study ER* breast cancer and Als (74).

The MCF-7aro cells were treated with different concentrations of MT1 (0.1 — 25
MM) and the effects were evaluated after 3 and 6 days of treatment, through the MTT
assay. For that, these cells were stimulated with 1 nM of T, which is a natural substrate
of aromatase that is converted by this enzyme in E> and was used as a cell proliferation
inducing agent, to better mimic the microenvironment of ER* breast tumors (136). The
results, represented in figure 17, showed that MT1 was able to induce a significant (p <
0.05; p < 0.01; p < 0.001) decrease on MCF-7aro cell viability in a dose- and time-
dependent manner, being their effects more pronounced after 6 days of treatment.

Thus, considering these results, it is possible to conclude that besides MT1 was
not able to inhibit aromatase, it was capable to reduce the viability of ER* breast cancer

cells.
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Figure 17: Effects of MT1 on MCF-7aro cell viability. Cells were treated with different concentrations of MT1 (0.1 — 25
pM), during 3 or 6 days in the presence of T (1 nM). Cells treated only with T were considered as control, representing
100% of cell viability. The results are presented as mean + SEM of at least three independent experiments, performed in
triplicate. Statistically significant differences between MT1-treated cells and control cells are expressed as * (p < 0.05), **
(p < 0.01) and *** (p < 0.001).

In order to evaluate the potential effects at the cell membrane integrity of MCF-
7aro cells, we analyzed the release of LDH, as it is suggestive of loss of cell membrane
integrity. For that, MCF-7aro cells stimulated with T (1 nM) were treated with MT1, at the
same concentrations used in the MTT assay (1 - 25 pM), during 3 days. The results
showed that MT1, at the concentrations studied, did not induced LDH release (Fig. 18),
which means that, at these conditions, the MT1 does not induce cell membrane rupture,

being not cytotoxic.
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Figure 18: Effects induced by MT1 on MCF-7aro cell cytotoxicity, evaluated by LDH-release assay. Cells were treated
with different concentrations of MT1 (0.1 — 25 uM), during 3 days, in the presence of T (1 nM). Cells treated only with T
were considered as control, representing 100% of cell membrane integrity. The results are presented as mean + SEM of

at least three independent experiments performed in triplicate.
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3.1.10. Understanding the involvement of aromatase on the effects induced

by MT1 on ER" breast cancer cells

Although the studies in human placental microsomes have shown that MT1 was
not able to inhibit aromatase, we decided to analyze the possible involvement of
aromatase in the reduction of MCF-7aro cell viability induced by MT1. To address this
issue, MCF-7aro cells were incubated during 3 or 6 days with MT1 (1 -25 pM) in the
presence of 1 nM of E,, which is the product of the aromatization reaction of testosterone
by aromatase (136). Through its interaction with ERs, E; is responsible for breast cancer
cell proliferation (156). In this case, cells treated only with E>were considered as control.

Curiously, by comparing the results obtained in the presence of E; with those
obtained in the presence of T, it is possible to conclude that MT1 affected MCF-7aro cell
viability in the presence of T, but not in the presence of E.. In fact, significant differences
were observed between E;- and T-stimulated cells (Fig. 19). In T-stimulated cells there
was a dose- and time-dependent reduction in cell viability, mainly at 10 pM and 25 uM,
while in Ez-stimulated cells no significant effects in cell viability were induced by MTL1.

These results suggested that the effects of MT1 may be aromatase-dependent.
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Figure 19: Comparison of the effects of MT1 on MCF-7aro cells treated with T or E2. Cells were treated with different
concentrations of MT1 (1 — 25 pM), during 3 (A) or 6 days (B), in the presence of T (1 nM) or E2 (1 nM). Cells treated
only with T or E2 were considered as control, representing 100% of cell viability. The results are presented as mean +
SEM of at least three independent experiments, performed in triplicate. Statistically significant differences between T-

treated cells and E-treated cells are expressed as * (p < 0.05), ** (p < 0.01) and *** (p < 0.001).
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As it was observed that aromatase may be involved on the effects induced by
MT1 and to better understand this relationship, we investigated the effects of this
compound on aromatase protein levels, by Western-Blot, after 8 hours of MT1 (10 uM)
treatment, which is a time point where it was described that the reference Al Exe induces
aromatase degradation (157). Cells treated just with medium were considered as control,
while cells treated with Exe (10 puM) were used as positive control. Our results
demonstrated that MT1 was able to induce a decrease of 44% on aromatase expression
levels (p < 0.001) and, as expected, the positive control Exe also induced a significant

(p < 0.001) reduction (72%) on aromatase levels (Fig. 20).
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Figure 20: Aromatase protein expression levels in MCF-7aro cells treated with MT1. Cells were treated with MT1 (10 uM)
for 8 hours. Cells without MT1 treatment were considered as control and cells treated with Exe (10 pM), a reference Al,
were considered as positive control. A representative Western-Blot of aromatase and B-tubulin, as well as, densitometric
analysis of aromatase expression levels after normalization with B-tubulin levels, are shown. B-tubulin was used as loading
control. The results are the mean + SEM of at least three independent experiments. Statistically significant differences

between MT1-treated cells or Exe-treated cells and control cells are expressed as *** (p < 0.001).

