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Abstract

The p53 protein is one of the most important tumor suppressors. As a transcription
factor, p53 regulates the expression of many pro-apoptotic genes, as well of genes involved
in cell cycle arrest, senescence and DNA repair. It therefore prevents the accumulation of
abnormal cells that can lead to carcinogenesis. p53 is frequently inactivated in cancer cells,
either because the TP53 gene is mutated or deleted, or due to the inhibition of p53 protein
by endogenous negative regulators like murine double minute (MDM) 2 and MDMX, in cells
that retain the wild-type (wt) form. The disruption of these interactions leads to increased
p53 levels and to the recovery of p53 transcriptional activity, indicating a great therapeutic
potential for antagonists of the p53-MDM2/MDMX binding.

Chalcones are naturally occurring compounds found in a large variety of plants with
a wide array of biological activities. These natural products have been described as
potential antitumor agents, inducing cell cycle arrest and apoptosis through several
mechanisms, including those involving the p53 pathway. Chalcones can also block the
interaction between p53 and MDM2, by binding to a subsite of the p53 binding cleft of
human MDMZ2, releasing p53 from the MDM2-inhibitory effect. Therefore, chalcones may
represent a promising starting basis for the development of optimized inhibitors of the p53-

MDM2 complex with antitumor properties.

Diarylpentanoids are a class of compounds structurally related to curcumin that
consist of two aromatic rings connected by a five carbon bridge. These synthetic
compounds are reported to have several pharmacological properties, and the antitumor
activity is one of the most extensively studied, being in some cases associated with an

activation of the p53 pathway.

Considering the restoration of wt p53 activity by disrupting its interaction with its main
inhibitors MDM2 and MDMX, 7 diarylpentanoids were synthesized and tested for their p53-
MDMs inhibitory activity along with 11 other structure related compounds that were

previously synthesized.

The synthesis of diarylpentanoids was achieved by reacting the building blocks
through the Claisen-Schmidt condensation in basic conditions at room temperature. The
structure elucidation of the synthesized compounds was established through IR and NMR

techniques.

A library of 18 diarylpentanoids were initially evaluated through a yeast-based assay.
The obtained results showed that BP-C4 and BP-M245 were able to inhibit the growth of

yeast cells co-expressing p53 and MDM2 without displaying cytotoxicity towards control
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yeasts. BP-C4 also inhibited the growth of yeast cells co-expressing p53 and MDMX,
indicating potential dual-inhibitory activity. The results obtained in yeast cells were then
validated in human tumor cells HCT116 p53** and MDA-MB-231, and in normal HFF-1 cells.
In HCT116 p53** cells BP-C4 caused cell cycle arrest and apoptosis, increased the p53
levels, upregulated p21 and PUMA, and caused PARP cleavage.

Altogether, the results presented in this dissertation pave the way to the identification
of a new potential p53-MDM2/MDMX interaction inhibitor.

Keywords: chalcones, diarylpentanoids, p53, p53/MDM2, p53/MDMX.

Xii



Resumo

A proteina p53 é um dos supressores de tumores mais importantes. Sendo um fator
de transcricdo, a p53 regula a expressdo de muitos genes pro-apoptéticos, bem como de
genes envolvidos na paragem do ciclo celular, senescéncia e reparacdo de DNA. Esta
proteina previne a acumulagao de células anormais que possam conduzir a carcinogenese.
A p53 esta frequentemente inativada nas células tumorais, ou porque o gene TP53 sofreu
mutacgdes ou delegcido ou porque a proteina p53 esta inativada por inibidores endégenos
como a Murine Double Minute (MDM) 2 (MDM2) ou a Murine Double Minute X (MDMX),
nas células que retém a forma wild-type (wt). A disrupgédo destas interagdes conduz ao
aumento dos niveis de p53 e a recuperacao da sua atividade transcricional, indicando um

grande potencial terapéutico para os antagonistas da ligagdo p53-MDM2/MDMX.

As calconas sdo compostos naturais encontrados numa grande variedade de
plantas com um vasto conjunto de atividades biolégicas. Estes produtos naturais foram
descritos como potenciais agentes antitumorais, sendo capazes de induzir paragem do
ciclo celular e apoptose através de varios mecanismos, incluindo aqueles envolvidos na via
da p53. As calconas podem também bloquear a interagao entre a p53 e a MDM2 ligando-
se a um sublocal da bolsa de ligagado da p53 que existe na MDM2 humana, libertando a
p53 do efeito inibidor da MDM2. Assim, as calconas podem representar uma base
promissora para o desenvolvimento de inibidores otimizados do complexo p53-MDM2 com

propriedades antitumorais.

Os diarilpentanoides sdo uma classe de compostos estruturalmente relacionados
com a curcumina, que consistem em dois anéis aromaticos ligados por uma ponte de
pentano. Estes compostos sintéticos foram descritos como tendo varias propriedades
farmacoldgicas, sendo a atividade anti tumoral uma das mais extensivamente estudadas,

com alguns casos em que modulam a via da p53.

Tendo como objetivo a restauragédo da wt p53 pela disrupgao da interagao com os
seus inibidores principais MDM2 e MDMX, foram sintetizados 7 diarilpentanoides
inspirados em calconas, que foram depois testados de forma a avaliar a sua capacidade
de inibir a interacao p53-MDM2/MDMX, juntamente com 11 outros diarilpentanoides

sintetizados anteriormente.

A sintese dos diarilpentanoides foi realizada pela reacdo dos blocos construtores
através da condensacdo de Claisen-Schmidt em condi¢cdes basicas a temperatura

ambiente.
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A elucidacgao estrutural dos compostos sintetizados foi realizada através de técnicas

de espectrofotometria no Infravermelho (IV) e de ressonancia magnética nuclear (RMN).

Inicialmente, uma biblioteca de 18 diarilpentanoides foi testada em ensaios de
leveduras. Os resultados obtidos demonstraram que os derivados BP-C4 e BP-M245 foram
capazes de inibir o crescimento de leveduras que co-expressavam a p53 e MDM2 sem
interferir no crescimento das leveduras-controlo. Adicionalmente, o derivado BP-C4 inibiu
o crescimento das leveduras que co-expressavam a p53 e a MDMX, indicando uma
potencial atividade inibidora dual. Os resultados obtidos em leveduras foram depois
validados nas linhas celulares humanas tumorais HCT116 e MDA-MB-231, bem como na
linha HFF-1 de fibroblastos humanos. O derivado BP-C4 demonstrou ter uma ligeira
seletividade para a via da wt p53 e provocou a paragem do ciclo celular e indugao da

apoptose, assim como o aumento dos niveis de p53, p21 e PUMA, e quebra de PARP.

Em resumo, os resultados apresentados nesta dissertagcao abrem as portas a uma

potencial descoberta de um novo inibidor dual das interagées p53-MDM2/MDMX.

Palavras-chave: calconas, dirarilpentanoides, p53, p53/MDM2, p53/MDMX
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Outline of the dissertation

This dissertation is organized into five chapters:
CHAPTER | - Introduction

The first chapter covers the theoretical foundation for the developed work in this
dissertation and is divided into four subchapters. The first subchapter focuses on a review
about p53 and its role, its inhibitors MDM2 and MDMX and their structures. It also covers
some of the reported targeting strategies for this pathway. The second subchapter reviews
some chalcone derivatives that were reported to modulate the p53 pathway, and derivatives
that disrupt the p53-MDM2 interaction. The third subchapter deals with diarylpentanoids
and gives some examples of diarylpentanoids reported to target the p53 pathway. The

fourth subchapter establishes the aims of this work.
CHAPTER Il - Results and Discussion

The second chapter focuses on the results and discussion of the developed
research work, being sub-divided into two subchapters, which cover the synthesis of the
obtained compounds and their biological evaluation. These subchapters are followed by the

discussion of the obtained results.
CHAPTER lIl - Experimental

The third chapter covers the experimental procedures taken for the synthesis of

eight diarylpentanoids, and for the performed biological activity assays.
CHAPTER IV - Conclusions and Perspectives

The fourth chapter presents the main conclusions of the work, as well as future work

for a better understanding of the obtained results.
CHAPTERV - References

The fifth chapter presents a list of the references used in this dissertation. The
references followed the American Chemical Society style guide. The main bibliographic

research motors were Scopus, PubMed, Science Direct, Web of Science and Google.
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Chapter [: Introduction

1. The p53 tumor suppressor protein

Initially, p53 was identified in transformed rodent cells in complex with the simian
virus 40 T antigen’2 and was recognized as a tumor suppressor for the first time in 198934
This protein is deeply involved in the DNA damage response, and as such, it is often called
as the “guardian of the genome”. TP53, which is the gene that codes p53, was subsequently
found to be most frequently mutated gene in cancer®S. It is located at the short arm of
chromosome 17 (17p13.1)"8 and is 20 kb in size, having a non-coding exon 1 and a long
first intron of 10 kb®.

1.1. Structure of p53

The p53 protein is a transcription factor that consists of several well-characterized
functional domains (Figure 1). At the amino terminus there are two tandem transcription
activation domains (TAD1 and TAD2) that together constitute the TAD region'®-'2. Both
TADs are necessary for proper p53 target gene induction in response to DNA damage and
p53 tumor suppressor function in mice'®. However, there are some differences in how
mutations in each TAD affect gene expression. Overall, a TAD1 mutant has greater effects
on target-gene expression than a TAD2 mutant. Nevertheless, the TAD1 mutant maintains
expression of some genes, like Bax, that were lost after inactivation of both TADs, indicating
their role in determining p53 target gene selection’®. The TADs also mediate the interaction
with the histone acetyltransferases CBP/p300 and PCAF and with the E3 ubiquitin ligase

murine double minute (MDM) 24,

The TADs are followed by a proline-rich domain (PP), which contributes to
transcription activation and is required for restricting cell growth (Figure 1'%16)'7. The PP
interacts with the Sin3 corepressor and ensures the stability and transcriptional activity of
p53, and also induces transcription-independent apoptosis’. This region is then followed
by the DNA-binding domain (DBD) or core domain'®, which has been crystalized
complexing with DNA'-2" and is p53’s most frequently mutated region (Figure 1)'8. This
region is linked by a flexible linker to the tetramerization domain (Tet), which regulates the
oligomerization state of p53 and gives it biological activity as a homotetramer (Figure 1).
Although the core domain of p53 is able to tetramerize on its own after complexation with

DNA and is able to form stable interactions??, the OD facilitates these interactions23.
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Figure 1: Schematic domain structure of p53. The N-terminal region (residues 1-101) includes the transactivation
domain (TAD), which can be divided into two subdomains (TAD1 and TADZ2); a proline-rich region (PP) which
contains five PXXP sequence motifs critical for induction of apoptosis; and a Nuclear Export Signal (NES)
between residues 11 and 27. The central domain (residues 102-292) encompasses the DNA binding domain.
The majority of p53 missense mutations occur in this region, as indicated by the vertical bars for each residue.
The C-terminal region (residues 292-393) contains a flexible linker region (residues 292-324) connecting the
core domain to the tetramerization domain (Tet, residues 325-355). It also contains a basic regulatory domain
(CTD, residues 363-393), as well as NES and Nuclear Localization Signals (NLS) sequences. Adapted from
Joerger et al. 2010'® and Karni-Schimidt et al. 201676).

Mutations in the OD have been reported to impair the DNA-binding ability of p53,
leading to the loss of its transcriptional activity, as demonstrated by crystal structures?*-
26 The remaining region is the carboxy-terminal domain (CTD) (Figure 1). The role of this
domain is still unknown. The CTD is highly unstructured?” and post-translationally modified,
being the main site of acetylation??. Initially it was thought that the CTD had a negative
regulatory role due to the fact that recombinant p53 would bind weakly to its targets?® and
this binding could be improved with antibodies against the CTD or by phosphorylation?® or
acetylation?30 of this region. This hinted at the existence of allosteric inhibition of p53 DNA
binding by the CTD, which could be released by certain signals. Nonetheless, the lack of
CTD conformational change after DNA binding3' and strong p53 DNA binding in vitro in the
absence of competing DNA32 has questioned this theory. Regardless, the CTD is essential
for in vitro DNA binding and transcription activity®3, and other roles have been suggested,
such as promotion of p53 linear diffusion along DNA3+-3 binding to nonlinear DNA3"38 and

binding to nucleosomes®.

1.2. Regulation of p53 activity

The p53 protein seems to be quite unstable in normal cells, with a half-time ranging
from 5 to 30 minutes. Therefore, p53 is kept at very low levels and in its inactive state in

normal conditions*®. However, when cells start to experience stress, p53 stabilizes and
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becomes active in response to the intra- and extracellular stress signals. The accumulation
of p53 in the cell nucleus may lead to apoptosis, cell-cycle arrest and DNA repair®'.
Regardless of cellular context, the levels and activity of p53 are under tight control through
numerous mechanisms. Some of these mechanisms include stabilization, anti-repression,
acetylation, methylation, sumoylation, neddylation, regulation by the ASPP family, 53BP1
and other cofactors*2. Among these, the regulation by MDM2 and MDMX (also known as
MDM4) has been recognized as a very important mechanism for the discovery of new

potential anticancer drugs.

1.2.1. MDM?2 and MDMX
1.2.1.1. Structural features

MDM2 is an E3 ubiquitin-protein ligase and is the main negative regulator of p5343.
It is a complex and highly regulated protein, with 491 residues comprising numerous
functional domains, signal sequences and sites of modification (Figure 2A). It can also be
expressed as different isoforms generated by alternative splicing**. The N-terminal region
is important for the interaction with p53 and for the inhibition of the p53 ability to be
transcriptionally active. This region is followed by a linker in which there is a nuclear
localization signal (NLS) and a nuclear export signal (NES), at positions 178 and 192
respectively. The central acidic domain contributes to the degradation of p534%46, and is
followed by the zinc-finger domain, which is involved in the interaction with several proteins,
like ribosomal and nucleolar proteins, as well as the tumor suppressor p14ARF47_ Lastly, the
MDM2 C-terminus includes a RING domain (Really Interesting New Gene; amino acids 436-
482), which has a cryptic nucleolar localization signal (NoLS; residues 466-473) and
residues at the extreme C-terminus (aminoacids 485-491) that have a role in interactions
between RING domains*¥4%, The MDM2 RING domain is responsible for the E3 ligase
activity of this protein, and this is critical for MDM2 to be able to restrain p53 during the early
stages of embryogenesis. Point mutations in the RING domain of MDM2 promote p53-
dependent mortality in a very similar way to that caused by the deletion of the entire gene

that codes MDM2, indicating the importance of the RING region®°.
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A: MDM2
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Figure 2: Schematic domain structures of MDM2 and MDMX. (A) MDM?2 structure includes the N-terminal p53
binding domain (residues 18-101), the acidic domain that binds to ARF and also plays a role in ubiquitinating
p53 (residues 237-288), and the zinc finger motif (residues 289-331) which interacts with ribosomal proteins.
The MDM?2 C-terminus contains the RING region, which is responsible for its E3 ligase activity, and the carboxyl
terminus tail, which regulates the RING motif through MDM?2 homodimer formation and MDM2 and MDMX
heterodimerization. MDM?2 also contains NLS, NES and Nucleolar Localization Signal (NoLS) sequences in its
structure. (B) MDMX is structurally similar to MDM?2, also containing a N-terminal p53 binding region (residues
19-102), a central acidic (residues 215-255) and zinc-finger (residues 290-332) domains and a RING domain
(residues 437-483) located at the C-terminus. However, unlike MDMZ2, MDMX lacks NES, NLS or NoLS
sequences, but has a unique WWW motif (W, residues 190-210) that inhibits interaction with p53. MDMX also
lacks E3 ligase activity, unlike MDMZ2. The carboxyl-terminal tail (residues 485-490) is necessary for the
heterodimerization of MDM2 and MDMX. Adapted from Karni-Schimidt et al. 201676,

Three regions of interaction between p53 and MDM2 have been identified (Figure
3). The first documented interaction occurs between TAD 1 and MDM2 p53 N-terminal
domain. This interaction is responsible for the inhibition of p53 binding to the transcriptional
systems®'. In 1996, a crystal structure analysis of a p53 peptide bound to the MDM2 N-
terminus (which comprised amino acids 15-29) identified a specific hydrophobic pocket in
MDM2 that included the amino acids phenylalanine 19, tryptophan 23 and leucine 26 in
p53%2. Some studies have suggested that p53 may adopt a helical conformation upon
binding to MDM2%'%3, The two large hydrophobic amino acids of p53 Phe19 and Trp23 are
located face to face on the same side of the helix, and along with Leu26, they point towards
the MDM2 protein, surrounded by several hydrophobic residues from MDM2. Afterwards,
some studies indicated an interaction between the DBD of p53 and the central acidic
domain of MDM2%-%7  which is essential for an efficient p53 ubiquitination. Additionally, the
acidic region of MDM2 was reported to inhibit the p53 interaction with DNA due to the
promotion of a conformational change in p53%8. In 2010, a third interaction was described
between the p53 C-terminus and MDM2 N-terminus, indicating that the p53-MDM2
interaction is decreased after deletion of the p53 C-terminus, and that modifications of this

region can indeed regulate the interaction between MDM2 and p53°°.
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Figure 3: The interactions between p53 and MDM?2 involve three regions of each protein. (1) The main
interactions occur between MDM?2 N-terminal region and p53 N-terminal TAD1. (2) The acidic domain of MDM2
can interact with p53 DNA-binding domain. (3) MDM2 N-terminal domain can also interact with the p53 C-
terminal domain, which harbors lysines that are ubiquitinated through the MDM2 RING region.

The MDMX protein consists of 490 amino acids (Figure 2B) and its overexpression
inhibits p53 transcriptional activity. This effect is dependent on the p53 binding domain of
MDMX®, MDMX lacks the NLS, NoLS and NES sequences and is mainly localized in the
cytoplasm. However, after association with different partners, particularly MDM2, and after
DNA damage, MDMX may be found in the nucleus. Interestingly, the precise amino acids
required for interacting with the p53 N-terminus in MDM2 and MDMX are identical. Still,
even though MDM2 and MDMX share high homology between their p53-binding pockets, a
structural analysis revealed important differences between these two pockets, namely two
different residues in MDMX’s binding pocket®!. Unlike MDM2, MDMX does not exhibit E3
ligase activity in its RING domain, nor directly promotes p53 degradation. However, it
interacts with MDM2 through its RING motif, affecting levels of both p53 and MDM262-64,
Additionally, both MDM2 and MDMX have P-loop regions in their RING domains, which

allows them to bind specifically to ATP48.65-68,

In 2013, an auto-inhibitory sequence motif was described in MDMX, near the
residues Trp200 and Trp201, and was given the name of WWW element®®. The absence of
this region increases the interaction with p53 by 32-fold. The WWW element binds to the
MDMX own N-terminal domain, preventing binding to p53. This region may justify the
existence and the oncogenic impact of alternatively spliced MDMX proteins that lack this
motif and that are present in some aggressive tumors, raising the possibility of another level

of regulation.

1.2.1.2. The p53-MDM2 interaction and its effects

MDM2 has a critical role in regulating the levels of p53, whether cells are under
normal or stress conditions’%-72. After being ubiquitinated, p53 is degraded by the 26S

proteasome (Figure 473). This ubiquitination occurs at several lysine amino acids located at
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the C-terminus, and it requires MDM2 E3 ubiquitin-ligase function. Additionally, MDM2 has
a postubiquitination role in enabling the direct interaction of p53 with the proteasome’.
MDM2 is also essential for regulating p53 activity through mediation of p53 export from the

nucleus, which involves monoubiquitination and sumoylation”.

The MDM?2 gene contains two promoters: P1 and P2. In many cells, the P1 promoter
is constitutively active, though at low levels. The P2 promoter has two p53 binding sites and
is activated in response to cellular stress in a p53-dependent way’>76. By interacting with
these sites, p53 mediates the transcription of the MDM2 gene, becoming part of the p53-
MDMZ2 negative-feedback loop. This auto-regulatory system between the two proteins is
essential not only for keeping p53 in check, but also for increasing the levels of p53 after
the cells start to experience mild forms of stress. These interactions result in oscillation of
cellular levels of both proteins, which has been observed both in populations of cells’” as
well as in individual cells’®. However, this oscillation is altered in cells that express high
levels of MDM2, due to the fact that the promoter region of their MDM2 proteins has a single

nucleotide polymorphism (SNP)78,

Ub
ub™
N
Ub

Nucleus

26S Proteasome

26S Proteasome

Figure 4: Regulation of p53 by MDM?2 and MDMX. p53 regulates MDMZ2 and MDMX transcription levels (green
arrows), while MDM2 and MDMX inhibit p53’s transcriptional function. MDM2 can also promote p53 nuclear
export to the cytoplasm for ubiquitin-mediated degradation by the proteasomes. It can also promote the nuclear
degradation of p53 (polyubiquitination), MDMX ubiquitination and its own ubiquitination and degradation. Ub:
ubiquitin. Adapted from Soares et al. 201773,

10



Chapter [: Introduction

Interestingly, it has been observed in vivo that this feedback loop is important in
hematopoiesis for the regulation of p53 activity (especially in response to DNA damage),
but not for homeostasis, longevity or development’”. In mice, point mutations in the two p53-
binding sites of the MDM2 promoter introduced into the endogenous MDM2 locus induced
an increased response to DNA damage, although p53 degradation in different tissues
remained similar to the wt control. This implies that MDM2 has different roles in different

tissues, and it also highlights the importance of their understanding.

Furthermore, a p53-response element has been identified in the MDMX promotor,
which adds more complexity to the understanding of p53 regulation, since it has the
potential to form another negative-feedback loop®. Like MDM2, MDMX also has a promoter
named P2, which is responsive to p53 and produces a longer human MDMX transcript
called HDMX-L, with 18 extra residues in N-terminus. This transcript has a critical role in
MDM2-mediated p53 ubiquitination by turning p53 levels down to normal after stress
activation®. It is still unknown when and under what conditions p53 regulates MDMX

through its P2 promoter.

In addition to these mechanisms, MDM2 is regulated by many other partners, such
as Alternative Reading Frame (ARF) tumor suppressor protein (p14ARF)80-83 microRNAs
(miRNAs)8-8 miR-605, a small nucleolar RNA-derived miRNA50%7:88  14-3-30%, the
Ubiquitin-Specific Cystein Protease 2a (USP2a)%, the ribosomal protein L11 (RPL11)%":92,
Protein Interacting with Carboxyl Terminus 1 (PICT1)%, Yin Yang1 (YY1)%, AKT recruited
by survival signals®, Neural precursor cell Expressed, Developmentally Downregulated 8
(NEDD@8)% and others (Figure 543).

The MDMZ2 interaction with its diverse protein partners indicates that its activity
occurs under a complex regulatory network that ultimately modulates the ubiquitination and
proteasomal degradation of p53 in a cell context-dependent manner. Adding to these
partners, two other distinct regulatory mechanisms influence the p53/MDM2 axis under
normal and pathological conditions (Figure 6). The level of MDM2 in cells is one of these
mechanisms. A low level of MDM2 can monoubiquitinate p53 and to induce nuclear export
of p53. But, on the other hand, a high level of MDM2 leads to polyubiquitination of p53 and
nuclear degradation'”. The second mechanism is activated when the monoubiquitinated
p53 moves to the cytoplasm and recruits another set of proteins called polyubiquitin ligase
(E4) enzymes’. The presence of these enzymes in the cytoplasmic compartment is
essential for the polyubiquitination of p53 for downstream proteasomal degradation. The
p300 and cAMP-response element-binding protein (CREB) are two ubiquitination factors

with E3 and E4 activities required for endogenous p53 polyubiquitination and proteasomal
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Figure 5: Regulation of MDM?2 protein. By binding to p53, MDMZ2 promotes ubiquitination of
p53. The presence of MDMX and its binding to MDM?2 enhances ubiquitination and
proteasomal degradation of p53. The activity of MDM2 and MDMX is modulated by several
regulatory proteins expressed as part of oncogenic events. Understanding the role of MDM?2
and MDMX regulators in different grades of human tumors can open a new therapeutic
window for a subset of cancer patients. Panels A and B illustrate the proteins and microRNA
partners of MDM?2 and MDMX proteins, respectively. Induction of gene expression or protein
activation is shown by pink arrows and inhibition of gene expression or block protein activity
is shown by T-bars. Cbl-b, Casitas B-cell lymphoma-b; RPL11, ribosomal protein L11; COP1,
constitutive photomorphogenesis protein 1; Pirh2, p53-induced protein with a RING-H2
domain; ARF, alternative reading frame (p14ARF); NEDD8 neural precursor cell expressed,
developmentally down-regulated 8; USP2a, Ubiquitin-specific cysteine protease 2a; PICT1,
protein interacting with carboxyl terminus 1. Adapted from Sane et al. 20174,
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degradation of p53 in unstressed cells. P300 and CREB are exclusively cytoplasmic and
cannot be found in nuclear extracts’”-’8. E4B (also called UBE4B) is another E3 and E4
ubiquitin ligase. E4B binds to p53 and MDM2, promoting ubiquitination and proteasomal
degradation of p53, which results in the inhibition of p53-dependent transactivation and
apoptosis. E4B is particularly overexpressed in human brain tumors and leads to

inactivation of p5379.

Low levels of MDM2
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Figure 6: Two regulatory mechanisms that influence the p53/MDM?2 axis. (A) A low level of MDM2 can
monoubiquitinate p53 and induce nuclear export of p53. High levels of MDM2 lead to polyubiquitination of p53
and nuclear degradation. (B) The monoubiquitinated p53 moves to the cytoplasm and recruits E4B, which binds
to p53 and MDM2, promoting ubiquitination and proteasomal degradation of p53. This results in the inhibition
of p53-dependent transactivation and apoptosis.

1.2.1.3. The p53—-MDM2/MDMX Axis

The most studied, and probably the most important, role of MDM2 and MDMX in
oncogenesis is through their interaction with p53. There are two primary models that have
been proposed for this interaction®. One of these models suggests that MDM2 and MDMX
independently regulate some specific activities of p53; MDM2 is responsible for the control
of the cellular levels of p53, and MDMX only modulates the transcriptional activity of p53.
The other model, however, states that MDM2 and MDMX regulate each other by interaction,
and together they modulate the p53 function. Even though the second model is the most
supported — for example, the inhibition of the p53 function by MDM2 has been shown to be
enhanced through interaction with MDMX®” — this scenario is more complex than it seems,
as revealed by in vivo studies in mice. MDMX has proven to be as important as MDM2

during embryonic development, since both MDM2- and MDMX- knockout mice exhibit p53-
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dependent embryonic lethality that can be reversed by p53 loss, though MDM2-null mice
die in the preimplantation stage and MDMX-null embryos die later, around the embryonic
days 7.5-9.5%.99 This embryonic lethality resulting from the individual loss of either MDM2
or MDMX suggests that they are not functionally redundant. Nevertheless, p53 and MDMX
double-null mice that overexpress MDM2 are viable, which indicates that MDM2 can
compensate for the phenotype observed with the loss of MDMX when expressed at high
levels'®. Overall, the literature on these two proteins indicates that they seem to work

together to restrain p53.

The RING-finger regions of both MDM2 and MDMX are essential for their activity
towards each other and towards p53. When they interact with each other, MDM2 and MDMX
form a complex®263, Some quantitative assays have showed that there is 5-10 times more
cellular MDM2 than MDMX in mammary epithelial cell and normal human fibroblasts. This
indicates that most MDMX binds to MDM2, since the binding affinity for establishing a
heterodimer is higher than for forming MDM2 homodimers®31%', Wang et al reported that
the heterodimerization of the RING domains of MDM2 and MDMX results in a complex that
has the ability to mediate p53 polyubiquitination by MDM2, which mainly monoubiquitinates
p53 by itself'®2. This work also suggests that the previous observations of MDM2
polyubiquitinating p53 were caused by artificial activation due to the use of glutathione S-

transferase (GST) -tagged MDM2 in in vitro assays.

Some studies have demonstrated that the binding of MDM2 and MDMX through
their RING domains is crucial for efficient p53 degradation in adult tissues'%31%4, Moreover,
MDM2 has been suggested to regulate, albeit indirectly, the stress-induced levels of p53 by
downregulating MDMX levels. More specifically, MDM2 can induce nuclear localization and
E3-dependent degradation of MDMX after gamma irradiation of cancer cell lines, and the

downregulation of MDMX contributes to p53 activation by irradiation'05-197,

Additionally, the extreme five residues at the C-terminus of MDM2 have been
reported to play a crucial role in E3 ligase function both in vivo and in vitro*®4%. The formation
of the MDM2-MDMX heterodimer seems to be essential for embryonic development, as
shown in mouse models in which either a single missense mutation within, or deletion of
the MDMX RING domain (which prevents interaction with MDM2) results in early embryonic
lethality%8.109, However, the requirement of MDM2 E3 ligase activity during embryogenesis
for regulating p53 has been questioned in the last years. In 2014, a study using a mouse
model with a MDM2 that lacked E3 ligase activity but retained the ability to bind to MDMX

(Y487Aknockin) showed that in normal conditions, the development of these mice into
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adulthood was normal'°, This discrepancy between recent and earlier reports is still not

resolved.

Even though MDM2 and MDMX share a high degree of homology, they have some
distinct functions. MDM2 is able to inhibit the interactions between p53 and DNA through
its acidic domain, while MDMX only slightly mitigates this interaction®®. However, MDMX is
able to induce a p53 conformational change, protecting it from proteasomal degradation
after DNA damage in an ubiquitin- and MDM2-independent manner, which is an effect not
observed with MDM2'"". Additionally, despite the high similarity between them, the MDM2
and MDMX binding pockets for p53 have some differences, as shown by a structural
analysis of these domains bound to a p53 N-terminal peptide®'. The precise amino acids
essential for interaction with p53 are identical, but the Met53 and Tyr99 residues in MDMX
protrude into its p53-binding pocket, blocking it slightly. The WWW inhibitory region present
in MDMX, but not in MDM2 (as mentioned earlier), indicates that there might be a
mechanism of regulation in which this domain competes with the p53 TAD1 region for
binding to the MDMX N-terminal domain. This may emphasize the potential oncogenic
capacity of MDMX splice variants that lack the WWW region, which are present in some
aggressive tumors. Furthermore, it has been demonstrated in many human cancers
expressing wt p53 that functional deactivation is a result of overexpression and amplification
of either MDM2 or MDMX. Tumors that overexpress MDM2 (like liver tumors) are different
from those that overexpress MDMX (for example colon tumors), which implies that MDM2
and MDMX have distinct roles in cancer''2113, Regardless of these differences, there is
evidence that MDM2 and MDMX work together, and this cooperation is what probably

makes them both required to effectively inhibit p53 during embryogenesis.

It is worth mentioning that many tumors exhibit either a p53 mutation or MDM2
and/or MDMX amplification. For example, in 2014, a study analyzed samples of infiltrating
ductal breast carcinoma, where it was observed an overexpression of either MDM2 or
MDMX in more than half the cases; however, this overexpression was rarely present in the
samples with a p53 dysfunction''*. Curiously, the overexpression of MDMX has been
observed in a wide variety of human cancers and can prevent the p53 tumor suppression

effect!4.

Intriguingly, it has also been reported that MDMX may have a potential tumor
suppressor role, which can be either p53-dependent or -independent, in different
experimental settings. MDMX is able to suppress tumorigenesis in a p53-independent way
by promoting centrosome clustering and bipolar mitosis''>'¢. MDMX and p53 double-null

mice overexpressing MDM2 show fast rates of tumor formation, which are not observed in
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mice that have both MDMX alleles, indicating that MDMX has a context-dependent tumor-
suppressive function'®. Also, in response to DNA damage, MDMX has been shown to
translocate to the mitochondria, promoting p53 phosphorylation at serine 46, contributing to
p53-mediated apoptosis in cisplatin-treated cells''” in way that requires TAB1’s activity''.
It remains to be discovered if these unexpected effects of MDMX are relevant to human

cancer as a disease or not.

1.3. p53 and cancer development

One common aspect among the different types of human cancers is the loss of the
tumor suppressor function of p53. In theory, the pharmacological restoration of p53 should

result in tumor regression, as supported by several studies''®119.

In about half of human cancers, p53 is inactivated through mutations, most of which
occur in the DNA-binding domain (Figure 1). There are two types of mutations that may
occur: “contact”, which eliminate an essential DNA contact (like R273H and R248Q), and
“structural”’, which cause structural faults, like formation of internal (V143A and F270L) or
surface cavities (Y220C) and even structural distortion in many parts of the DNA-binding
surface (G245S, R249S and R282W).

1.3.1. Dominant negative activity of mutp53

The TP53 gene is frequently inactivated by a single mono-allelic missense mutation,
and the mutant p53 protein (mutp53) is normally overexpressed in the full-length form in
human tumors'. Several evidences suggest that mutp53 not only loses its tumor
suppressive ability, but also has dominant negative activity on the remaining wt allele'°
(Figure 7'29). Some in vitro experiments showed that mutp53 inhibits the activity of wt p53
by binding to p53-responsive elements, inhibiting endogenous target genes and stimulating
growth in the presence of mutp53'2'. Genetic knock-in mouse models support these
conclusions. p53*- mice bearing A135V p53 mutant transgene vector exhibited accelerated
tumor development when compared to p53*-mice without the transgene’?'. Since p53 binds
to DNA as a tetramer, a mechanism for the dominant negative activity involves wt p53
proteins forming hetero-oligomers with mutp53 proteins, which results in impaired DNA

binding and transcriptional activity'22123,
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Figure 7: Functional impact of TP53 mutations. In addition to losing its tumor suppression function, mutp53 has
a negative effect on the remaining wt p53. It is also able to bind to cellular proteins, like transcription factors, and
it is believed that most of its gain-of-function properties, like promotion of proliferation and metastasis, come from
this binding. Adapted from Brosh et al. 2009'%%); DN: Dominant Negative effect; LOF: Loss Of Function; GOF:
Gain Of Function.