Considering the Western-Blot results, the question that arises is: are the effects
induced by MT1 on aromatase protein expression levels a result of a decreased
CYP19A1 gene transcription or a consequence of aromatase degradation? To answer
this question, we performed a PCR analysis. After mRNA extraction and consequent
conversion to cDNA, CYP19A1 mRNA was amplified and quantified using an appropriate
dye that intercalates with DNA. Our preliminary results demonstrated that MT1 in MCF-
7aro cells did not induce any significant change in CYP19A1 mRNA transcript levels
(Fig. 21). Nevertheless, contrary to what was observed for the housekeeping gene a-

tubulin (Fig. 21B), when the reference gene considered was S-actin (Fig. 21A), there
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was a non-significant increase in the mRNA levels of CYP19A1 for cells treated with MT1
and Exe. As this is a preliminary data, this assay needs to be repeated to confirm these
results. Still, altogether, these results suggest that MT1 may have an aromatase-
dependent effect on cells, by affecting aromatase protein levels and not the mRNA

transcription of aromatase.
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Figure 21: CYP19A1 mRNA transcript levels in MCF-7aro cells treated with MT1. MCF-7aro cells were treated with MT1
(10 pM) for 8 hours. Cells without MT1 treatment were considered as control, whereas cells treated with Exe (10 pM), a
reference Al, were considered as positive control. To quantify the mRNA transcript levels of CYP19AL1 it was used the
housekeeping genes: B-actin (A) and a-tubulin (B). The results are presented as mean + SEM of two independent

experiments.

3.1.11. Understanding the involvement of ERa on the effects induced by

MT1 on ER* breast cancer cells

In order to investigate the involvement of ERa in the reduction of MCF-7aro cell
viability, we evaluated, by MTT assay, the effects of MT1 when ERa is blocked with ICI
182 780, also known as fulvestrant. ICl is a SERD that binds irreversibly to the receptor
avoiding its dimerization and leading it to proteolytic degradation (78). Studies
demonstrated that these effects are only exerted in ERa and that in ERpB, ICI exerts
opposite effects (158). Thus, considering ICI action, MCF-7aro cells were stimulated with
T (1 nM) and MT1 (1 — 25 pM) with or without ICI (100 nM). As presented in Figure 22,
by comparing the results obtained with and without ERa blockade, significant differences
between treatments, after 3 (p < 0.05; p < 0.01; p < 0.001) and 6 days (p < 0.01; p <
0.001) were observed. In the presence of ICI, the inhibitory growth observed in the
presence of MT1 was totally reversed, suggesting that the ERa may be involved in the
MT1-induced effect.
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Figure 22: Comparison of the effects of MT1 on MCF-7aro cells treated with or without ICI. Cells stimulated with T (1 nM)
were treated with different concentrations of MT1 (1 — 25 pM) in combination with ICI (100 nM), during 3 (A) or 6 days
(B). Cells treated only with T with or without ICI were considered as control, representing 100% of cell viability. The results
are presented as mean + SEM of at least three independent experiments performed in triplicate. Statistically significant
differences between MT1-treated cells with or without ICI are expressed as * (p < 0.05), ** (p < 0.01) and *** (p < 0.001).

Taking these results into account, we investigated the effects of MT1 on ERa
protein expression levels, through Western-Blot. Cells were treated with MT1 (10 uM) in
a medium containing T (1 uM), for 3 days. Cells treated with T and ICI (100 nM) were
considered as controls. As presented in figure 23, MT1 induced a significant (p < 0.001)
increase of 2-fold on the expression levels of ERa. On the contrary, and as expected,
ICI induced a significant (p < 0.01) decrease on the expression levels of ERa (reduction
of 54%).
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Figure 23: ERa protein expression levels in MCF-7aro cells treated with MT1. Cells stimulated with T (1 nM) were treated
with MT1 (10 uM) for 3 days. Cells treated only with T were considered as control, while cells treated with T and ICI (100
nM) were considered as positive control. A representative Western-Blot of ERa and B-tubulin, as well as, densitometric
analysis of ERa expression levels after normalization with B-tubulin levels, is shown. B-tubulin was used as loading control.
The results are presented as mean + SEM of at least three independent experiments. Statistically significant differences

between MT1-treated cells or ICl-treated cells and control cells are expressed as ** (p < 0.01) and *** (p < 0.001).

In order to obtain more insights related to the specific action of MT1 in ERa, we
investigated the phosphorylation pattern of two key residues of ERa: Ser118 and Serl167,
which are both located on the AF-1 domain. Serll18 is the principal residue being
phosphorylated in response to E> and can also be phosphorylated in response to the
activation of the MAPK pathway. On the other hand, Ser167 can also be phosphorylated
through the activation of MAPK pathway and by the PI3k/Akt pathway (159). The
phosphorylation of these two serine residues leads to the activation of ERa and
consequent transcription of target genes. Because of that, their pattern of
phosphorylation could be very useful to understand if MT1 acts as an agonist or as an
antagonist of ERa, on our cell model. Therefore, the phosphorylation of Ser118 and
Serl67 was evaluated by Western-Blot on MCF-7aro cells treated with T (1 nM) and
MT1 (10 uM), during 3 days. Cells without MT1 were considered as control. Our results
demonstrated that MT1 induced a pronounced and significant (p < 0.01; p < 0.001)
decrease on the phosphorylation of both ERa serine residues (Fig. 24). Nevertheless,
the reduction on Ser118 phosphorylation (Fig. 24A) was lower (35%) than the reduction
on Serl67 phosphorylation (69%; Fig. 24B). Together, these results suggest that MT1

may act as an ERa antagonist on MCF-7aro cells.
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Figure 24: Effects of MT1 on phosphorylated ERa expression levels at Ser118 (A) and Ser167 (B). Cells were stimulated
with T (1 nM) and treated with MT1 (10 puM) for 3 days. Cells treated only with T were considered as control. A
representative Western-Blot of p-ERa’*8, ERa and B-tubulin, as well as, of p-ERa®'%’, ERa and B-tubulin are presented.
Densitometric analysis of p-ERaS™® or p-ERa®%" expression levels after normalization with ERa levels, are shown. ERa
and B-tubulin were used as a loading controls. The results are presented as mean + SEM of at least three independent
experiments. Statistically significant differences between MT1-treated cells and control cells are expressed as ** (p <
0.01) and *** (p < 0.001).