1.3.2. Oncogenic properties of mutp53

In addition to its dominant negative activity, mutp53 may acquire oncogenic
properties that lead to “gain of function”'?°. Initially, p53 was identified as an oncogene,
since early studies wrongly used mutp53 sequences with oncogenic function'?*. In vitro
studies indicated that transfection of mutp53 into p53-null cancer cells can suppress the
promoter of p53 target genes and decrease p53 target genes expression'?®. Down-
regulation of mutp53 by siRNA increases the expression of p53 target proteins and
suppresses cancer cell growth'?-128_ |n vivo studies in mice expressing mutp53 (R172H
and R270H) showed that both p53R172H- and p53R270H-expressing mice have developed
highly aggressive carcinoma, while p53-- mice only developed lymphoma and sarcoma, but
never carcinoma. In over 43% of p53R270H-expressing mice and 57% of p53R172H-
expressing mice developed multiple tumors, while only 32% of p53” mice developed
numerous tumors'?®, Clinical evidence shows that p53 mutations are related with poor
prognosis in various cancer types'3°. Multiple mechanisms are involved in the oncogenic
activity of mutp53 (Figure 7). First, mutp53 can inhibit the function of the p53 family proteins
p63 and p73 by protein-protein interaction. Moreover, it was found that mutp53 only inhibits
p73 and p63 when itis present in large excess compared to p63/p73, which normally occurs
in tumors'3"132, Second, the regulation of gene transcription by mutp53 is an important
mechanism for gain-of-function. Mutp53 is able to activate the transcription of the Multidrug
Resistance 1 (MDR1) gene, which causes drug resistance in mutp53-expressing cancer

cells™3. In addition to MDR1, mutp53 has been involved in the transcriptional regulation of

17



Chapter I: Introduction

several genes, including PCNA96, C-MYC97, FAS98, BCL-XL99 and VEGF"'34. Third, the

inhibition of DNA repair pathways by mutp53 is another gain of function mechanism.

1.3.3. pb3 targeting strategies

p53 has a critical role in cancer, controlling apoptosis, cell cycle, senescence and
DNA repair. Therefore, it represents a very important drug target. p53 is inactivated in 50%
of human cancers, and some elements of the p53 signaling pathway, like MDM2 and p14ARF,
are often misappropriate in the other 50% of cases. Besides that, molecular epidemiological
analyses have shown that numerous cancers, like breast, head and neck, liver and
hematopoietic malignancies, have a significant association between TP53 mutations and
lower patient survival chances'®. Based on the importance that p53 has in tumorigenesis,
numerous strategies have been developed to recover p53-induced cell cycle inhibition, pro-
apoptotic and pro-senescence roles in p53 mutant cells and tumors. Figure 8735136
summarizes the p53 targeting strategies that are in pre-clinical or clinical development
stages, and even those that represent novel approaches to enable p53 signaling in human

cancers.

1.3.3.1. Targeting the p53-MDM2 interaction

The vital role of the p53-MDM2 axis in cancer prompted cell culture-based and
xenograft studies. These studies confirmed potent cytostatic, pro-apoptotic and tumor
suppressive functions of small molecule-based and polypeptidylic inhibitors of MDM2,
especially Nutlin-3 (1)'%7, MI-17 (2)'38 and MI-43 (3)'38.

Nutlin-3 (1) (Figure 13) is a cis-imidazoline that acts as MDM2 antagonist'3®, which
mimics critical residues in the transactivation domain of p53 essential for MDM2 binding,
like Phe19, Trp23 and Leu26. Some pre-clinical data in hematological, neurological and
bone cancers showed strong pro-apoptotic, anti-tumorigenic and anti-metastatic functions
with subtle adverse side effects. This favorable activity may reflect the ability of nutlin-3 (1)
to induce apoptosis, inhibit autophagy and even promote pro-senescence responses
specifically in tumors, but not in normal cells, where the MDM2 blockage by nutlin-3 (1) is
linked mainly to cell cycle inhibition'. Notably, nutlin-3 (1) shows synergism with
conventional chemotherapeutic drugs, like doxorubicin and cytarabine, radiation, TRAIL
and inhibitors of XIAP, g-secretase, Cdks, JNK, PI3K and aurora kinases, suggesting the
possibility of combinatorial therapies for the treatment of advanced blood, brain and bone

cancers'0. Currently, there is a more detailed understanding about the cellular responses
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induced by nutlin-3, which can help in the optimization of drug combinations for preclinical

and clinical testing.
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Figure 8: Therapeutics targeting the p53-signaling pathway. Depicted are the five classes of pb3-targeting
therapeutics: gene therapeutic agents to deliver p53 via adenoviral transduction into p53-deficient cancer cells;
antisense oligonucleotides targeting MDM2,; small molecules targeting wild-type p53 (i.e., compounds that
release p53 from inhibitory p53:MDM2/X complexes); small molecules targeting mutp53 to restore its native
conformation and transactivational activity; and vaccination approaches (i.e., p53-SLP, a mixture of overlapping
pb53 peptides representing amino acids 70 to 248 used in conjunction with montanide, a water-in-oil emulsion
as adjuvant; INGN-225, a vaccine using p53-peptide transfected dendritic cells; and ALT-801, an interleukin-2-
T cell receptor fusion protein directed against MHC-presented p53 peptides). MIRA-1: Mutp53 reactivation and
induction of rapid apoptosis; PRIMA: p53 reactivation and induction of massive apoptosis-1;, RITA: Reactivation
of p53 and induction of tumor cell apoptosis; STIMA: SH group targeting and induction of massive apoptosis.
Adapted from Stegh et al. 201273 and Liu et al. 201975,

Some reports suggested that the treatment through nutlin-3 (1) leads to p53-
dependent upregulation of Notch-1 in leukemia and chronic lymphocytic leukemia (CLL) B
cells™" Notch-1 activates the PI3K-mTOR signaling pathway, which then limits the pro-
death activity of p53. Therefore, the rational combination of nutlin-3 (1) with the g-secretase
inhibitors N-[N-(3,5-fluorophenacetyl)- L-alanyl]-S-phenylglycine t-butyl ester (DAPT) and
L-685458 potentiated nutlin-3 action''. Finally, besides inducing apoptosis specifically on
tumor cells, nutlin-3 (1) also seems to induce pro-senescence responses, since it
potentiated tumor regression through phosphatase and tensin homolog-loss induced

cellular senescence™?2.
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The spiro-oxindoles MI-17 (2) and its derivative MI-43 (3) (Figure 13) represent
another class of MDM2 inhibitors that, like nutlin-3 (1), block the interaction of p53 with
MDMZ2 by mimicking critical residues of the p53-MDM2 complex interface. MI-17 (2) mimics
the p53 residues Phe19, Trp23 and Leu19, while MI-43 (3), besides being able to mimic
these three residues, also mimics the p53 residue Leu22'%8, Thus, MI-43 (3) triggered

apoptosis in wild-type p53, but not in cells with mutp53.

H(\N/zo O cl
Vo

Nutlin-3 1)

Figure 9: Chemical structures of Nutlin-3 (1), MI-17 (2) and MI-43 (3).

Other small-molecule inhibitors of the p53-MDM2 interaction have entered clinical
trials for the treatment of various cancer types (Figure 10), but so far, they have shown
mixed response rates. The doses of these inhibitors have been reduced due to
hematological toxicity, as well as neutropenia, prolonged cytopenia, bone marrow failure

and even gastrointestinal toxicity'43-148,

Another approach to the disruption of this interaction is through targeted protein
degradation. This method involves the use of chimeric molecules known as PROTACs
(PROteolysis Targeting Chimeras), which simultaneously bind to a target protein and to a
E3 ligase. This causes ubiquitination and signals the target for degradation by the 26S
proteasome’%150, The pharmacological consequences arising from this strategy could be
outstandingly different from those obtained from reversible or covalent inhibition.
Additionally, it has been demonstrated that it is possible to design PROTACs with picomolar
activity'®' from binding partners of low affinity due to the formation of a cooperative complex
and the catalytic nature of these bispecific molecules. Thus, aiming for targeted degradation
of the p53-MDM2 interaction could result in improved potency when compared to the

traditional inhibitors.
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In 2018, Li et al have reported the structures of potent MDM2 degraders'2. Using
the p53-MDM2 interaction inhibitor MI-1061 (10) and IMiDs as ligase binders (which, in this
case, target the CRL4-CRBN E3 ubiquitin ligase, also known as cereblon) the authors
aimed to obtain potent degraders of MDM2 after linker optimization of MD-224 (11) (Figure
11).

RG7112 (4) RG7388 (5)
Hoffmann-La Roche Hoffmann-La Roche

MI-77301 (6)

. (
Univ. Michigan, Sanofi S-3032b/Milademetan 7)

Daiichi-Sankyo
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|
NVP-CGM097 (8) AMG 232 (9)
Novartis Amgen

Figure 10: Six representative p53-MDM?2 inhibitors that have entered human clinical trials.
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Figure 11: Structures of MI-1061 (10) and PROTAC MD-224 (11).

Experiments with MD-224 (11) confirmed that its mechanism was related to MDM2
degradation, as the co-treatment with lenalidomide (a cereblon binder), blocked the MDM2
degradation through displacement of cereblon from the ternary complex. The pre-incubation
with proteasome inhibitors or with a neddylation inhibitor also blocked MDM2 degradation
by MD-224 (11), further confirming the targeted degradation mechanism. MD-224 (11) is
10-50 times more potent than its parent compound MI-1061 (10) in induction of p53
activation and also in inhibition of cell growth in the MV-4-11 (biphenotypic B

myelomonocytic leukemia) and RS4;11 (acute lymphoblastic leukemia) cell lines.

Compared to MD-224 (11) in RS4;11 cells, MI-1061 (10) showed increased MDM2
levels, as shown by Western Blot analysis, as well as the desired increase in free p53.
Additionally, analysis by qRT-PCR (6 hours) revealed transcription upregulation of MDM2,
p21 and PUMA, but not of TP53. MD-224 (11) also induced upregulation of MDM2, but,
unlike MI-1061 (10), a complete depletion of MDM2 protein was observed.

MD-224 (11) showed nanomolar inhibitory activity in cell growth on a panel of AML
(Acute Myeloid Leukemia) cell lines, which suggests that this degradation approach could

be applied in AML. As theoretically expected, two AML cell lines expressing mutp53 were
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unresponsive to MD-224 (11). In the RS4;11 xenograft model, a single 25 mg/kg iv
(intravenous) dose of MD-224 (11) showed a time-dependent reduction in MDM2 levels,
with some depletion noticeable by 3 hours and near complete depletion by 24 hours.
However, there is no pharmacokinetic profile for MD-224 (11) available to this date. Multiple
intravenous dosing of MD-224 (11) at 24 mg/kg every second day showed up to 50% tumor
regression without significant weight loss or other signs of toxicity. These results are
favorably different from the oral dosing at 100 mg/kg (5 days/week via oral gavage) of MI-

1061, which resulted in only modest tumor growth inhibition in this model.

1.3.3.2. Targeting the p53-MDMX interaction

Some works have highlighted the importance of MDMX inhibitors for anticancer
therapy. For example, in melanoma, in which most of the cases express wt p53, MDMX is
abnormally upregulated’®154, Notably, the inhibition of the interaction between p53 and
MDMX has been shown to restore the function of p53. This can indicate that, at least in
melanoma, p53 is the main target of MDMX. These melanoma studies have a big clinical
relevance because MDMX overexpression seems to be predominant in these tumors and

they have a very low frequency of p53 mutations.

There are reports of many small molecules able to target MDMX. One of them is
called WK 298 (12) (Figure 12). It disrupts the interaction between p53 and MDMX by
mimicking the binding of a p53 peptide. Specifically, it fills the Trp23 subpocket of MDMX
with its 6-chloroindole group'®. Another small molecule is SJ-172550 (13) (Figure 12). It
targets the MDMX N-terminus-p53 interaction pocket. A more attentive analysis of SJ-
172550 (13) revealed that it affects the conformation of MDMX instead of acting as a
competitive inhibitor'%¢. Additionally, some small molecules prevent MDMX transcription,
such as the benxofuroxan derivative NSC 207895 (14)'%” (Figure 12) or indirectly destabilize
MDMX through the inhibition of heat shock 90, like 17-AAG, also called tanespimycin (15)'%8
(Figure 12). XI-011 (16) is another small molecule capable of interfering with the p53-MDMX
interaction by acting synergistically with cisplatin'°. XI-006 (17) (also known as
NSC207895) was also reported to downregulate MDMX and upregulate p53 and pro-
apoptotic genes like PUMA and BAX'%. Adding to this list is CTX1 (18), which binds directly
to MDMX, preventing the formation of the p53-MDMX complex and inducing apoptosis in a

panel of cancer cell lines'®".

Since many tumors overexpress MDMX, the molecules that only target MDM2 might
not be effective for these types of tumors. For this reason, many compounds targeting both
MDM2 and MDMX, with disruption of both p53-MDM2 and p53-MDMX interactions, were
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generated and are currently being tested. They include the small molecule RO-5963 (19),
which interferes with the p53-MDM2-MDMX interaction by promotion of the homo- and
heterodimerization of MDMX and MDM2'¢2, Other inhibitors of both MDMX and MDM2
include some synthetic peptide compounds, like SAH-p53-8, PMI peptide, and pDI
peptide’63-166, Interestingly, one study demonstrated that high levels of SAH-p53-8 were
effective in a melanoma mouse model expressing high levels of MDMX, increasing the
effect of treatment with cisplatin and vemurafenib, a BRAF-V600E inhibitor'®3. This study is
an example of how combination therapy may reduce cancer resistance and allow cancer

treatment strategies to be adapted to each patient'®”.
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Figure 12: Chemical structures of WK 298 (12), SJ-172550 (13), NSC 207895 (14), tanespimycin (15), XI-011
(16), X1-006 (17), CTX1 (18) and RO-5963 (19).
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1.3.3.3. Restoration of wt-like activity to mutp53

The high-throughput screening of chemical libraries and in silico screens with
computational techniques identified a large number of small molecules that could restore
wt-like function of mutp53. These include PRIMA-1 (20)'®® and its derivative, PRIMA-1MET
(21)'8%, MIRA-1 (22)'79, STIMA-1 (23)'"", PhiKan083 (24)'72, NSC319726 (25)'"3, CP31398
(26)'4, SCH529074 (27)'"5, ellipticine (28)'® and p53R3 (29)'"7 (Figure 13). Other small
molecules targeting mutp53 include PK11007 (30)'78, stictic acid (31)'"8, PK7088 (32)'"°, R-
goniothalamin (33)'8, MB725 (34)'8', COTI-2 (35)'82, PEITC (36)'®, RETRA (37)'®, SAHA
(38)'8, chetomin (39)'86, KSS-9 (40)'8” and SLMP53-1 (41)'8 (Figure 14).
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Figure 13: Chemical structures of PRIMA-1 (20), PRIMA-1ET (21), MIRA-1 (22), STIMA-1 (23), PhiKan083
(24), NSC319726 (25), CP31398 (26), SCH529074 (27), ellipticine (28) and p53R3 (29).

The PRIMA-1 (20) derivative PRIMA-1MET (21) (Figure 13), was the first compound
to enter into clinical trial. PRIMA-1 (20) and its optimized derivative PRIMA-1MET (21) has
been tested in phase | trial. PRIMA-1 (20) seems to specifically inhibit the growth of mutant
p53-expressing cells. This small molecule was first identified through screening a library of

2,000 compounds in a SAOS-2 cell model (human osteosarcoma) expressing the R273H
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mutp53'%8 and it restores both DNA contact and structural p53 mutants by restoring the wt
p53 conformation and its sequence-specific DNA binding in vitro. An in vivo study showed
strong antitumor activity of PRIMA-1 (20) alone or in combination with cisplatin with no
apparent toxicity in lung and osteosarcoma xenografts'®®. The phase | trial of PRIMA-1MET
(21) was completed in patients with acute myeloid leukemia and prostate cancer. According
to these studies, PRIMA-1 (20) showed a favorable pharmacokinetic profile and was well
tolerated. Treatment of PRIMA-1MET (21) in patients induced cell-cycle arrest, apoptosis and
transcription of p53 target genes NOXA, PUMA and BAX. One of the patients, having AML
with a p53 core domain mutation showed a reduction of blast percentage from 46% to 26%
in the bone marrow after treatment with PRIMA-1MET (21)'6%, However, in 2015, PRIMA-1MET
(21) was reported to be rather unspecific, as it inhibited proliferation of colorectal cancer
cells, independent of p53 status' and targeted MEK and thioredoxin reductase 1 a
(21)190.191,

The carbazole derivative PhiKan083 (24) (Figure 13) was identified by an in silico
analysis of the p53 Y220C mutant crystal structure using virtual screening and rational drug
design. PhiKan083 (24) was able to selectively bind to a unique pocket in mutp53 Y220C,
stabilizing it. PhiKkan083 (24) increases the melting temperature of the Y220C mutant and
slows its rate of denaturation. Like PhiKan083 (24), PK7088 (32) (Figure 14) also binds to
Y220C pocket, stabilizing its structure and raising its melting point'’®. However, the

biological activity of these compounds has still to be assessed'’2.

Based on the same screening approach used to identify PRIMA-1 (20), a maleimide-
derived molecule, MIRA-1 (22) was observed to exert mutp53 reactivating activity via
covalent binding'®2. Later studies showed that MIRA-1 (22) was actually toxic to normal cell

lines that were hoped to be insensible to this potential mutp53 reactivator'®:.

NSC319726 (25) (Figure 13) was identified by an in silico analysis of US National
Cancer Institute (NCI) using 60 human tumor cell line anticancer drug screen (NCI60). This
compound restored wtp53 activity in mutant p53R175H-expressing cell lines'’3. It also
displayed antitumor activity specifically in mutant p53 R172H (equivalent to human R175H)
genetically engineered mice, and inhibited xenograft tumor growth of mutant p53R175H-

expressing cells'’3,

Other compounds that target mutp53 include STIMA-1 (23), CP31398 (26),
SCH529074 (27), ellipticine (28), p53R3 (29), PK11007 (30), stictic acid (31), PK7088 (32),
R-goniothalamin (33), MB725 (34), COTI-2 (35), PEITC (36), RETRA (37), SAHA (38),
chetomin (39), KSS-9 (40) and SLMP53-1 (41) (Figures 13 and 14). CP31398 (26) stabilizes

the core domain of mutp53 protein, increases DNA binding and transcriptional activity, and
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also shows antitumor activity in colon cancer and melanoma mice models'’4. However, in
2002, it was reported that this compound intercalates with DNA and alters and destabilizes
the p53-DNA complex'’®. STIMA-1 (23) is a CP-31398 (26) derivative, which also induced
suppression of mutp53-dependent tumor growth'”'. SCH529074 (27) is another compound
able to target mutp53. It binds to the DNA binding domain of mutp53, stabilizes it and
induces p53-dependent apoptosis'’®. Ellipticine (28) restores the transcriptional activity of
mutp53'76. p53R3 (29) restores DNA binding of R175H and R273H p53 mutants, induces
DR5 expression, and makes cancer cells more sensitive to TRAIL-induced apoptosis'’’. R-
goniothalamin (33) (Figure 14), the R-enantiomer of goniothalamin (which was toxic to
coronary artery smooth muscle cells by activating the p53 pathway'%4), was reported to

selectively kill human breast cancer cells by reactivating the R175H mutanté°,

The 2-sulfonylpyrimidine, PK11007 (30) (Figure 14), designed to stabilize mutant
p53Y220C, is actually an alkylator of p53 cysteines'. The alkylation of cysteine residues
in p53 may prevent the formation of disulfide bonds that induce protein misfolding, thus
creating new DNA contacts which allow more efficient DNA binding and promote correct
protein folding'®. Computational studies identified an open pocket in p53 DBD as a critical
target for the reactivation of mutp53'®’. The residues Cys124, Cys135 or Cys141 in this
pocket are thought to be the binding sites of STIMA-1 (23) and MIRA-1 (22) through Michael
addition'¥”. However, for PK11007’s (30), the crystal structure indicates that it alkylates the
residues Cys182 or Cys277 through nucleophilic aromatic substitution'®>. Nonetheless, the
mechanisms by which these compounds act to stabilize mutp53 still need further

investigation.

A virtual screening based on the pocket formed by mutp53 indicates that stictic acid
(31) (Figure 14) is a potential mutp53 reactivator. Furthermore, it exhibited strong induction

of p21 in SAOS-2 (human osteosarcoma) cells expressing the R175H mutant'®”.

By binding tightly to the Y220C pocket and stabilizing this mutant, MB725 (34) was
able to induce selective reduction of viability in several Y220C-expressing cancer cell lines

while having little effect on control cell lines'®"

COTI-2 (35) was first identified through the computational platform CHEMSAS,
which is a system that predicts target biological activity from molecular structures'®?. This
compound inhibits the growth of a wide group of cancer cell lines, especially those
expressing p53 mutants'®, and it seems to work by reactivating mutp53 and also inhibiting
the PI3K/Akt pathway'é2.
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Figure 14: Chemical structures of PK11007 (30), stictic acid (31), PK7088 (32), R-goniothalamin (33), MB725
(34), COTI-2 (35), PEITC (36), RETRA (37), SAHA (38), chetomin (39), KSS-9 (40) and SLMP53-1 (41).
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Phenethyl isothiocyanate, also known as PEITC (36), is a low MW compound
derived from edible cruciferous plants (like cabbages and broccoli) that was reported to
reactivate mutp53, particularly mutp53R175H'8, The authors of this work claimed that
PEITC (36) functions by chelating zinc, and it is now in clinical trials for the treatment of
cancer through a variety of effects, including inhibition of cytochrome P450s, induction of

Phase Il detoxifying enzymes, cell cycle arrest and apoptosis?83.

RETRA (37) was identified as a mutp53 reactivator by using a reporter assay on
A431 (epidermal carcinoma) cells expressing the mutp53 R273H. The treatment of cells
expressing mutp53 with this compound leads to an increase in p73, which yields tumor

suppressive effects, similar to mutp53 reactivation'®.

Vorinostat (also known as SAHA (38)) was approved by the Food and Drug
Administration (FDA) as a histone deacetylase inhibitor. SAHA (38) seems to exhibit
preferential cytotoxicity to mutp53-expressing cells, rather than wt p53 and p53-null cancer
cells. A mechanistic study suggested that, by inhibiting histone deacetylase 6 (a critical
positive regulator of HSP90), SAHA (38) is able to indirectly release mutp53 from the
mutp53-HSP90 complex, thus facilitating the degradation of mutp53'85. Additionally, this

compound sensitizes cancer cells expressing mutp53 to chemotherapy'%.

The fungal natural product chetomin (39) was identified through high-throughput
screening as a reactivator of mutp53R273H. However, it seems to rescue mutp53 indirectly,
as it interacts with HSP40, increasing its activity on mutp53R273H. This induces a
conformational change of this mutant to a wt-like p53, with activation of a downstream p53

signalling .

KSS-9 (40) is a hybrid molecule composed of two natural compounds:
piperlongumine (an alkaloid that is able to produce ROS in cancer cells'®) and CA4 (a
known antimicrotubule'®). This compound exhibited strong tumor-suppressive effects in
breast cancer cells, especially those expressing the mutp53R273H. Additionally, KSS-9
(40) restored the activity and conformation of mutp53, an effect that neither piperlongumine
nor CA4 had individually®’.

SLMP53-1 (41) was identified as a new reactivator of the mutp53R280K through a
yeast-based screening, also increasing the inhibitory effect of wt p53 on yeast growth'®. It
exhibited antiproliferative effects in both wt and mutp53-expressing tumor cells, and also
triggered apoptosis mediated by p53 transcription and mitochondrial pathways. SLMP53-1
(41) also inhibited migration and showed synergistic effects with conventional
chemotherapeutics like doxorubicin and etoposide in a p53-dependent manner'8. However,

the mechanism by which SLMP53-1 reactivates the mutp53R280K is still unknown.
29



Chapter I: Introduction

2. Chalcones

Chalcones are natural products with a great distribution in many plant species?00-204,
possessing the common chemical scaffold of a 1,3-diaryl-2-propen-1-one, also called
chalconoid, that may exist as trans and cis isomers, being the trans isomer

thermodynamically more stable?°32%% (Figure 15).

Figure 15: Structures of chalcone.

A great number of natural chalcones are polyhydroxylated. Other common
substituents include methoxy and prenyl groups, being also reported the isolation of
bischalcones, like rhuschalcone (42) from Rhus pyroides, which contains two chalcone

moieties in a single structure?%s.
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Figure 16: Structure of rhuschalcone | (42).

Chalcone synthase (CSH) is a member of the plant polyketide synthase superfamily,
which also includes stilbene synthase (STS), acridone synthase, pyrone synthase, bibenzyl

synthase, and p-coumaroyltriacetic acid synthase??’. Chalcone synthases provide the
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starting materials for a varied set of metabolites, like the flavonoid family, which includes

chalcones?2%8,

Flavonoids are synthesized via the phenylpropanoid and polyketide pathway, which
starts with the condensation of one molecule of CoA-ester of cinnamic acid or derivatives
such as coumaric or ferulic acid, and three molecules of malonyl-CoA, yielding a naringenin
chalcone as the major product. This reaction is carried out by CSH. The chalcone is
isomerized to a flavanone by the enzyme Chalcone Flavanone Isomerase (CHI). From
these central intermediates, the pathway diverges into several branches, each resulting in
a different class of flavonoids. Flavanone 3-hydroxylase (F3H) catalyzes the stereospecific
3B-hydroxylation of (2S)-flavanones to dihydroflavonols. For the biosynthesis of
anthocyanins, dihydroflavonol reductase (DFR) catalyzes the reduction of dihydroflavonols
to flavan-3,4-diols (leucoanthocyanins), which are converted to anthocyanidins by
anthocyanidin synthase (ANS). The formation of glucosides is catalyzed by UDP glucose-
flavonoid 3-O-glucosyl transferase (UFGT), which stabilizes the anthocyanidins by 3-O-

glucosylation. An overview of the flavonoid pathway is presented in Figure 17.

Due to their relatively easy synthesis and to their large number of replaceable
hydrogens, chalcones have attracted the attention of many organic medicinal chemistry
groups worldwide. There is a large number of research publications dedicated to the
synthesis and biological activities of chalcones, and every year there are new insights about
these flavonoids exploring their wide array of properties, such as antioxidant?®°,
anticancer?'92"1 anti-tubercular?'?, anti-inflammatory?'".23, antimalarial?'4, antifungal and

antiviral215.216
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Figure 17: Flavonoid biosynthetic pathway. ANS anthocyanidin synthase; AS aureusidin synthase; C4H
cinnamate-4-hydroxylase; CHR chalcone reductase; DFR dihydroflavonol 4-reductase; DMID 7,20- dihydroxy,
40- methoxyisoflavanol dehydratase; F3H flavanone 3-hydroxylase; F30H flavonoid 30 hydroxylase; F3050H
flavonoid 3050 hydroxylase; FS1/FS2 flavone synthase; 120H isoflavone 20-hydroxylase; IFR isoflavone
reductase; IFS isoflavone synthase; IOMT isoflavone O-methyltransferase; LCR leucoanthocyanidin reductase;
LDOX leucoanthocyanidin dioxygenase; OMT O-methyltransferase; PAL phenylalanine ammonia- lyase; RT
rhamnosyl transferase; UFGT UDP flavonoid glucosyl transferase; VR vestitone reductase; STS stilbene

synthase; FLS flavanol synthase. Adapted from Dao et al. 2011.

32



Chapter [: Introduction

2.1. Chalcones as modulators of the p53 pathway
2.1.1. Natural chalcones

Several natural chalcones are reported as inducers of p53-mediated apoptosis and
cell cycle arrest (Table 1). The effect of the chalcone itself (43) was investigated in terms of
viability reduction, induction of apoptosis and alteration of gene expression of p53 and Sp1
in the human osteosarcoma U20S cell line through in vitro assays?'’. Treatment with trans-
chalcone (43) induced growth inhibition of these cells in a time- and dose-dependent
manner, especially at the concentration of 10 uM after 48 hours?'’. It also induced apoptosis
in a dose-dependent way, and caused Sp1 downregulation at the transcriptional level, while
up-regulating p53 expression at the post-translational level?'”. Recently in 2018, Silva et al.
further investigated the effects of trans-chalcone (43) on the transcriptomes altered by p53
expression through RNA-Seq analysis. This study was once again performed on the U20S
cell line, which were treated with 50 yM trans-chalcone (43) for 24 hours. After the treatment,
the RNAs were isolated and subjected to RNA-Seq. This assay allowed Silva et al. to
conclude that the p53 pathway was one of the most highly affected pathways by trans-
chalcone (43) treatment. The DNAJB1 (HSP40 family) and ATF3 genes, which play a role
in enhancing stability and activation of p53 by interacting with MDM2, were highly
upregulated. This result was further confirmed by RT-PCR and Western Blot. Also, in order
to evaluate trans-chalcone ability to modify the expression of these two genes in other types
of tumor cells, HCT116, FaDu and SJSA1 cells were treated in the same way as the U20S
cells were. The DNAJB1 gene was upregulated in all cells, and the ATF3 gene was
upregulated in the HCT-116 and FaDu cells, but not in the SJISA1 cells. These results may
suggest that the DNAJB1 gene, might be a target of trans-chalcone (43)318.

Besides this unsubstituted chalcone, other natural chalcones, with different
substitution patterns, including chalcones with hydroxyl, methoxy, and prenyl groups, were
reported for their apoptotic activities, as well as for their ability to induce cell cycle arrest

through a p53-mediated pathway.

Isoliquiritigenin (44) and HTMC (45) are naturally occurring chalcones reported to
induce cell cycle arrest and apoptosis in some cell lines, particularly in the lung A549 tumor
cell line?'%-22", The cell cycle arrest ability of these chalcones showed to be mainly
associated with an increase in p53 and p21 expression, which is a required element in the
p53-dependent cell cycle arrest. In fact, p21 is regulated by p53, so it depends on p53
expression in order to perform its role, which is the inhibition of CDKs and subsequent cell

cycle arrest??0.
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When A549 cells were treated with 20 pmol/L isoliquiritigenin (44), over 46% of cells
were arrested in G phase, being this percentage increased to 60% with 40 umol/L of 442'°,
p53 was up-regulated after 6 hours treatment and it reached its maximum after 12 hours.
Isoliquiritigenin (44) also induced apoptosis due to its ability to enhance the expression of
p53 downstream targets, specifically Fas and its two ligands, namely membrane-bound Fas
ligand (mFasL) and soluble Fas ligand (sFasL), in A549 cells?'°. This compound was tested
again by the same authors a year later in 2005, in Hep G2 cells???. The treatment with 20
Mg/mL isoliquiritigenin (44) induced cell cycle arrest at the G,/S phase, and also caused
DNA fragmentation at a concentration of 10 ug/mL after 48 hours of treatment, which
triggered apoptosis. This concentration also increased p53 levels after 3 hours and reached
maximum levels after 6 hours of exposition??2. In 2009, Hsu et al. tested this chalcone on
HelLa cells?®. The results were similar, showing cell cycle arrest in the G2/S phase and
induction of apoptosis, with an ICso value of 9.8 uM. Furthermore, the authors observed that
the exposure of cells to 20 yM isoliquiritigenin (44) enhanced the phosphorylation of p53 on
residues Ser15 and Ser392, and increased one of p53 downstream targets, p21. A more
recent work published by Kim et al. in 2017 demonstrated that isoliquiritigenin (44)
generated ROS in Caki cells??4. This, in turn, would stabilize and activate p53, increasing

its levels. It also downregulated MDM2, which contributed to the increase of p53 expression.

HTMC (45) caused reduction of cell proliferation in the lung A549 tumor cell line by
59% with the concentration of 50 uM for 24 hours. It also increased the G1 population of
cells from 62.5% to 83.4% and decreased the S population from 31.1% to 13.3% after
treatment with 12.5 yM HTMC (45) for 24 hours?2°. This cell cycle arrest ability was caused
by the effect of HTMC (45) on the p21 upregulation, therefore implying p53 upregulation as
well, which in turn would inhibit cdc2, causing cell cycle arrest at G phase. When it comes
to apoptosis induction by p53, however, the authors that tested HTMC (45) stated that it
was unclear whether this chalcone could induce DNA damage, which can be required for

p53 to execute its pro-apoptotic role??0.