3.1.12. Understanding the involvement of ERB on the effects induced by

MT1 on ER* breast cancer cells

Finally, after analyzing the involvement of aromatase and ERa in the effects
exerted by MT1, we investigated the role of ER[ in the MT1-induced effects on MCF-
7aro cells. In order to achieve that, we studied, through the MTT assay, the effects of
MT1 in combination with 4-[2-phenyl-5,7,bis(trifluoromethyl)pyrazol-[1,5-a]pyrimidin-3-
yl]-phenol (PHTPP). PHTPP is an ER[ antagonist with 36 x more affinity to ER( than to
ERa. This compound antagonizes the effect of E» by preventing gene transcription, since
PHTPP interferes with the interaction between ER{3 and the ERE (160, 161). To perform
this assay, MCF-7aro cells were treated with T (1 nM) and MT1 (1 — 25 uM) in
combination with PHTPP (1 uM), during 3 and 6 days. Comparing these results with
those of the cells treated just with MT1 in the presence of T (1 nM), PHTPP totally
reversed the effects caused by MT1 (Fig. 25). These results suggest that ER3 may also
be involved in the MT1-induced growth inhibitory action.
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Figure 25: Comparison of the effects of MT1 on MCF-7aro cells treated with or without PHTPP. Cells stimulated with T
(1 nM) were treated with different concentrations of MT1 (1 — 25 pM) in combination with PHTPP (1 uM), during 3 (A) or
6 days (B). Cells treated only with T with or without PHTPP were considered as control, representing 100% of cell viability.
The results are presented as mean + SEM of at least three independent experiments performed in triplicate. Statistically
significant differences between MT1-treated cells with or without PHTPP are expressed as ** (p < 0.01) and *** (p <
0.001).

Considering these results, we also explored the effects of MT1 on ER[ protein
expression levels, by Western-Blot. Cells were stimulated with T (1 nM) and treated with
MT1 (10 uM), for 3 days. Cells treated only with T with or without PHTPP (1 uM) were
used as controls. As presented in figure 26, the preliminary results did not show any

significant difference between the control and MT1-treated cells.
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Figure 26: ERP protein expression levels in MCF-7aro cells treated with MT1. Cells stimulated with T (1 nM) were treated
with MT1 (10 uM), for 3 days. Cells treated only with T were considered as control, while cells treated with T and PHTPP
(1 uM) were also considered as positive control. A representative Western-Blot of ERB and B-tubulin, as well as,
densitometric analysis of ERB expression levels after normalization with B-tubulin levels, is shown. B-tubulin was used as

loading control. The results are presented as mean + SEM of at least two independent experiments.

3.1.13. Effects of MT1 on MCF-7aro cell cycle progression

In order to understand if the effects induced by MT1 on MCF-7aro cell viability,
are due to a cell cycle deregulation, we explored the effects of MT1 on cell cycle
progression by flow cytometry. MCF-7aro cells were treated with T (1 nM) and MT1 (5
and 10 uM), for 3 days. After the 3 days of treatment, cells were fixed with ethanol (70%)
and stained with PI, which is a fluorescent dye that binds and intercalates into the DNA,
allowing the determination of DNA content within the cells and thus, the cell cycle phase.
Comparing the results of MT1 with control, it was possible to observe that MT1 treatment
provoked a significant (p < 0.05; p < 0.001) decrease in the number of cells in Go/G1
phase, as well as, a significant (p < 0.001) decrease of the number of cells in S phase.
On the other hand, MT1 also induced a significant (p < 0.001) increase in the number of
cells in G2/M phase. These effects were more pronounced with increasing concentrations
(Table 5).
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Table 5: Effects of MT1 on MCF-7aro cell cycle progression.

Gy/G; s G,IM
Testosterone 82.44 + 0.47 7.16+0.14 9.97 +0.33
T+MT15uM 81.19 + 0.42 * 2.99 % 0.18 = 14.45 + 0.48 **
T+ MT1 10 uM 78.79 + 0.21 *** 2.83+0.21 * 16.68 + 0.27 **

MCF-7aro cells were stimulated with T (1 nM) and treated with MT1 (5 and 10 pM), during 3 days. Cells treated only with
T (1 nM) were considered as control. After staining the cells with Pl (5 pg/ml), they were analyzed by flow cytometry.
Values are represented as a percentage of single cell events in each stage of the cell cycle and are the mean + SEM of
at least three independent experiments performed in triplicate. Statistically significant differences between MT1-treated

cells and control cells are expressed as * (p < 0.05) and *** (p < 0.001).

3.1.14. Analysis of MCF-7aro cell death

As the reduction in MCF-7aro cell viability induced by MT1 can also be a result
of different mechanisms of cell death, it was investigated the involvement of apoptosis
on MCF-7aro cells treated with MT1, by evaluating the activities of caspase-7 and
caspase-9. Caspases are a family of protease enzymes which display pivotal roles in the
apoptotic cell death. Caspase-7 is an effector caspase responsible for the overall
apoptotic process, while caspase-9 is an initiator caspase, specifically involved in the
intrinsic pathway of apoptosis which is mediated by mitochondria (162).

The caspase activities were evaluated after 2 days of treatment with MT1 (5 and
10 uM). Cells treated with Staurosporine (STS; 10 uM) were used as positive control. As
expected, STS induced a significant (p < 0.001) increase in caspase-7 and caspase-9
activities (Fig. 27). In relation to MT1, it caused a significant (p < 0.01) increase in
caspase-7 activation, both at 5 uM (43.08%) and 10 uM (47.57%) (Fig. 27A). However,
the same was not verified in relation to caspase-9 activation, as MT1 did not induce any

significative change in the activation profile of this caspase (Fig. 27B).
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Figure 27: Effects of MT1 on caspase-7 (A) and caspase-9 (B) activation levels in MCF-7aro cells. Cells were stimulated
with T (1 nM) and treated with MT1 (5 and 10 uM), for 2 days. Cells treated only with T were considered as control, while
cells treated with STS (10 uM) were used as positive control. The results are presented as mean + SEM of at least three
independent experiments, performed in triplicate. Statistically significant differences between MT1-treated cells and
control cells are expressed as ** (p < 0.01) and *** (p < 0.001).

Although these results suggest that mitochondria is not involved in the apoptotic
process, ROS production was also evaluated, as this is one of the features of the
apoptotic process that is generally associated with mitochondrial disfunction. ROS
production was measured at different time points (30 minutes, 1 hour, 2 hours, 6 hours,
1 day, 2 days and 3 days), using DCFH»>-DA. This is a non-fluorescent dye which once
inside the cell is oxidized in the presence of ROS into a fluorescent compound, DCF.
Cells treated with Exe (10 uM) were used as positive control. Our results, presented in
figure 28 showed that MT1, after 30 min of treatment, induced a significant (p < 0.001)
increase in the levels of ROS, both at 5 UM (52,87%) and 10 uM (56,69%). Furthermore,
as expected, Exe also induced a significant (p < 0.001; 38,50%) increase in ROS
production (Fig. 28).
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Figure 28: Effects induced by MT1 on ROS production. MCF-7aro cells were stimulated with T (1 nM) and treated with
MT1 (5 and 10 pM), for 30 min. Cells treated only with T were considered as control and cells treated with Exe (10 uM)
were used as positive control. The results are presented as mean + SEM of at least three independent experiments,
performed in triplicate. Statistically significant differences between MT1- or Exe-treated cells and control cells are
expressed as *** (p < 0.001).

3.2. Discovery of new non-steroidal Als

Nowadays, Als are the first-line therapy to treat hormone-dependent breast
cancer cases both in pre- and post-menopausal women patients (68). However, the
occurrence of side effects and, especially, the development of resistances are very
worrying and limiting. Given this, the discovery of more potent Als with lower side effects

is crucial to improve therapies.

3.2.1. Structure-based virtual screening

Here, we developed a virtual screening approach to discover new potential non-
steroidal Als.

The structure of aromatase complexed with its natural substrate,
androstenedione (3S579), was used as target to perform the VS of the 3.4 million of
compounds. They were docked using the program rDock and 5 different poses were
generated for each compound. rDock was the program chosen because it presented an
enrichment factor of 10.3, while AutoDock Vina and AutoDock presented an enrichment
factor of 4.6 and 3.7, respectively. All the docked poses were ranked according to the
rDock scoring function and the best scored pose of each compound was chosen. After
that, the top-scoring 1000 compounds, whose fithness scores ranged from -220.92 to -

44.06, were selected for further analysis. In order to select different compounds, ECFP
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descriptors were generated for the best 1000 compounds and, then, used to construct
50 chemical diverse clusters using JKlustor available in ChemAxon software. With this
type of cluster method, the compounds were grouped according to their structural
similarity and the different clusters had compounds chemically different. After that, the 3
top-scoring compounds of each cluster were selected, counting for a total of 128
compounds, and a visual analysis of all of them was done.

Firstly, the best 25 compounds were chosen considering their structure and the
interactions that they can establish with aromatase. Furthermore, 10 of those compounds
were selected according to their score value, information available in literature, their
chemical diversity and the docking in ERs. Finally, and due to time limitations, only 2 of
those compounds were selected for experimental analysis at the biochemical and

biological levels.

3.2.2. Anti-aromatase activity of NS8 and NS16

The two compounds selected through VS were nominated as NS8 and NS16.
Their ability to inhibit aromatase in human placental microsomes was investigated as
previously referred for MT1. The results showed that neither NS8 nor NS16 were able to
inhibit aromatase in microsomes (Table 6). In fact, NS8 seems to activate aromatase in
5.89%, while NS16 induced an inhibition of 3.04%. Thus, both compounds were not
considered Als. As expected, and contrary to NS8 and NS16, the reference Als used
presented higher anti-aromatase activity (= 97%).

Table 6: Percentage of anti-aromatase activity of NS8 and NS16 in human placental microsomes.

Compound Anti-aromatase activity (%)
NS8 -5.89+£221
NS16 3.04+243
Exe 97.86 + 0.52
Ana 99.12 + 0.02
Let 99.69 + 0.06

Microsomes (20 pg) were incubated with NADPH (15 uM), NS8 (2 uM) or NS16 (2 uM) and [1B-*H]-androstenedione (40
nM), during 15 minutes at 37 °C. Results are presented as a percentage of tritiated water released in relation to control
and are represented as the mean = SEM of three independent experiments, carried out in triplicate. The reference Als,

Exe, Ana and Let, at 1 uM were used as positive controls.
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3.2.3. Effects of NS8 and NS16 on HFF-1 cells

Although our results have demonstrated that NS8 and NS16 were not able to
inhibit aromatase, we decided to evaluate the effects of these compounds on cells. First,
we investigated the effects on the viability of HFF-1 cells through an MTT assay. For
that, cells were treated with NS8 (5 — 25 uM) or NS16 (5 — 25 uM), for 6 days. Our
preliminary results showed that neither NS8 nor NS16 exerted effects on the viability of
HFF-1 cells (Fig. 29). Despite that, it is possible to see that these compounds induced a

slight decrease on the viability of these cells, results that should be confirmed with more

assays.
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Figure 29: Effects of NS8 (A) and NS16 (B) on HFF-1 cell viability. Cells were treated with different concentrations of
NS8 (5 — 25 uM) or NS16 (5 — 25 uM), for 6 days. Cells without NS8 or NS16 treatment were used as control, representing

100% of cell viability. The results are presented as mean of one experiment performed in triplicate.