Flavokawin A (46) and B (47) are two natural chalcones which only differ in the
substitution pattern of B ring. In 2008, a study conducted by Tang et al. showed that
flavokawin A (46) induced cell cycle arrest in the G,/M phase in six p53-mutant papillary
bladder tumor cell lines??5. In RT4 bladder tumor cells that express wt p53, flavokawin A
increased the levels of p21/WAF1, suggesting that p53 activated the transcription of the
p21 gene??S. It also caused cell cycle arrest, but the increase in p21/WAF1 levels, which are
related to cell cycle arrest, was observed independent of cell cycle phase. The treatment of
human squamous carcinoma KB cells with 5-20 yM of flavokawin B (47) induced the

upregulation of p21/WAF, p53 and Wee12%5. This upregulation resulted in cell cycle arrest
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at the G2/M phase, since p21/WAF is able to inhibit CDKs and Wee1 prevents the cell from
entering into the mitotic stage by catalyzing the inhibitory tyrosine phosphorylation of Cdc2-
cyclin B kinase. Also, there was a decrease in the levels of cyclin A, cyclin B1, Cdc2 and
Cdc25C, which contributed for the cell cycle arrest. The apoptotic effects of flavokawin B
(47) were mainly associated with the decrease in Bcl-2 levels and increase in Bax levels,
disrupting the Bcl-2:Bax ratio, as well as the activation of caspase-9, -3 and -8, cleavage
of poly ADP ribose polymerase (PARP) and Bid in KB cells??5.

The prenylated chalcone isolespeol (48), isolated from Artocarpus communis,
revealed a potent growth inhibitory effect in SW 872 human liposarcoma cells (ICso value of
3.8 uM)?%6, Western blotting revealed that isolespeol (48) increased p53 levels at a

concentration of 3 uM after 3 hours of exposition.

The treatment of lung adenocarcinoma A549 cells with xanthohumol (49) induced
apoptotic cell death after treatment for 48 hours with 5 uM and reached a maximum effect
with 20 yM. Xanthohumol (49) also induced cell cycle arrest at the G phase. The first
noticeable differences in cell cycle arrest were observed after treatment with 10 yM
xanthohumol (49) and the maximum percentage of cells in G; phase was observed after
treatment with 20 uM xanthohumol 2?7, The induction of cell cycle arrest was associated
with the upregulation of key cell cycle regulators p53 and p21 as well as downregulation of

cyclin D1, while the induction of apoptosis was related with the activation of caspase-3.228
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Table 1: Natural chalcones inducers of p53-dependent apoptosis and/or cell cycle arrest.

Chalcones

Molecular targets in

apoptotic/cell cycle

cellular processes

Cytotoxic effect (ICso)/
p53 activation (Ref)
(Method)

7

trans-Chalcone (43)

Decrease of Sp1, Sp3 and

Sp4 expression

Downregulation of Top2A
and MMP-2 transcripts
(Sp1 target genes)?'7, and
MN1218

Upregulation of Gadd45A,
p212'7 DNAJB1, ATF3218
(p53 target genes),
TP53AIP1 and PLK2218

Increase of p53 expression

U208217'2182

ICs0=n.d

p53 activity* = 50 uM
(Western Blot)?'7; (RNA-
Seq, RT-PCR and
Western Blot)?'8
HCT1162'8:

ICs0 = n.d.

p53 activity* = 50 uM
(Western Blot)

FaDu?'8:

ICs0 = n.d.

p53 activity* = 50 yM
(Western Blot)

SJSA1218;

ICs0 = n.d.

p53 activity = 50 uM
(Western Blot)
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OH

o

ORA®
HO OH

Isoliquiritigenin (44)

Increase of p53
expression, p21/WAF1
levels, Fas-ligand and

Fas-receptor expression,
NOXA

Bak levels

Bax and
expression,

and caspase-9 activity

Decrease of Bcl-2 and
Bcl-XL, PCNA, MDM2, p-
GSK-3B, p-Akt, p-c-Raf
and p-PTEN expression

levels

Hep G2222:

ICs0 = n.d.

p53 activity* = 10
pg/mL (ELISA)

A549219:

ICs0 = n.d.

p53 activity* = 20
pmol/L (ELISA)

Hela?2®:

ICs0 = 9.8 uM

p53 activity* = 10 yM
(ELISA)

Caki??*:

ICs0 = n.d.

p53 activity* = 50 yM
(Western Blot)
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Table 1 (cont.)

2’-Hydroxy-2,3,4’,6’-tetramethoxychalcone

Inhibition of
phosphorylation of
cdc2 (Tyr15 and
Tyr161) and Rb
(Ser795 and
Ser807/811)

Increase of p53 and

A549220;
ICs0 = 47 uM
p53 activity* =

6.25 uM (Western
Blot)

(HTMC, 45)
p21 expression
Increase in RT4225;
OH O p21/WAF1,
p27/KIP1 ICs0 = 20.8 uM
LT T
0 0 o~ Decrease of CDK2 | p53 activity = 40
l l activity pmol/L (Flow
Flavokawin A (46) Cytometry)
Increase in p53, KB?28:
p21/WAF1, Wee1
and Bax levels ICs0 = 30.0
pg/mL#
Activation of
caspase-9, -3 and - | p53 activity* =

Flavokawin B (47)

8

PARP cleavage
Bid cleavage
Decrease of Bcl-2,
cyclins A and B1,
Cdc2 and Cdc25C

levels

Release of

cytochrome ¢

pg/mL (Western
Blot)
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Increase of p53,
Fas, FaslL, and Bcl-2

family proteins

SW 87222¢:

ICs0 = 3.8 uM

OH O expression
= p53 activity = 5
O O Increase of MM (Western
@) OH | caspases -3, -8 and | Blot)
)\/\\\\~ = -9 expression
Isolespeol (48) PARP cleavage
Release of
cytochrome C
Suppression of A549227:

OH O

T TC
HO 0 OH
|

Xanthohumol (49)

ERK1/2 and
p90RSK kinases

Inhibition of
phosphorylation and
activation of the
CREB protein

Increase in p53 and
p21 expression
Downregulation of

cyclin D1

ICs0 = 20.9 uM**

p53 activity* =
20 pyM (RT-
PCR; Western
Blot)

*ICso: concentration that causes a growth inhibitory effect of 50%

**After 48 hours

n.d.: not determined. *Lowest tested concentration that induced p53 activity.
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2.1.2. Synthetic chalcones

The wide range of promising biological activities described for natural chalcones
encouraged the synthesis of structure-related chalcones in order to obtain new promising
drug candidates for the treatment of several diseases, namely cancer. Table 2 summarizes
some synthetic chalcones with antitumor activity through a p53-mediated apoptosis and cell
cycle arrest. Pedrini et al.?’° synthesized a series of chalcones derived from 2-
naphtaldehyde. A preliminary screening of this series using L-1210 lymphoblastic leukemia
cells showed that chalcone 50 had the most promising cytotoxic effect. It induced apoptosis
through the increase of Bax, p53 and cleaved caspase 3 expression. This chalcone also
caused a significant increase of cells in Go/G1 phase (45.59%) and in G2/M phase (42.05%),

which the authors claimed that could be associated with the increase in p53 expression?3°.

A small library of imidazo[2,1-b]thiazole chalcone derivatives were synthesized and
evaluated for their antitumor activity in a panel of 60 cell lines. Among the studied
compounds, derivatives 51 and 52 showed to be the most potent growth inhibitors of human
tumor cell lines. Compound 51 showed a strong cytotoxicity effect with Glsp values ranging
from 0.26 to 4.74 pM in a wide range of tumor cell lines, including leukemia (CCRF-CEM,
K-562, RPMI-8226, SR), colon (HCC-2998, HCT-15, KM12), prostate (PC-3, DU-145),
breast (MCF-7, T-47D, MDA-MB-468), non-small cell lung (NCI-H23, NCI-H460, NCI-H522),
CNS (SF-295, U251), ovarian (IGROV1, NCI/ADR-RES, OVCAR-8), renal (UO-31), and
melanoma (MDA-MB-435, SK-MEL-2, SK-MEL-5). Compound 52 had a more modest
activity against the SR leukemia and HCT116 colon tumor cell lines, with Glsg values of 0.53
MM and 1.00 uM, respectively. The comparison of the results obtained for all compounds
allowed to conclude that the presence of a trifluoromethyl group and a 2-thienyl ring at
position 6 was associated with an enhancement of the antiproliferative effect. In order to
evaluate the effect of these chalcone derivatives, flow cytometry analysis was performed at
the concentration of 4 uM for 24 hours. Compounds 51 and 52 caused Go/G+ phase cell
cycle arrest, being this effect related with the decrease of cyclins D1, A and E1 levels and
the increase of CDK4 levels, as well as the upregulation of p53, p21, p27 and chk2.
Moreover, 51 and 52 elicited the characteristic features of apoptosis in MCF-7 cells such
as enhancement in the levels of p53, p21, and p27, suppression of NF-kB, and upregulation

of caspase-923".

CHO027 (53) was identified as a potent growth inhibitor of LNCaP, C4-2 and 22Rv1
human tumor cell lines, with ICso values in nanomolar range?®?. Using these prostate tumor
cells, it was demonstrated that CHO27 at low nanomolar levels has antiproliferative activity

through cell cycle arrest and caspase-dependent apoptosis, being also observed an
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upregulation of p53. The authors of this work evaluated the in vivo effects of CH027 (53) in
mice with established 22Rv1 xenograft tumors, as well as its pharmacokinetic parameters.
CHO27 (53) treatment retarded the growth of 22Rv1 xenograft tumors and decreased the
final tumor weight by 30 %. After one dose of administration (1 mg per mouse, approx. 40
mg/kg body weight), the plasma levels of CHO27 (53) achieved a peak of approx. 850 nM
by 1 hour, then decreased to over 400 nM by 2 hours and to 200 nM by 4 hours. CH027
(53) was able to phosphorylate p53 and therefore to up-regulate p21¢®', and this effect was

responsible for the antiproliferative and pro-apoptotic activities of this compound?32,

A series of six chalcone derivatives with a 2-acetyl thiophene A ring were
synthesized and evaluated for their antiproliferative activity in HT-29 human colon
adenocarcinoma cells. C06 (54) up-regulated p53 and p21 expression in HT-29 cells,
especially at the concentration of 40 uM, causing G2/M cell cycle arrest. The treatment of
these cells with 40 uM CO06 (54) was also associated with a high percentage of cells in early
or late apoptosis, indicating that it was able to induce apoptosis, mainly through the increase
of caspase-9 mRNA levels?33, On the contrary, the structurally related chalcone C09 (54)
increased p53 at 40 uyM, showing no changes in p21 transcription levels. Like C06 (54), C09
(55) also induced a similar late apoptosis and a higher early apoptosis at 40 uM, while
revealing a lower cytotoxic effect when compared to C06 (54). Together, these results

indicate that C09 (55) may induce cell death though non-apoptotic mechanisms?33.

In 2014, Shin et al. synthesized the chalcone derivative HMNC-74 (56) and studied
its activity on HCT116 cells. This compound inhibited the clonogenicity of these cells and
induced cell cycle arrest at the G2/M phase, as well as apoptosis. The authors of this work
further analyzed the cause of this apoptosis induction. They concluded that 10 yM HMNC-
74 (56) increased p53 levels over time in wild-type HCT116, but not in p53-null HCT116
cells. Also, the cleavage of caspase-7 and its substrate PARP was attenuated on p53-null
cells, which suggests that the apoptotic effect could be related to p53 activation?34. In the
same year, Lee et al. verified that HMNC-74 (56) also promoted the inhibition of
clonogenicity, Go/M cell cycle arrest and induction of apoptosis on SW620 cells. The levels
of p53 were increased after 12 hours treatment with 10 uM HMNC-74, as well as the levels
of phosphorylated p53, y-H2AX, p-Chk2 and Bax?3°,

SKLB-M8 (57), a synthetic derivative of the natural chalcone millepachine, showed
in vitro growth inhibitory effect in three melanoma cell lines (A2058, CHL-1, and B16F10),
being this effect associated with G2/M cell cycle arrest, downregulation of cdc2 expression,
and upregulation of p53, in A2058 and CHL-1 cells treated with 0.1 uM chalcone 57 and 0.5
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MM chalcone 57, respectively. SKLB-M8 (57) also induced apoptosis through
downregulation of AKT and phosphorylated mTOR (p-mTOR)?%.

As a result of the search for new effective antitumor compounds for human oral
squamous cell carcinoma (OSCC), TMC (58) was identified as a potent inhibitor of cell
proliferation, showing an ICs value of 3 yM. TMC (58) promoted an inhibition of cell cycle
arrest at Go/M phase and caused DNA double-strand breaks in the SCC4 cell line. Cells
treated with 1 yM 57 also revealed increased expression of caspase -3 and -9, PARP,
cytochrome c release, calpain-1 and -2, phosphorylation of histone H2AX, phosphorylation

of checkpoint kinases 2, p53, BCL2-antagonist/killer and BCL2-associated X protein?’.

Tetramethoxychalcone (TMOC, 59) inhibited the proliferation and colony formation
of cisplatin sensitive human ovarian tumor A2780 cell line. The treatment of these cells with
TMOC (59) resulted in Go/G1 cell cycle arrest through the downregulation of cyclin D1 and
CDK4, and the upregulation of p16, p21 and p27 proteins. Apoptosis was also induced
through suppression of Bcl-2 and Bcl-xL and induction of the expression of Bax and PARP

cleavage. It also up-regulated p53238,

The study of the mechanism underlying the potent antiproliferative activity of the new
coumarin—chalcone hybrid S009-131 (60) in HPV positive (HeLa) and HPV negative (C33A)
cervical tumor cell lines demonstrated that this chalcone inhibited the proliferation through
apoptosis induction and cell cycle arrest at Go/M phase. Moreover, the S009-131 (60) pro-
apoptotic effect was associated with an increase in Bax/Bcl-2 ratio, intracellular ROS,
release of cytochrome c into the cytosol, and activation of capases-9, -3 and -7. p53 was
also up-regulated, but only in the C33A cell line, along with its transcriptional target PUMA

(in both cell lines), suggesting its role in mediating the apoptotic cell death?®.

Lock-Neckel et al.?*° reported that the chalcone-quinoxaline hybrid N9 (61) induced
the inhibition of cell proliferation, cell death and G, cell cycle arrest in U87-MG glioma cells.
In addition, an inhibition of cyclins A and E expression and a decrease in the expression of
CDK2, CDK®6 and phosphorylation of Rb was observed in N9-U87-MG glioma cells. N9 (61)
also up-regulated p53 and its downstream molecule p21, stabilized p53 and reduced MDM2
levels. Along with the increase in cleaved caspase-9 expression, these effects triggered
apoptosis after 24 hours treatment in a dose-dependent manner?*°. Collectively, these
results demonstrate that the induction of p53 and p21 proteins, as well as, the activation of
mitochondrial apoptosis pathway associated with the inhibition of protein MDMZ2 is involved

in the antitumor activity of N9 (61).

Ma et al. selected in 2015 a panel of cell lines including p53 wild-type HelLa (cervical),
HCT-116 (colon), MCF-7 (breast), A549 (lung), and p53 null HL-60 (leukemia), as well as
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normal human lung fibroblast MRC-5 and cisplatin-resistant cells A549cDDP for treatment
with chalcoplatin (62), a Pt(IV) prodrug. Platinum drugs form Pt-DNA cross-links that inhibit
DNA metabolism and trigger apoptosis, and platinum(IV) scaffolds allow the enhancement
of the oral availability and antitumor activity. They also contribute to the decrease of the
toxicity of platinum(ll) drugs, since they are reduced to platinum(ll) equivalents only when
inside the cells?*'. Chalcoplatin (62) showed up to 10.0-fold increased cytotoxicity compared
with cisplatin. However, this chalcone showed the same cytotoxicity as cisplatin towards
p53-null cells, indicating that its mechanism should be related to an activation of p5324'.
Furthermore, chalcoplatin (62) was also very active against cisplatin-resistant A549cDDP,
with 31.6-fold increased cytotoxicity in the resistant cells compared with cisplatin. It was
also able to induce cell cycle arrest at the G,/M phase, upregulate p53 at the minimum
concentration of 5 yM, and induce apoptosis by disruption of mitochondrial transmembrane

potential change?*'.

The chalcone based pyrido[b]indole CPI-7c (63) activated p53 by phosphorylation
at serine 15, serine 46 and serine 392 residues?*?. CPI-7c (63) also strongly up-regulated
DR4 and DRS proteins and down-regulated the anti-apoptotic protein XIAP. However, it did
not induce significant changes in the expression of Bax, Bak, Bcl2 or cytochrome c release.
More importantly, this compound was able to promote ubiquitination and degradation of
MDM2 by binding directly to its N-terminal and RING domains, allowing p53 to be stabilized

and activated?42.