3.2.4. Effects of NS8 and NS16 on ER* breast cancer cells;: MTT and LDH

assays

After studying the effects of NS8 and NS16 in the viability of nhon-tumoral cells,
we analyzed their effects on MCF-7aro cell viability, as previously referred. For that, cells
were treated with NS8 (1 — 25 pM) or NS16 (1 — 25 uM), for 3 and 6 days. NS8 did not
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induce any significant decrease on MCF-7aro cell viability, at 3 or at 6 days of treatment
(Fig. 30A). However, at the lowest dose (1 uM), after 3 days of treatment, NS8 induced
a significant (p < 0.001) increase on the number of viable cells (34%). A similar effect
was also observed for NS16 (32%) (Fig. 30B). Nevertheless, and contrary to NS8, NS16
induced a significant (p < 0.01; p < 0.001) decrease on MCF-7aro cell viability after 3
and 6 days, being more pronounced in the latter case. Thus, NS16 presented anti-

proliferative effects on MCF-7aro cells in a dose- and time-dependent manner.
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Figure 30: Effects of NS8 (A) and NS16 (B) on MCF-7aro cell viability. Cells in the presence of T (1 nM) were treated
with different concentrations of NS8 (1 — 25 pM) or NS16 (1 — 25 pM), during 3 or 6 days. Cells treated only with T were
considered as control, representing 100% of cell viability. The results are presented as mean + SEM of at least three
independent experiments performed in triplicate. Statistically significant differences between NS8- or NS16-treated cells

and control cells are expressed as ** (p < 0.01) and *** (p < 0.001).

As only NS16 reduced cell viability and in order to evaluate the effects on cell
membrane integrity, we analyzed the release of LDH, as previously referred. The results
demonstrated that NS16 (Fig. 31), did not induce a significant increase in LDH release,
at the concentrations studied, which means that at those conditions, the cell membrane

of MCF-7aro cells remains intact, being the compound not cytotoxic.
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Figure 31: Effects induced by NS16 on MCF-7aro cell cytotoxicity, evaluated by LDH-release assay. Cells were treated
with different concentrations of NS16 (1 — 25 pM) in the presence of T (1 uM), during 3 days. Cells treated only with T

were considered as control, representing 100% of cell membrane integrity. The results are presented as mean + SEM of

at least three independent experiments, performed in triplicate. Statistically significant differences between NS16-treated

cells and control cells are expressed as ** (p < 0.01).
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Discussion

Breast cancer is currently the most frequently diagnosed cancer in women
worldwide (1). Around 2/3 of the total breast cancer cases are hormone-dependent (ER*)
therefore, estrogens are crucial for the proliferation and survival of these tumors (5).
Estrogens are produced by aromatase, through the aromatization of androgenic
compounds, like ASD and T, and exert their effects by binding to ERs in order to induce
the transcription of specific target genes (5, 16). Considering the key role of estrogens in
tumor growth and survival, the endocrine therapies target aromatase, which prevents the
estrogens synthesis, or target ERs, thereby, controlling the transcription of target genes
(6, 7). Initially, the SERM tamoxifen was used as a standard therapy both in pre- and
post-menopausal women with ER* breast cancer. Nowadays, the third-generation of Als,
which comprises the non-steroidal Ana and Let and the steroidal Exe, are recommended
to be used as first-line therapy in post-menopausal women and, more recently, also in
pre-menopausal women after ovaries ablation, since these Als proved to be superior to
the other endocrine therapies, like tamoxifen (68). However, despite their clinical
success, acquired resistance may develop, causing tumor relapse (35). Therefore, many
efforts have been made in order to develop novel therapeutic options, more potent and
with lower side effects.

In the last decade, computational tools have strongly emerged as a powerful
option able to help in drug discovery demand. With the determination of the
crystallographic structure of aromatase, in 2009 (19), and using receptor-based VS
methods, the discovery of new potential Als may strongly evolve, since millions of
compounds can be simultaneously studied. Considering this, one of the goals of this
work was to discover new potential non-steroidal Als using computational and biological
approaches. Moreover, we also aimed to discover possible multi-target compounds able
to inhibit aromatase and, simultaneously, modulate the actions of ERa and ERR. In
recent years, this strategy is becoming attractive due to its therapeutic advantages. For
that, molecular docking and VS studies were performed. In addition, the biological effects
of the selected compounds were studied on ER™ aromatase-overexpressing breast
cancer cells (MCF-7aro cells), the best in vitro cell model to study ER* breast cancer and
Als, since these cells overexpress aromatase, mimicking, in that way, the
microenvironment of this type of tumor (131).