Fu et al. synthesized in 2016 a series of 1,2,3-triazole-chalcone hybrids and tested
those derivatives on three tumor cell lines, SK-N-SH, HepG2 and MGC-803. Most of these
compounds showed moderate to good antitumor activity on the selected cells. The best
antiproliferative activity was achieved by 64, with an ICsy value of 1.53 yM on the SK-N-SH
cells. This activity was related to cell cycle arrest at the G1 phase and induction of apoptosis.
This effect was further investigated, and the authors concluded that 64 increased the levels
of p53 and caspase-3, while also decreasing the levels of pro-caspase-3243. In the same
year, the same team of researchers tested another group of synthetic chalcones, this time
a series of dithiocarbamate-chalcone derivatives?*4. The chalcone 65 exhibited a notorious
result on the SK-N-SH cells, with an ICs value of 2.03 pM. It also increased dramatically
the p53 and caspase-3 levels and decreased the levels of pro-caspase 3, probably due to

the fact that pro-caspase-3 needs to be cleaved to originate caspase 3.

Shin et al.?*% investigated the mode of action underlying the antitumor activity of the
naphtal chalcone derivative HMP (66). HMP (66) promoted a sub-Go/G1 phase arrest and
triggered apoptosis in HCT116 cells. Additionally, HMP (66) stimulated the cleavage of

43



Chapter I: Introduction

caspase-7 and its substrate PARP, and promoted y-H2AX formation, production of ROS,
and upregulation of p53 expression. It is noteworthy to mention that HMP-induced caspase-
7 activation was not completely abolished in p53-null HCT116 cells, which indicates that the
observed cell death could be induced by both p53-dependent and -independent

mechanisms245.

The treatment of HepG2 cells with 3MCIC (67) caused drastic reduction of cyclin D1
and cyclin B1. 3MCIC (67) at 12 pg/mL reduced CDK1, but the reduction of inactivated p-
CDK1/2 was only observed after 24 hours treatment. This, in turn, increased significantly
the percentage of inactivated CDK1. Moreover, 3MCIC (67) downregulated c-Myc, E2F1,
Ser567- phosphorylated p-Rb and total Rb, but upregulated p53 and p21246,

Among 19 synthesized chalcones, SSE14105 (68) and SSE14106 (69) induced
accumulation of p53 in HCT116 cells after 4 and 8 hours treatment like Nutlin-3 (1), which

is, as referred earlier, a well-known inhibitor of the p53-MDM2 interaction?*7.

Cabral et al.?*® synthesized LQFMO064 (70) and studied its effects on MCF-7 cells. It
induced cell cycle arrest at Go/G+1 phase with increased p53 and p21 expressions. Following
treatment with LQFM064 (70) it was observed externalization of phosphatidylserine,
cytochrome c release, increased expression of caspases-7, -8 and -9, reduced
mitochondrial membrane potential and ROS over-production. LQFMO064 (70) also increased
TNF-R1, Fas-L and Bax levels and reduced Bcl-2 expression, resulting in apoptosis of these

cells48,

A small library of pyrazolo[1,5-a]pyrimidines was synthesized and tested for
antiproliferative activity in A549, MDA-MB-231 and DU-145 cell lines. Compounds 71-73
showed potent growth inhibitory effect in the above-mentioned lines, with ICso values
between 2.6 — 34.9 uM. A549 cells treated with 2 yM of compounds 71-73 showed a G/M
phase cell cycle arrest of 29.6%, 29.5%, and 33.11% respectively. These chalcone hybrids
increased the levels of p53, p21 and Bax and decreased the expression of Bcl2 in A549

cells, confirming their ability to trigger an apoptotic cell death.?4°.

In 2018, Mu et al. synthesized the curcumin-chalcone derivative L6H4 (74) and
tested its activity on gastric BGC-823 tumor cells?°. Through MTT and Annexin V assays,
the authors concluded that this synthetic chalcone was able to inhibit cell proliferation. It
was also able to induce apoptosis by enhancing the expression levels of p53, p21, Bax and
Bcl-2, both in vitro and in vivo. In the in vitro assays, p53 expression was increased at the
optimum concentration of 10 ymol/L L6H4 (74) after 48 hours. On the other hand, the in
vivo studies on male BALB/c nude mice showed an increase of p53 levels after treatment
with 15 umol/L L6H4 (74) for 48 hours?%.
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In the same year, D14 (75) and D15 (76), two 4 -aminochalcones, were studied on
the U20S and SAOS-2 cells by Seba et al. in 2018, particularly in terms of anti-metastatic
activity?®'. p53 regulates an important process that confers migratory and invasive
properties to tumor cells called epithelial-mesenchymal transition (EMT)?%'. Chalcones D14
(75) and D15 (76) successfully decreased the migration of U20S cells but had little effect
on the migration of SAOS-2 cells. However, both chalcones reduced cell migration in SAOS-
2 cells expressing wt p53 (normal SAOS-2 are TP53-null?%?). These chalcones seem to be
more effective in p53-expressing osteosarcoma cells. Additionally, these authors proposed
a model for the action of these chalcones, suggesting that D14 (75) and D15 (76)
upregulated p53 protein levels, thus regulating genes involved in EMT and promoting the

inhibition of cell migration and invasion?s'.

Mohamed et al. synthesized a series of tetrahydro-[1,2,4]triazolo[3,4-a]isoquinolin-
3-yl)-3-arylprop-2-en-1-one derivatives and evaluated their cytotoxic activities against
MCF7, A549, HCT116, and HepG2 cell lines. The MCF-7 cells revealed the highest
sensitivity towards all compounds, especially compounds 77 and 78, which exhibited the
lowest ICsp values (50.05, and 27.15 mg/mL, respectively), while having little toxicity
towards normal melanocytes HFB). Both compounds up regulated BAX, p53 and caspase-
3 genes, and down regulated BCL2, MMP1 and CDK genes. It was also noted that
compound 78 was more effective in gene regulation than compound 77, as well as in
induction of apoptosis. Both compounds were able to induce cell cycle arrest at G phase,
and both induce death of breast cells of 8.72% and 17.28%, respectively (compared to a
control of 0.55%). The authors also claim that compound 78 induced apoptosis by activation

of caspase-3253,
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Table 2: Synthetic chalcones inducers of p53-dependent apoptosis and/or cell cycle arrest.

Chalcones

Molecular targets in
apoptotic/cell cycle

cellular processes

Increase in p53 and
Bax expression and in

caspase-9 activity

Cytotoxic effect
(ICs0)/

p53 activation (Ref)
(Method)
L-1210%30:

ICs0 = 54 uyM

p53 activity* = 100 uM

R = 2-thienyl (51)
R = trifluoromethyl (52)

(Flow Cytometry)
Increase in cyclins D1, | (51) MCF-723":
A and E1, CDK4 and
IKKa levels ICs0=0.72 uM

Decrease in NF-kB

Upregulation of
caspase-9, p53, p21,
p27 and chk2

p53 activity* = 4 uM
(Western Blot)

52) MCE-723":

ICs0 = 1.26 uM

p53 activity* = 4 uM
(Western Blot)

0
TC
O
AN
CH027 (53)

Increase in p53 activity

Upregulation of
p21/WAF1

PARP cleavage

LNCaP?%2;

ICs0 = 13 nM***

p53 activity* = 10 nM
(Western Blot)

22Rv1232:

ICs0 = 15 nM***

p53 activity* = 10 nM
(Western Blot)
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Table 2 (cont.)

Decrease of Bcl-2 54): HT-2923%:
expression
ICs0 = 13.4 uM*
R
0 2 Increase of Bax
N P expression p53 activity* = 20 uM
\ (RT-PCR)
R, Upregulation of 55): HT-2923:
Re=H, R4=Br; C06 (54) caspase-9, p53 and
= #
R2=NO2, Rs=H: C09 (55) p21 ICs0 = 19.5 UM
Downregulation of p53 activity* = 40 uM
survivin (RT-PCR)

PARP and caspase-7 | HCT1162%34:

cleavage
ICs0 = n.d.
Increase of p53, y-
O \O H2AX, p-Chk2 and p53 activity* = 10 uM
= Bax levels (Western Blot)
OH M0 o SW620°*:

HMNC-74 (56) o tas
50 =14.5

p53 activity = 10 yM
(Western Blot)
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Table 2 (cont.)

SKLB-M8 (57)

Increase of cleaved

caspase-3

Decrease of cleaved
procaspase-9 levels
and of p-mTOR

expression

Activation of PARP

Downregulation of
AKT and cdc2

Upregulation of

cyclin B1 and p53

A2058%36:

ICs0 = 0.07 uM

p53 activity* = 0.5
MM (Western Blot)

CHL-123%:

ICs0 = 0.25 uM

p53 activity* = 0.5
MM (Western Blot)

0
g (T h
~o
O
~
TMC (58)

Increase of caspase-

3 and -9 expressions

Increase of PARP,
cytochrome c,
calpain-1 and -2

expressions

Phosphorylation of
histone H2AX,
checkpoint kinases 2
and of p53

SCC42%":

ICs0 = 3 uM

p53 activity* =1 uM
(Western Blot)
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0
g (I C
O
~
TMOC (59)

Increase of Bax

expression

Decrease of Bcl-2
and Bcl-xL

Inhibition of
phosphorylation of
STATS3 and tyrosine

kinases c-Src

Downregulation of

cyclin D1 and c-myc

Upregulation of p53
and PTEN

A27802%:

ICs0 = 3.5 uM#

p53 activity* = 10 uM
(Western Blot)

S009-131 (60)

Increase of

cytochrome c release

Increase of Bax, Bak

and p53 expression

Decrease of Bcl-2
and Bcl-xL

expression

Increase of p53

expression

Cleavage of

caspase-7 and -9

C33A%%:

ICs0 = 4.7 £ 1.0 M

p53 activity* = 4.7
UM (212 h
exposure) (Western
Blot)
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Table 2 (cont.)

N9 (61)

Inhibition in the
expression of

cyclins A and E

Decrease of
CDK2 and
CDK6
expression and
of MDM2 levels

Rb inactivation
ROS formation
Increase of
Bax, p53 and

p21 levels

Caspase-9

cleavage

U87-MG?240:

ICs0 =0.72
pg/mL

p53 activity* =
0.1 pg/mL

(0]

J‘v

WO SPEA"
CI' (])VNHa

Cl

O L

Chalcoplatin (62)

Increase of p53

expression

MCF-7741;

ICs0=4.8+1.0
UM

p53 activity* =
5 pM (48 h
exposure)

(Western Blot)
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Inhibition of the
MDM2-p53

interaction

Degradation of
MDM2

ICs0 = n.d.

p53 activity* = 5
UM (Western

Blot)
Increase of
CPI-7c (63) DR4 and DR5
expression
o Increase of p53 | SK-N-SW243:
_ N and caspase-3
| P levels ICs0 = 1.53 uM
N/ﬁ/\u N
N=N Pro-caspase 3 | p53 activity = 5
O\ cleavage MM (Western
64 Blot)
Increase of p53 | SK-N-SW?244:
0 and caspase-3
o levels ICs0 = 2.03 uM

Pro-caspase 3

p53 activity =5

65 cleavage UM (Western
Blot)
Caspase-7 HCT1162%4%:
cleavage
ICs0 = n.d.
PARP cleavage
OH O p53 activity* =
G y-H2AX 50 uM (Western
formation Blot)
o
HMP (66) ROS formation

Upregulation of
p53 and Egr-1
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Table 2 (cont.)

Reduction of cyclin
D1, cyclin B1, CDK1,
inactivated p-CDK1/2
(after 24 h)

Downregulation of c-
Myc, E2F1, Ser567-
phosphorylated p-Rb

HepG22*:

ICs0 = 4.5 uM

p53 activity* = 8 yM

Re = Rz2= H; Rs = Cl; SSE14105 (68)
Re = R2= H; Re = OCHs; SSE14106 (69)

and total Rb
3MCIC (67)
Upregulation of p53
and p21
Accumulation of p53 68): HCT116%4:
ICs0 = n.d.
O R; p53 activity* = 12.5
A UM (Western Blot)
. Accumulation of p53 69): HCT116%4:
R4 R4

ICs0 = n.d.

p53 activity* = 6.25
MM (Western Blot)
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Increase of p53,
p21 and of
caspases -7, -8 and
-9 expression and
of TNF-R1, Fas-L

ICs0 =21 uM

p53 activity* = 21

O and Bax levels uM (Flow
Cytometry)
Externalization of
HO OH phosphatidylserine
\ Release of
LQFMO064 (70) cytochrome ¢
ROS formation
Decrease of Bcl-2
expression
AB549249:
O Inhibition of EGFR
and STAT3 axis ICs0=2.9+0.3
MM (71); 3.9+ 0.4
Increase of p53, UM (72); 7.2 £ 0.4
p21 and Bax levels | MM (73)

R2 = 4-OMe, R = 4-OMe (71)
R2 = 3,4-diOMe, R = 3,4-diOMe (72)
R2 = 3,4-diOMe, R = 3,4,5-triOMe (73)

Decrease of Bcl-2
and procaspase-9

levels

p53 activity* = 2
MM (RT-PCR,
Western Blot)

/

L6H4 (74)

Increase of p53,
p21, Bax and Bcl-2

expression

BGC-8232%:

ICs0 = n.d.

p53 activity = 10
pumol/L (in vitro);
15 umol/L (in
vivo) (Western
Blot)
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Table 2 (cont.)

R« = H; D14 (75)
R4 = CHs; D15 (76)

Increase of p53

Downregulation
of MMP-2,
MMP9, vimetin,
Slug, N-
cadherin and -

catenin

U20825™:

ICs0 = n.d.

p53 activity* =
27 UM

SAOS-2251:

ICs0 = n.d.

p53 activity* =

5

R3=Rs=H, R4=NOz2; (77)
R3=R4=R5=0CHs3; (78)

27 UM

77) MCF-7253:
Upregulation of
Bax, p53 and

ICs0 = 50.05
caspase-3

pg/mL

Downregulation
of BCL2, MMP1

p53 activity* =

50.05 pg/mL
and CDK4

(RT-PCR)

78) MCF-7253:
Upregulation of
Bax, p53 and

ICs0 = 27.15
caspase-3

pg/mL

Downregulation
of BCL2, MMP1
and CDK4

p53 activity* =
27.15 yg/mL
(RT-PCR)

#After 24 h. ***After 72 h

*ICs0: concentration that causes a growth inhibitory effect of 50%

n.d.: not determined. *Lowest tested concentration that induced p53 activity.
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2.2. Chalcones as disruptors of the p53-MDM2 interaction

Most chalcones interfere with p53 pathway, being not proven the direct effect on p53
or in the interaction between p53 and its negative regulators MDM2 and MDMX. The first
report about the effect of chalcones in p53-MDM2 interaction was conducted by Stoll et al.
in 2001. After this, about 17 chalcone derivatives have proved to interfere with p53-MDM2
interaction (Table 3). Encouraged by the promising antitumor properties of chalcones, Stoll
et al. decided to characterize a library of chalcone derivatives at the molecular level for
eventual interactions with the p53-MDM2 complex?%*. They proved that chalcone derivatives
79-83 inhibited the MDM2 binding to a p53 peptide using ELISA assay. Compounds 80, 82
and 83 denatured MDM2 and compound 81 lead to MDM2 aggregation.

In addition to this, the authors of this study also tested these compounds for
dissociation of preincubated p53/MDM2 complexes and release of p53 active from DNA-
binding, using the full-length p53 protein in an electrophoretic gel mobility shift assay
(EMSA). Compounds 79 and 82 inhibited the p53/MDM2 complex, but without releasing
p532%. These interactions seemed to influence the p53 protein, which was not predicted
from the ELISA test. Compounds 80, 82 and 83 partially removed MDM2 from the
p53/MDM2 complex?%4, while compound 81 completely released active p53 from MDM2
binding.

Using a yeast screening assay, 14 chalcone derivatives (84-97) were identified as
inhibitors of p53—MDM2 interaction?5%-2%7, These results were validated in human tumor cell
lines, namely in human colon adenocarcinoma HCT116 cells expressing wt p53 for
compounds 84, 85, and 92-97. Chalcones 84-91 induced a growth inhibition in yeast cells
of 63.7-97.2%. Computational docking studies allowed to predict that, like nutlin-3a,
chalcone 85 binds to the p53-binding site of MDM22%. Additionally, 84 and 85 induced
upregulation of p53, p21 and PUMA on NCI-H460 cells?%. In HCT116 cells, the prenylated
chalcone PC2 (92) showed potent growth inhibitory activity related to the activation of the
p53 pathway through induction of cell cycle arrest and a mitochondria-dependent apoptosis.
Using the co-IP assay, it was also demonstrated that 12 yM PC2 (92) caused a significant
decrease of the amount of MDM2 co-immunoprecipitated with p53, confirming the disruption
of the p53-MDM2 interaction by this chalcone®®. Chalcone (96) showed improved
cytotoxicity against human tumor cells expressing wild-type p53, including liver
hepatocellular carcinoma HepG2, breast adenocarcinoma MCF-7, and malignant
melanoma A375 cells. In HCT116 cancer cells, it was also shown that the growth inhibitory
effect of prenylchalcone (96) was associated with the induction of cell cycle arrest,

apoptosis, and increased protein expression levels of p53 transcriptional targets. Moreover,
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computational docking studies predicted the interaction of this chalcone with the p53-
binding site of MDM2. Chalcone (96) also induced upregulation of MDM2, p21, GADD45
and PUMA, downregulation of Bcl-2 and cleavage of PARP?,
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Table 3: Chalcones that interact with the p53/MDM?2 complex.