In relation to the multi-target approach, considering aromatase, ERa and ERp
targets, the first step was to evaluate the similarity among the binding sites of these three
targets. Our results showed that key residues, including an aspartic acid, which displays
critical roles in the catalytic activity of aromatase (18), are conserved among them. This
suggests that aromatase, ERa and ERp can possibly accommodate the same ligands in

their binding sites and, consequently, that the discovery of a multi-target compound may
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be possible. Furthermore, considering that our goal was to find a multi-target compound
able to simultaneously inhibit aromatase and ERa, but also activate ERB, we analyzed
the properties of the Als, ERa antagonists and ERB agonists already described in
literature, in order to understand their similarities. Together, it was analyzed 2840
compounds, namely 1210 Als, 1557 ERa antagonists and 73 ER agonists. The reduced
number of ERB agonists is explained by the fact that there are many more studies related
to ERa than to ER. In addition, as previously referred, 1210 Als were used to study the
properties of Als. Though, because of the high number of compounds used, it was
difficult to collect all the information related to each compound, reason why, we do not
know if some of these compounds are not competitive inhibitors, which means that they
may not interact with the aromatase binding site directly but, rather, being allosteric
modulators. Considering this, it would be better to know all the features and mechanisms
of action of those Als, in order to guarantee a more accurate analysis. Still, the results
showed that, for the properties studied, the Als and ER agonists have typically similar
values, while the values determined for ERa antagonists are, for the majority of the
properties studied, higher. In fact, antagonists of the ERs are typically larger than the
agonists, which is directly associated to their biological functions, since the conformation
of the ERs, related to the position of H12, is dependent on the type of ligand bonded (31,
59). In concordance with these results, there are the log P values in which ERa
antagonists exhibit higher values, making these compounds less soluble in aqueous
solutions than the other compounds, which may compromise their bioavailability.
Moreover, the main difference among the three sets of compounds relies on the number
of acceptor groups, as ERa antagonists and ERB agonists have typically two acceptor
groups, while most of the Als do not have any acceptor group. This is, certainly, related
to the type of interactions that each type of compound establishes with the respective
target. Nevertheless, it is important to note that there are many compounds of the three
sets that exhibit the same properties. This highlights the possibility of discover a multi-
target compound.

In order to group all the compounds according to their similarity, ECFP were
generated and clusters constructed with the aim of finding clusters containing
compounds from the three sets. For a similarity range between 0.6 and 0.9, 175 clusters
have been constructed. Although this number can be high, it guarantees that only very
similar compounds are grouped together. Two of those clusters were found to contain
members of the three sets and these 78 compounds were then used to construct a
pharmacophore model. This model is very useful, since it represents the most common
features among the 78 compounds selected and, besides that, this pharmacophore can

be used in the future as a filter in a VS demand, in order to increase the probabilities of
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finding compounds with the desired features. However, due to lack of time, this VS was
not performed. Instead, we decided to analyze from the 78 compounds selected, how
the 52 ERa antagonists and ERB agonists fit the aromatase active site. We have only
investigated the ERs modulators because we wanted to find novel aromatase inhibitors
able to act as multi-target compounds. This procedure leads us to find three compounds
able to establish important interactions with Arg115, Phe221, Trp224, Asp309, Thr310,
Leu372, Val373 and Leu477 residues of aromatase known to be crucial for the inhibition
of this enzyme (17). However, only one of the compounds was suitable to be studied,
since the other two compounds have already been explored in this type of cancer, being
one of them already known for its undesired side effects. Thus, the biochemical and
biological studies proceeded just with one potential multi-target compound, which was
nominated as MT1.

MT1 has been already described as an ERa antagonist in MCF-7-2a cells, an
estrogen-independent MCF-7 breast cancer cell line (163). Moreover, there is also a
study that states that this compound can act as an Al, but the assay was done using
recombinant enzymes and the 1Csp value was 24880 nM. Unexpectedly, in our conditions
and using a biological matrix rich in aromatase (129), our results proved that MT1 was
not able to inhibit aromatase in human placental microsomes. Nevertheless, we
proceeded with its study, by exploring the in vitro effects of this compound on breast
cancer cells, in order to elucidate its anti-cancer properties. First of all, it was explored
its cytotoxic effects in a non-cancerous cell line, HFF-1, and only for the highest
concentration studied it was observed a cytotoxic behavior. These are considered good
results, since a drug to be used as an anti-cancer agent and be applied in the clinic,
should not affect the non-cancerous cells. Considering these results, the studies
proceeded for the evaluation of the biological effects of MT1 on ER* aromatase-
overexpressing breast cancer cells, MCF-7aro cells. Our results demonstrated that MT1
significantly reduced the viability of MCF-7aro cells, in a dose- and time-dependent
manner, without causing disruption of cell membrane. These results suggest that
although MT1 is not able to inhibit aromatase, it presents anti-cancer growth-inhibitory
properties.

In order to understand the mechanism of action behind the anti-cancer properties
and besides MT1 did not exhibit anti-aromatase activity and, to discard any involvement
of aromatase in those effects, we evaluated the effects of MT1 in cells treated with E»
and compared these results with the ones of cells stimulated with T and treated with
MT1. Interestingly, the results clearly demonstrated that the effects exerted by MT1 may
be dependent on aromatase because, in contrast with T, Eztreatment did not induce any

significant alteration on MCF-7aro cell viability. To understand these results, we
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investigated by, Western-Blot, the effects of MT1 on aromatase protein expression
levels. Interestingly, like Exe (157), MT1 treatment, reduced aromatase expression
levels by 44%, when compared to control. Considering these results, we evaluated the
effects of MT1 on CYP19A1 mRNA transcript levels to understand if the reduction on
aromatase protein levels was a result of a decrease in CYP19A1 gene transcription or a
consequence of aromatase degradation. Our preliminary results did not reveal any
significant alteration in the relative CYP19A1 mRNA transcript levels upon MT1
treatment. This suggests that, like Exe, MT1 may induce degradation of aromatase. It is
known that Exe has the ability to induce aromatase degradation by the proteasome
(157), however, to confirm this hypothesis for MT1, more studies should be performed.