Cytotoxic effect (ICso I Glso) /
Chalcone

/‘)‘\/\‘\ ELISA?*:
ICs0 = 206 uM
H
(79)
o]
Cl
/
Cl 0 ELISA254:
o ICs0 =117 uM
H
(80)
@)
/
Cl 0 ELISA254:
. ICso = 250 M
W
H
ICs0 = n.d.?5*
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Table 3 (cont.)
O
Cl N
N ICs0 = n.d.2%
cl o/\( SN
N~N/H
(83)

(84)

Yeast screening assay?°¢:
79.4 % growth inhibition (% of
p53 effect)

HCT116 p53*/*+2%6:
Glso = 2.6 uM

NCI-H460256:
Glso = 2.1 M

Yeast screening assay?°®:
97.2 % growth inhibition (% of
p53 effect)

HCT116 p53*/+256:
Glso = 5.9 pM

NCI-H4602%6:
Glso = 3.3 uM

Yeast screening assay?%:
63.7 % growth inhibition (% of
p53 effect)
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Yeast screening assay?%6:
68.8 % growth inhibition (% of
p53 effect)

G Yeast screening assay?%°:
77.9 % growth inhibition (% of
o Cl p53 effect)
(88)
OH 0]
G Yeast screening assay?°:
95.2 % growth inhibition (% of
~o o~ p53 effect)
(89)
OH O
> Yeast screening assay?°:
78.3 % growth inhibition (% of
~o E p53 effect)

Yeast screening assay?%6:
97.0 % growth inhibition (% of
p53 effect)
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Table 3 (cont.)
X

o] 0]

HCT116 p53*/*+255:
O G NG Glso = 4 pM
\O O/ O/
]
N
PC2 (92)
OH O

HCT116 p53*/+257:
ICs0 = 10.6 UM

HCT116 p53++257:
ICs0 = 50.0 uM

(94)
X
o O HCT116 p53*/+257:
= ICs0 = 2.1 pM
o o ‘ Br
(95)
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Table 3 (cont.)

X

~
O O O HCT116 p53*/+257:

l - O ICs0 = 11.7 pM

(96)

HCT116 p53*/+257:
ICs0 = 29.5 uM

(97)

ICs0: concentration that causes an inhibitory effect of 50%. Glso: concentration for 50% of maximal inhibition

of cell proliferation

n.d.: not determined
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3. Diarylpentanoids targeting the p53 pathway

Diarylpentanoids comprise a class of compounds possessing two aromatic rings (A
and B) linked by a five carbon bridge. Most of these compounds possess a dienone (3-oxo-
1,4-pentadiene) moiety in the C5 bridge. Other common moieties include a C5 bridge
possessing a cyclic moiety, such as cyclopentanone, cyclohexanone, piperidin-4-one,

tetrahydro-4H-pyran-4-one, and with tetrahydro-4H-thiopyran-4-one (Figure 18).

1,5-diaryl-3-oxo-penta-1,4-diene

Figure 18: General structure of diarylpentanoids.

In the last decades, the synthesis of diarylpentanoids have gained increasing
attention due to their wide range of pharmacological potential, being the antitumor activity
one of the most exhaustively studied. To date more than 600 synthetic diarylpentanoids
with antitumor activity have been reported. Among these, some have revealed to interfere
with p53 pathway (Table 4).

In 2006, from a series of diarylpentanoids with boronic moieties conducted by
Modzelewska et al., diarylpentanoid AM114 (98) was identified as a promising antitumor
agent. This compound was found to be more cytotoxic to p53 expressing HCT116 (ICso =
2.8 yM) than p53-null HCT116 cells (ICso = 5.5 yM), suggesting the interference on p53
activity 2%, In that same year, the cytotoxic activity of compound (98) was also again studied
in HCT116 p53** cells, showing an ICso value of 1.49 uyM?%. According to Achanta et al.
the cytotoxic activity of diarylpentanoid 98 was associated with the accumulation of p532%°.
This accumulation seemed to be caused by the inhibition of the 20S proteasome by AM114
(98), which in turn lead to the accumulation of ubiquitinated p53 and p21. However, this
compound was not able to significantly disrupt the interaction between p53 and MDM2.
Curiously, AM114 (98) was preferentially toxic to cells expressing wild-type p53, while on
the other hand, the combination of this boronic diarylpentanoid with ionizing radiation

enhanced the cytotoxic activity of the radiation in both wild-type p53 and p53-null cells?%°.
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In 2007, EF24 (99) was studied for its ability to inhibit the proliferation of cisplatin
(CR) resistant human ovary tumor cells. EF24 (99) increased PTEN expression in human
ovarian tumor cells. The upregulation of PTEN resulted in a decrease in Akt and MDM2 and

an increase in the expression of p53, thereby inducing G2/M arrest and apoptosis?®°.

Later, Selvendiran et al. (2010) verified that N-hydroxypyrroline derivative HO-3867
(100) showed a preferential toxicity toward ovarian tumor cells while sparing healthy cells?%'.
Compound 100 induced G2/M cell cycle arrest in A2780 cells by modulating several cell
cycle regulatory molecules (p53, p21, p27, cyclin-dependent kinase 2, and cyclin), and
promoted apoptosis by caspase-8 and caspase-3 activation. In 2011, it was verified once
again that diarylpentanoid 100 induced G2/M cell-cycle arrest in A2780 cells by modulating
the same cell cycle regulatory proteins by Kalai et al. and promoted apoptosis by caspase-

8 and caspase-3 activation?%2.

In 2011, Anchoori et al.?® tested a series of diarylpentanoids known as RAMBs,
including RAMB1 (102). Treatment of CaSki cervical tumor cells with 10 yM RAMB1 (102)
led to the accumulation and stabilization of p53. This stabilization caused suppression of
cyclin D1 transcription, which indicated that these cells, upon treatment with RAMB1 (102)

failed to enter the S phase of the cell cycle, resulting in loss of viability263.
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Table 4: Diarylpentanoids as inducers of p53-dependent apoptosis and/or cell cycle arrest.

Diarylpentanoids

Molecular

targets in

apoptotic/cell
cycle cellular

processes

Accumulation of

p21

Inhibition of 20S
proteasome

activity

HCT116 p53*/*2%8:

Cytotoxic effect
(ICs0)/
p53 activation
(Ref) (Method)

ICs0 = 2.8 pM

p53 activity* = 2.8
MM (MTT)

HCT116 p53*++2%:

AM114 (98) ICs0 = 1.49 uM
p53 activity* =
MM (Western Blot)
Upregulation of | CR?50:
PTEN
ICs0 = 0.65 pM
F 0 Decrease of Akt
p53 activity* =
X = Increase of p53 | uM (Western Blot)
expression
N
EF24 (99)
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Table 4 (cont.)
Upregulation of p53 | A27802":
and p21
ICs0 = n.d.
Decrease of cdk2 ,
— Cyclin-A, STAT3 p53 activity*
(Tyr705) and JAK1 | =10 yM
EH phosphorylation (Western
Blot)
HO-3867 (100)
Increase of
Fas/CD95
Activation of
caspase-3 and -8
o) Increase in p53 CaSki?283:
levels and caspase-
X = 3 activity ICs0 = n.d.
Cl N Cl'| Decrease of cyclin p53 activity*
| D1 expression =2 uM
RAMB1 (101) (Western
PARP cleavage Blot)
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4. Aims and overview

As a result of the search for new bioactive compounds with antitumor activity by
CIIMAR and LAQV/REQUIMTE, chalcones 84, 85, and 92-95 (Figure 19), possessing 4-
methoxy, 3,4-dimethoxy, 3,4,5-trimethoxy and 4-bromophenyl B rings have been identified
as promising p53-MDM2 inhibitors using a yeast cell assay. Moreover, some of these
compounds revealed to be potent growth inhibitors of human tumor cell lines (Glso <10 yM),

as well as of co-transformed yeasts co-expressing p53 and MDM2.

OH o©
OH O
7 0
(J 7 (IO
~ -
° 84 ° o (85) o
(°%) 0\

X
OH @)
F
~o o o
(%3)
A

(6] (6]
(L C
\O O/ Br
(95)

Figure 19: Chemical structures of chalcones identified as p53-MDM?2 inhibitors.

(o)

The main purpose of this dissertation was to obtain new potent p53-MDM2/X dual

inhibitors with diarylpropanoid scaffold using compounds 84, 85 and 92-95 as models.

To fulfill this, a series of diarylpentanoids structure related with 84, 85 and 92-95
were synthesized and their p53-MDM2/X dual inhibitory activity were evaluated using yeast
cell assays. For the most promising compounds identified in yeast, it was investigated the

antitumor activity and molecular mechanism of action in human tumor cell lines.
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Chapter II: Results and discussion

1. Results
1.1. Chemistry
1.1.1. Synthesis

A series of 3,5-di((E)-benzylidene)tetrahydro-4H-pyran-4-one derivatives were
synthesized through a reaction between tetrahydro-4H-pyran-4-one (AP) and seven
suitably substituted benzaldehydes (M4, MA4, B4, F4, EA4, M34 and M345). The synthetic
strategy involved four steps, starting with the formation of the enolate ion, its nucleophilic
addition to the benzaldehyde, formation of an aldol and, finally, the formation of a a,(3-

unsaturated ketone through dehydration (Figure 20).

o NaGH [ & o)

g5 NcH Nor ‘
—_— -
S TN O
+R o F

H N
o |

NaOH OH

) o O(H(OH

H_H

QC = A X

k | JRrR = | _Rr

o) = o) 7
(C]
0

—_—

Figure 20: Claisen-Schmidt condensation mechanism for the synthesis of 3,5-di((E)-
benzylidene)tetrahydro-4H-pyran-4-ones under basic conditions.
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The reaction conditions, obtained products and the respective yields are depicted in Table

1.

Table 5: Reaction conditions, obtained compounds and their respective yields.

Reaction

conditions

Product

0,
)J\Q\ MeOH, 40% N _
OCH, NaOH, r.t., Hico O o O ocH, 58.9
225h
(M4) BP-M4
o
o,
MeOH, 40% N _
NaOH, r.t., 7 O O 1.1
N(CHz3)2 (HaC)2N (0] N(CH3)2
(MA4) days BP-MA4
(@]
MeOH, 40%
AN 7
NaOH, r.t., 3 O O 47 1
Br (0] Br
(B4) days BP-B4
0 0 2
MeOH, 40%
H ~ 7
NaOH, r.t., 3 O O 50.7
F o] F
days
o (F4) y BP-F4
(AP) 0
o,
y OCH, MeOH, 40% 5CO N / OCH;
NaOH, r.t., 3 32.4
OCH3 H;CO (0] OCHj3
days
(M34) BP-M34
(0]
MeOH, 40%
NaOH, r.t., 7 3
N(CH2CH3)2
days
(EA4)
OCH;
MeOH, 40%
OCH, NaOH, r.t., 3 40
days
(M345)

r.t.. room temperature.
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The expected diarylpentanoids were obtained with moderate yields for almost all
reactions (22.6% to 58.9%). However, the reactions performed with amino-benzaldehydes
had very low yields (1.1% for BP-MA4 and 3% for BP-EA4), because in addition to the
desirable products, other impurities hard to separate from BP-MA4 and BP-EA4 were
observed, being necessary to purify the compounds by preparative thin layer

chromatography.

1.1.2. Structure elucidation

The structure elucidation of the obtained compounds was performed through IR and
NMR techniques. *C NMR assignments were determined by 2D heteronuclear single
quantum correlation (HSQC) and heteronuclear multiple bond correlation (HMBC)

experiments.

The numbering concerning the NMR assignments of the synthesized compounds is

presented in Figure 21.

,=OCH;: BP-M4
4:N(CH3)2: BP-MA4

4+=F: BP-F4

4+=0OCHj: BP-M34
R;=R3=Rs=H; R4=N(CH.CHs),- BP-EA4
R,=H; R3=R,=R5=0CHj3: BP-M345

R,=R,=Rs=H; R
R,=R,=Rs=H; R
R,=Rs=Rs=H; R,=Br: BP-B4
R,=R,=Rs=H; R
R,=Rs=H; R3=R

Figure 21: Structure of synthesized compounds BP-M4, BP-MA4, BP-B4, BP-F4, BP-M34, BP-EA4 and
BP-M345.
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The IR data of the eight synthesized compounds is presented in Table 6 and is in
accordance with their predicted structures. As such, the IR spectra of all compounds
showed bands of stretching vibration between 1723 cm and 1667 cm-', indicating the
presence of a a-B-unsaturated ketone moiety. The IR spectra also showed bands at 2957-
2807 cm™! (aliphatic C-H) and 1617-1416 cm™' (C=C). Additionally, all spectra showed bands
characteristic of C-O bonds between 1293 cm' and 1255 cm™', revealing the presence of
the ether group between carbons 3’ and 4’, as well as the methoxy groups for BP-M4, BP-
M34, and BP-M345. Furthermore, the spectra of BP-MA4 and BP-EA4 suggested the
presence of C-N bonds, as shown by the presence bands of stretching vibration between
1376 cm™ and 1176 cm™'. On the other hand, for BP-B4 and BP-F4 a band at 832 cm' and
1155 cm™', respectively, was observed, suggesting the presence of C-Br and C-F bonds for

each of these two compounds.

Table 6: IR data of BP-M4, BP-MA4, BP-B4, BP-M34, BP-EA4 and BP-M345.

BP-B4 BP-F4 BP-M34 BP-EA4 BP-M345
2957 2921 2957 2669
2919 2939
Aliphatic C-H | 2920 2917 2831 2917 2641
2830 2838
2848 2807 2848 2828
c=0 1668 1723 1669 1670 1671 1723 1667
1596 1584 1577 1576 1594 1548 1578
1567 1518 1559 1578 1518 1504
c=C 1507
1509 1472 1486 1450 1515 1472 1458
1420 1463 1439 1462 1463 1416
c-0 1256 1270 1263 1293 1278 1270 1255
1369 1376
C-N - - -
1237 1176
CF - - - 1155
C-Br - - 667 - - - -
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The 'H and ®C NMR data of BP-M4, BP-MA4, BP-B4, BP-F4, BP-M34, BP-EA4
and BP-M345 are represented in Table 7 and Table 8, respectively.

The 'H spectra of all compounds showed one singlet at o4 8.04-7.75 (H-1") and a
doublet at 64 4.98-4.79 (J = 1.9-1.6 Hz, H-3’, 4’) characteristic of two equivalent vinylic and
oxymethylenic protons, respectively, confirming the formation of a dienone. As the
precursor, the spectra of BP-M4, BP-MA4, BP-B4 and BP-EA4 displayed signals that put
in evidence the presence of two pairs of aromatic protons with ortho coupling (H-2, -6: &n
7.29-7.18d, J=8.9-8.5 Hz, H-3, -5: d47.56-6.67 d, J = 8.9-8.5 Hz). As expected for BP-F4,
instead of these two doublets, two multiplets were observed for the pairs of ortho coupled
aromatic protons H-2,6 (dn 7.34-7.29) and H-3,5 (0w 7.15-7.10). On the contrary, the 'H
spectra of BP-M34 and BP-M345 showed characteristic signals of two 3,4-dimethoxy- and
3,4,5- trimethoxy- rings. Instead of the singlets at &4 3.93-3.82 characteristic of methoxy
groups, the 'H NMR spectrum of BP-MA4 indicated the presence of two dimethylamine
groups (64 3.03 s). On the other hand, in the spectrum of BP-EA4, a quartet at 64 3.40 (J =
7.1 Hz) coupled with a triplet at 4 1.20 (J = 7.1 Hz) was observed for the ethylamine side
chains.
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Table 7: "H NMR data of BP-M4, BP-MA4, BP-B4, BP-F4, BP-M34, BP-EA4 and BP-M345.