Since MT1 was selected as a possible multi-target compound, it was also
investigated its effects on ERa and ERp. For that, it was used the ERa antagonist ICI, a
SERD, which induces the degradation of ERa, without affecting ERB (78), and the
antagonist PHTPP, which exhibits 36-fold more selectivity for ERB than ERa (164).
Results demonstrate that ERa blockage impaired the anti-cancer growth-inhibitory
properties induced by MT1, suggesting that ERa may be involved on the effects induced
by MT1 in breast cancer cells, by acting as an ERa antagonist. Nevertheless, to better
understand this possible mechanism of action, we also analyzed the effects of MT1 on
protein expression and ERa activation levels. Although the results revealed an increase
in ERa expression levels, a significant decrease in the phosphorylation of both residues,
Ser118 and Ser167, indicative of ERa activation, was also observed. Taking into account
the antagonistic behavior that MT1 seems to exert on cells, this augment on the ERa
expression levels may occur as a compensation mechanism. It could be hypothesized
that MT1, by binding to ERa, could destabilize the receptor, which could lead to its
degradation. As this possible mechanism may occur in a very short period of time and
as we are studying protein levels after 3 days of MT1 treatment, we may not detect these
alterations on ERa protein expression levels. Moreover, if this occurs, there may be de
novo synthesis of this receptor to compensate the hypothetical effect. Still, together,
these results suggest that, in our cell model, MT1 may act as an ERa antagonist, by
preventing ERa phosphorylation and consequent activation, which is a desired effect and
a therapeutic advantage, considering that ERa is directly involved in the growth and
survival of ER* breast tumors.

Furthermore, our data also suggests that MT1 may act as an ER[3 agonist, since,
when ERB is inactivated by PHTPP, the growth-inhibitory action of MT1 is impaired.
Similarly to ERa, the expression levels of ERB were also investigated after MT1
treatment. Our results indicated that MT1 did not affect the expression levels of ERp.

Interestingly, PHTPP treatment also did not induce a significant difference on the
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expression levels of ERB, which suggests that this ERB antagonist may act only by
destabilizing ERB without inducing its degradation. Despite that, together our results
suggest that MT1 may also mediates its effects via ERB, but without interfering with ER
expression levels. Nevertheless, as these are preliminary results, further studies should
be performed in order to clarify the role of ERB in MT1-treated cells.

Several studies have demonstrated that new steroidal anti-cancer compounds
that act as Als (136, 165, 166), as well as the Als used in clinic (133, 167), exert their
effects on ER* breast cancer cells by causing cell cycle arrest. The results of cell
cytometry showed that MT1 was able to induce cell cycle arrest in the G2/M phase,
causing a consequent reduction on the number of cells in both Go/G; and S phases. This
indicates that the effects exerted by MT1 on ER* breast cancer cells can be explained
by a disruption on cell cycle progression. In fact, a G./M arrest has already been
observed for Exe after 6 days of treatment (133), while in the case of the non-steroidal
Ana and Let, as well as, for the anti-estrogens tamoxifen and fulvestrant, an arrest in the
Go/G1 phase was detected (131, 167). However, as an increase in the number of cells
arrested in G2/M phase may be indicative of an apoptotic process (168), it was also
explored the involvement of apoptosis in the reduction of MCF-7aro cell viability induced
by MT1. For that, the activation of caspase-7 and caspase-9 and the production of
intracellular ROS were evaluated. Caspase-7 is an effector caspase responsible for the
apoptotic process, while caspase-9 is an initiator caspase involved in the intrinsic
pathway of apoptosis, that is mediated by mitochondria (162). In turn, increased ROS
production can lead to oxidative stress, which is frequently associated to mitochondrial
disfunction and apoptosis (169). MT1 treatment induced, in breast cancer cells, a
significant increase in the activation of caspase-7, but not in the activation of caspase-9.
This suggests that MT1, as the Als used in clinic (133, 167), induced apoptosis in ER*
breast cancer cells, but that this process is caspase-9 independent, which suggests that
the activation of apoptosis may be not mediated by mitochondria. The activation of
apoptosis can occur mainly by the involvement of the extrinsic or death receptor pathway
and/or the intrinsic or mitochondrial pathway. However, there is evidence of an additional
perforin/granzyme pathway able to activate apoptosis, by converging on the same
terminal or execution as extrinsic and intrinsic pathways (170). Moreover, it is known that
endonuclease G is a protein that can potentially be involved in both caspase-
independent and caspase-dependent apoptotic cell death (171). Additionally,
endoplasmic reticulum stress can also trigger apoptosis through caspase-12 activation,
or through the involvement of the classic apoptotic mitochondrial pathway or by the

activation of caspase-independent cell death (171).
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Besides the activation of caspase-7, MT1 also induced a significant increase in
the intracellular levels of ROS, suggesting that the activation of apoptosis is ROS-
dependent. ROS production occurs essentially in mitochondria, however, other factors
and cellular sources are involved in their production. In fact, ROS can also be produced
by endoplasmic reticulum, peroxisomes and cytosolic enzymes (172-174). Considering
this, the effects induced by MT1 on ROS levels can be a result of the activation of some
of these pathways, though further studies should be performed to clarify the mechanism.
Furthermore, it is important to note that the effects of MT1 observed on caspase-7,
caspase-9 and ROS levels can be a result of the involvement of several pathways, being
the major ones previously described. For example, it is known that exemestane
metabolites induced an increase in the levels of ROS, caspase-9, but also caspase-8,
which suggests that the apoptotic pathway is mediated simultaneously by mitochondria
and through the activation of caspase-8, by a crosstalk not fully understood (166). In
relation to the Als used in clinic, different studies suggest only the involvement of the
intrinsic pathway (133, 167), though microarray analysis also suggests an up-regulation
of caspase-8 in the case of Ana (131). In the case of tamoxifen, different studies
described that this SERM induces apoptosis through the involvement of caspase-9 (167)
or independently on caspase-9 activation (175). Moreover, for tamoxifen, it was also
reported that the induction of apoptosis might also occur through the involvement of
tyrosine kinase receptors (TKR), through the ERK3/> pathway (164). In the case of the
SERD fulvestrant, it was only reported the involvement of the mitochondrial pathway
(167). Thus, considering all this information, future studies should be performed in order
to better understand the underlying mechanisms by which MT1 activates the apoptotic
process.

Overall, this study provided crucial information regarding multi-target compounds
capable of modulating aromatase, ERa and ER, being this information important for the
development of novel therapeutic approaches. For the best of our knowledge, this is the
first attempt to discover multi-target compounds for ER* breast cancer treatment using
computational approaches. For the three targets under investigation, only norendoxifen
has been pointed as capable to inhibit aromatase and activate ERa and ER (102, 103).
Polyphenolic compounds have also been described as modulators of both ERa and ERf3
(176). One of those compounds, genistein, an isoflavone present in soya, has been
described as presenting dual-function, being able to act as an ERa antagonist and,
simultaneously, as an ERB agonist (177). Furthermore, it has been referred that genistein
is able to inhibit aromatase and induce its degradation (177), however, these results are
controversial, since our group showed that genistein is a weak Al (155). Indeed, studies

for the development of multi-target compounds have been steadily increasing, as these
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compounds are capable of simultaneously modulate more than one target, being thus
more effective and promising than single-target compounds (178, 179). In fact, these
compounds are pointed as more effective, more potent, less toxic and associated with
fewer side effects (178-180). In this field, computational tools display a fundamental role
in the identification of novel compounds able to regulate the function of several targets.
Tools like molecular docking, pharmacophore construction, combination methods and
structure-activity relationships (SAR), as well as, quantitative structure-activity
relationship (QSAR) are some of the most important and used (180, 181).

In relation to the VS approach for the discovery of novel non-steroidal Als, a
database of 3.4 million compounds and the docking program rDOCK were used. The top
1000 compounds ranked in the VS approach have the probability of being potential Als.
Thus, the compounds were organized in 50 clusters, according to their chemical
similarities. The three best scored compounds from each cluster were then selected. The
best 25 compounds were chosen taking into account their structure and the interactions
that they established with aromatase, namely with Phe221, Trp224, Asp309, Thr310,
Leu372, Met374 and L477 (17). In this study, only 2 of those 25 compounds were
selected to be experimentally analyzed. The non-steroidal compounds were designated
as NS8 and NS16 and, similarly to what was done with MT1, the first step was to evaluate
their ability to inhibit aromatase, in human placental microsomes. Unexpectedly, our
results demonstrated that neither NS8 nor NS16 were able to inhibit aromatase. These
results emphasize that, although these compounds have been selected after an
exhaustive VS procedure and analysis, only two compounds were tested, which limits
the success of the demand. Thus, more compounds should be tested to find a compound
with the desired properties. In spite of that, the biological effects of these compounds
were explored in non-cancerous and in ER* breast cancer cells. Preliminary results
demonstrated that, in our conditions, neither NS8 nor NS16 affected the viability of the
non-cancerous HFF-1 cells, though only NS16 caused a significant decrease in MCF-
7aro cell viability in a dose- and time-dependent manner.

Despite the VS approach for the discovery of novel non-steroidal Als did not lead
to the discovery of any compound able to inhibit aromatase, NS16 presented growth-
inhibitory properties in ER* breast cancer cells and as MT1, NS16 may affect the levels
of the enzyme aromatase. If this is the case, less estrogen will be synthetized which,
consequently, may explain the NS16-induced growth-inhibitory effects. Therefore,
although the mechanisms underlying this reduction in cell viability have not been studied,

further studies should be performed.
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Conclusion

The discovery of novel drugs for cancer treatment is one of the main concerns of
the scientific community. In this field, in silico tools display crucial contributions allowing
a better understanding and a more realistic representation of the protein structures and
of the interactions involved in a certain function. Because of that, they represent a more
efficacious way to develop novel therapeutic strategies, like in the finding of multi-target
compounds, which are gaining a lot of interest, since this type of compounds are
considered to be better than single-target compounds. Here, we discovered MT1, a multi-
target compound with anti-cancer growth-inhibitory properties for ER* breast cancer
treatment. Although MT1 did not inhibit aromatase, it was able to induce a decrease of
its protein levels and to act as an ERa antagonist and, simultaneously, as an ERf
agonist. This may represent an advantage for the treatment of this subtype of breast
cancer, since the key targets responsible for estrogen production and function are
modulated. Besides that, this multi-target compound was able to impair the cell cycle
progression of ER* breast cancer cells and also induced apoptotic cell death. Therefore,
MT1 is, for the best of our knowledge, the first multi-target compound with anti-cancer
properties for ER* breast cancer, discovered through this type of computational
approaches, making this study an important landmark in this field.

In relation to the discovery of new non-steroidal Als, the two candidates studied
in this work were not able to inhibit aromatase. However, one of these compounds,
NS16, presented growth-inhibitory properties in MCF-7aro cells. Considering this, it is
possible that NS16 effects on breast cancer cells may also be a result of the modulation
of the ERs or like MT1 be due to the induction of aromatase degradation, though, future
studies should be performed to understand its mechanism of action. In addition, it is
important to note that the VS demand is a theoretical approach that does not guarantee
the immediate success of the study. For a successful demand, several compounds must
be experimentally and simultaneously tested.

In conclusion, the overall study provides crucial structural insights related to the
inhibition of aromatase, ERa antagonists and ER(B agonists, through the analysis of
molecular descriptors, which helped to discover a multi-target compound. Furthermore,
it also reveals the strong potential of multi-target compounds for the treatment of ER*

breast cancer, through the discovery of MT1.
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