BP-M4 BP-MA4 BP-B4 BP-F4 BP-M34 BP-EA4 BP-M345
H-1" 7.79 (brs) 7.77 (s) 7.75 (brs) 7.80 (brs) 7.78 (brs) 7.75 (s) 7.77 (brs)
H-3',-4’ 4.93(d,J= 4.96 (d, J = 1.6) 4.88(d, J=1.9) 4.90 (d, J = 1.9) 4.96 (d, J = 1.8) 4.95(d,J=16) | 4.98(d,J=1.8)
1.8)
H-2 7.29(d, J= 7.26 (d, J = 8.9) 7.18 (d, J = 8.5) 7.34-7.29 (m) 6.87 (brd) 7.24 (d, J = 8.9) 6.55 (s)
8.8)
H-3 6.95(d, J = 6.71(d, J = 8.9) 7.56 (d, J = 8.5) 7.15-7.10 (m) - 6.67 (d, J = 8.9) -
8.8)
H-4 - - - - - - -
H-5 6.95(d, J = 6.71(d, J=8.9) 7.56 (d, J = 8.5) 7.15-7.10 (m) 6.91 (brd) 6.67 (d, J = 8.9) -
8.8)
H-6 7.29(d, J= 7.26 (d, J = 8.9) 7.18 (d, J = 8.5) 7.34-7.29 (m) 6.91 (brd) 7.24 (d, J = 8.9) 6.55 (s)
8.8)
2-OCHs - - - - - - -
3-OCHs - - - 3.93 (s) - 3.89 (s)
4-OCH; 3.85 (s) - - - 3.91 (s) - 3.90 (s)
5-OCHs3 - - - - - - 3.89 (s)
4-NCH2CHs - - - - - 3.40(q, J=7.1) -
4-NCHs - 3.03 (s) - - - - -
4-NCH2CHs - - - - - 120 (t, J=7.1) -
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Chapter II: Results and discussion

The 3C NMR data of all compounds were in accordance with their predicted
structure. *C NMR assignments were confirmed by HSQC and HMBC spectra. The main
correlations observed in the HMBC spectra of synthesized compounds are illustrated in
Figure 22. The assignments of '3C NMR signals of aromatic moieties were made

considering the effect of substituents and were after confirmed by 2D NMR techniques.

BP-F4

Figure 22: Main correlations found in HMBC spectra of BP-M4, BP-MA4, BP-B4, BP-F4, BP-EA4, BP-M345
and BP-M34.

The correlation observed in the HSQC spectra between the singlet at 61 8.04-7.75
(H-1") and the signals at &¢c 137.2-135.5 allowed to attribute these &¢ values to the vinylic
carbons at position 1”. The correlation observed in the HMBC spectra between the doublet
at o4 4.98-4.79 (J = 1.9-1.6 Hz, 4H, H-3",4’) and the signals at 6¢ 137.2-135.5 (C-1"), as
well as between the singlet at &4 8.04-7.75 (H-1") and the signals at ¢ 69.3-68.2 (C-3’,4’)

also confirmed the formation of a dienone (Figure 22).
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Chapter II: Results and discussion

The HRMS data of all synthesized compounds were in accordance with the structure

proposed for the compounds.

Table 8: '3C data of compounds BP-M4, BP-MA4, BP-B4, BP-M34, BP-F4, BP-EA4 and BP-M345.

BP-M4 BP-MA4 BP-B4 BP-M34 BP-F4 BP-EA4 BP-M345
C=0 185.6 185.4 185.2 185.0 185.4 185.6 185.7
c-1” 136.1 136.4 135.5 136.0 135.5 136.6 137.2
Cc-2,5 131.4 129.3 133.6 131.1 132.8 129.1 132.8
C-3,4 68.2 69.0 68.6 68.4 68.6 69.3 69.1
C-1 127.7 123.1 133.5 127.5 131.0 122.5 130.7
C-2 132.6 132.8 132.1 113.3 132.6 133.4 108.5
C-3 114.4 111.9 132.0 149.9 116.2 111.5 153.7
Cc-4 160.7 150.9 1241 148.6 165.0 148.7 140.0
C-5 114.4 111.9 132.0 123.8 116.2 111.5 153.7
C-6 132.6 132.8 132.1 110.7 132.6 133.4 108.5
3-OCHs - - - 55.6 - - 56.8
4-OCHs 55.5 - - 55.6 - - 61.6
5-OCHs - - - - - - 56.8
4-NCH2CH3 - - - - - 44 .8 -
4-NCH3 - 40.3 - - - - -
4-NCH2CHs - - - - - 13.0 -
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Chapter II: Results and discussion

1.2. Biological activity

1.2.1. Identification of potential inhibitors of the p53-MDM2/MDMX interactions using

a yeast-based assay

As discussed in the previous section, 7 compounds were synthesized and tested for
their effect on the p53-MDM2 interaction. Besides these, more 11 structure related

compounds already synthesized were also tested (Figure 23).

BP-M4: R,=R,=R.=H; R,=OCH,

BP-MA4: R,=R,=R.=H; R,=N(CH.),

BP-C4: R,=R,=R.=H; R,=Cl

BP-MP4: R,=R,=R.=H; R,=-NCH,CH,OCH,CH,-
BP-B4: R,=R,=R.=H; R,=Br

BP-F4: R,=R,=R.=H; R,=F

BP-EA4: R,=R,=R.=H; R,=N(CH,CH.),
BP-FM4: R,=R,=R.=H; R,=FCH,

BP-C2: R,=R,=R.=H; R,=Cl

BP-M2: R,=R,=R.=H; R,=OCH,

BP-F2: R,=R,=R.=H; R,=F

BP-M24: R,=R.=H; R,=R,= OCH,

BP-M34: R,=R.=H; R,=R,= OCH,

BP-M345: R,=H; R,=R,=R.=OCH,

BP-M245: R,=H; R,=R,=R.=OCH,

CP-MA4: R,=R,=R.=H; R,=N(CH,),

CP-MP4: R,=R,=R.=H; R,=-NCH,CH,OCH,CH,-
CP-EA4: R,=R,=R.=H; R,=N(CH,CH,),

Figure 23: Chemical structures of all tested compounds.

7



Chapter Il: Results and discussion

The effect on the p53-MDM2 interaction was assessed through a previously
developed yeast-based screening assay?%4—2%7. In this assay, the growth of treated co-
transformed yeasts is compared to the growth of both co-transformed yeasts treated with
solvent (DMSQO) and p53-expressing yeasts?%6:265-267 The growth observed in p53-
expressing yeasts represents the desired effect, since p53 induces growth inhibition
proportional to its activity in co-transformed yeasts. This can be quantified by quantification

methods of optical density or by counting colony formation units (CFUs)?268-270,

The activity of the aforementioned series of compounds was evaluated at 10 and 25
MM on yeast cells co-expressing p53 and MDM2, and their growth was compared to that of
control yeasts (transformed with the empty vector and expressing p53 only; (Figure 24)).
Compounds BP-C4, BP-C2, BP-M2, BP-F2 and BP-M245 inhibited the growth of co-
transformed yeast cells. These compounds showed growth inhibitory activity at the
concentration of 25 uyM. The only exception occurred with BP-M245, which inhibited cell
growth at 10 uM and had no effect at 25 uM. BP-C4 showed the most interesting effect, as
yeasts treated with 25 yM BP-C4 showed a growth percentage of 70.54% £ 6.52, a value
that is closer to that obtained with wt p53-expressing yeast (70.81% * 4.57).

To assess whether this inhibitory effect was due to an effective p53-MDM2
interaction disruption or due to yeast cytotoxicity, these five compounds were then tested
on yeasts transformed with the empty vector (25 uM for BP-C4, BP-C2, BP-M2 and BP-F2;
10 uM for BP-M245) (Figure 25A). Yeasts treated with BP-C4 and BP-M245 showed a high
growth percentage, indicating no cytotoxicity and a potential selectivity towards the p53-
MDM2 interaction. However, BP-C2, BP-M2 and BP-F2 proved to be cytotoxic, as shown
by the decrease of yeast growth. This also explains why the co-transformed yeasts treated
with these three compounds showed low growth percentages. The growth inhibition in these
cases was not due to the disruption of the p53-MDM2 interaction, but rather due to

cytotoxicity.

BP-C4 and BP-M245 were further investigated in yeast cells expressing p53 only,
in order to determine if these compounds have effect on p53 itself (Figure 25B). BP-C4 (25
MM) did not interfere with the growth of p53-expressing yeasts. On the other hand, BP-M245
(10 uyM) seemed to stimulate the growth of p53-expressing yeasts, as yeasts treated with

this compound showed a higher growth percentage than the control yeasts.

Based on these results, BP-C4 was selected to be tested on yeasts co-expressing
p53 and MDMX in order to investigate whether this derivative had effect on the p53-MDMX
interaction (Figure 25C). Yeasts treated with 25 yM BP-C4 showed a decrease in growth

when compared to control yeasts (82.79 % + 4.06). In fact, the growth percentage of treated
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Chapter II: Results and discussion

yeasts was proximate to that of yeasts expressing p53 only (77.52 % % 4.93), which
indicates that BP-C4 was able to cause a MDMX inhibition of approximately 82.2 % (data

not shown).
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Figure 24: Effect of compounds BP-M4, BP-MA4, CP-MA4, BP-C4, BP-MP4, CP-MP4, BP-B4, BP-F4, BP-EA4, CP-EA4, BP-FM4, BP-C2, BP-M2, BP-F2, BP-M24, BP-
M34, BP-M345 and BP-M245 (10 uM and 25 uM) on percentage of growth of yeasts expressing p53 and MDM?2, after 48 h treatment. The DMSO-treated cells co-
expressing p53 and MDM?2 were considered as 100%. Data are mean + SEM of at least three independent experiments; values significantly different from DMSQO are

indicated (*p<0.05; **p<0.01). The unpaired student t-test was used.
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Figure 25: BP-C4 shows no cytotoxic effects on yeast cells, exhibiting potential dual inhibitory effects on the
p53-MDMX interaction. (A) Effect of compounds BP-C4, BP-C2, BP-M2, BP-F2 and BP-M245 on the growth
of yeast cells transformed with the empty vector, after 48 hours treatment. The results obtained with non-
treated cells were considered as 100%. Data are mean + SEM of at least three independent experiments;
values significantly different from DMSO are indicated (*p<0.05). (B) Effect of compounds BP-C4 and BP-
M245 (25 and 10 uM, respectively) on the growth of yeast cells expressing p53, after 48 hours treatment.
The DMSO-treated cells were considered as 100%. Data are mean + SEM of at least three independent
experiments. (C) Effect of 25 uM BP-C4 on the growth of yeasts expressing p53 and MDMX; after 48 hours
treatment. The DMSO-treated cells co-expressing p53 and MDMX were considered as 100%. Data are mean
+ SEM of five independent experiments; values significantly different from DMSO are indicated (* p<0.05).
The unpaired t-test was used.
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Altogether, the results obtained in yeast suggested that BP-C4 was a potential dual inhibitor
of the p53-MDM2/MDMX interactions.

1.2.2. Evaluation on human cell lines
1.2.2.1. Evaluation of the in vitro growth inhibitory effect

Considering the results obtained in the yeast screening assay, BP-C4 was selected
for tests on HCT116 p53** and p537 and MDA-MB-231 tumor cell lines, along with BP-F2
(used as a cytotoxic control) and BP-M245 (a second non-cytotoxic compound selected for
the SRB assay) (Figure 26). These tests were carried out using the sulforhodamine B (SRB)
assay. The SRB assay is a colorimetric assay that has been used since 1990%7! as a
relatively economic method of performing several screening assays for cytotoxicity
evaluation?’?2. This method relies on the binding of SRB to proteins under mildly acid
conditions, which can then be extracted under basic conditions. The color intensity can be
used as a cellular mass indicator, which can then be extrapolated for measurement of
cellular proliferation. This assay is limited to manual or semiautomatic screening assays
and can be used as an effective way of testing chemotherapeutic drug candidates on
adherent cells. It is also useful for evaluation of genic expression modulation (knockdown,
increase of genic expression, etc.), as well as in the study of miRNA substitution on cell

proliferation?’3. The Glso values for each compound are shown in Table 9.

As obtained in yeast, the results confirm the ability of BP-C4 to induce growth
inhibition in the presence of p53. In the absence of p53, BP-C4 showed a reduction of the
growth inhibitory effect when compared to p53-expressing cells (Figure 26A). However,
even in these conditions, BP-C4 is able to inhibit the growth of p53-null cells, suggesting
that this derivative may have an additional mechanism that is independent of p53. On the
other hand, BP-C4 seems to have no effect on MDA-MB-231 cells, which expresses mutp53
R280K. These results suggest that BP-C4 does not act on the mutp53 pathway, but rather

has some selectivity towards the wt p53 pathway.

BP-F2 displayed the highest growth inhibition among the selected compounds on
the tested tumor cell lines (Figure 26B). This derivative induced a strong growth inhibition
of the HCT116 cells, regardless of p53 status, and also notably decreased the growth of
MDA-MB-231 cells, albeit with a higher Glso value than the obtained in HCT116 cells (Table
5). These results are in accordance with those obtained in yeast, supporting a p53-

independent growth inhibitory effect of BP-F2.
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BP-M245 showed high Glsg values in the three tumor cell lines (Table 9), indicating
a low antiproliferative effect against tumor cells, particularly on MDA-MB-231 cells (Figure
26C). As such, although this derivative showed promising activity in the yeast, it was not
effective on tumor cells.
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Figure 26: Dose-response curves for the three selected compounds. (A) Dose-response curves for the growth
inhibitory activity of 3.13 — 50.0 uM BP-C4 in p53** and p53 HCT116 cells, HFF-1 and MDA-MB-231 cells,
determined by SRB assay, after 48 hours treatment. Data are mean + SEM (n=3). (B) Dose-response curves
for the growth inhibitory activity of 0.313 — 5.00 uM BP-F2 in p53** and p537 HCT116 cells, HFF-1 and MDA-
MB-231 cells, determined by SRB assay, after 48h treatment. Data are mean + SEM (n=3). (C) Dose-response
curves for the growth inhibitory activity of 3.13 — 50.0 uM BP-M245 in p53** and p53”- HCT116 cells and MDA-
MB-231 cells, determined by SRB assay, after 48h treatment. Data are mean + SEM (n=3)

Given these results, the antiproliferative effect of BP-C4 and BP-F2 was tested on
human fibroblasts HFF-1 cells in order to assess their cytotoxic towards normal cells. BP-
M245 was excluded from this test due to its high Glso values in tumor cells. BP-C4 proved
to have low cytotoxicity towards HFF-1 cells, as its Glso value for these cells is much higher
than that for HCT116 cells (Table 9). However, BP-F2 was cytotoxic towards these cells,

confirming its unspecific cytotoxic effect observed in yeast.
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Table 9: Glso values obtained for the compounds BP-C4, BP-F2 and BP-M245 in tumor and normal cells.

HCT116 p53** 5.85+ 0.67 0.69 £ 0.21 25.00 +2.52
HCT116 p53- 10.13 £ 0.47* 0.70+0.12 29.33+2.40
MDA-MB-231 > 50** 3.97 £ 0.41* > 50
HFF-1 44 + 4 90** 1.61+£0.70 ND

Results are expressed as Glso (UM) values, tested using HCT116 p53**, HCT116 p53”, MDA-MB-231,
and HFF-1 cell lines. Data represent mean + SEM of three independent experiments; values significantly
different from HCT116 p53** cells are indicated (**p<0.01). *ND — Not Determined.

Altogether, BP-C4 showed to be the most promising compound, as it showed some
selectivity towards the wt p53 pathway and showed no cytotoxicity towards normal cells.
This derivative was further studied using the colony formation assays on the HCT116 p53**
cells in order to confirm its antiproliferative activity. The colony formation assay, or
clonogenic assay, is a survival assay based on the ability of a single cell to grow into a
colony of cells?’4. This assay essentially tests every cell in the population for its ability to
multiply indefinitely. The clonogenic assay is a method to determine cell reproductive death
in order to determine the effectiveness of cytotoxic agents?’4. BP-C4 inhibited the formation
of colonies up to 100% relative to DMSO at the concentration of 2.00 uyM, a value lower
than the Glsp value determined for these cells (Figure 27). However, it should be noted that

this is an ongoing work, and as such, these results correspond to preliminary data.
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Figure 27: Colony formation assay for HCT116 p53** cells treated with BP-C4. The DMSO-
treated cells were considered as 0% of growth inhibition; images correspond to a
representative experiment (ongoing work).
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1.2.2.2. Cell cycle and apoptosis analysis

For the most promising compound BP-C4, it was thereafter analyzed its impact on
cell cycle and apoptosis of HCT116 p53** cells. For that, these tumor cells were incubated
with 12 uM BP-C4 (approximately twice of its Glso value) for 48 hours. BP-C4 was able to
induce apoptosis by approximately 24% (Figure 28A) and it also caused cell cycle arrest
mainly at the Go/G1 phase (Figure 28B), as shown by the increase of cells in this phase

when compared to the solvent.
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Figure 28: Effect of BP-C4 on cell cycle and apoptosis of HCT115 p53** cells. (A) Effect of 12uM BP-C4 on
apoptosis of HCT116 p53** cells after 48h treatment. Data are mean + SEM (n=3). (B) Effect of 12uM BP-C4
on cell cycle progression of HCT116 p53** cells after 48h treatment. Data are mean + SEM (n=3); values
significantly different from DMSO: *p<0.05. The unpaired student t-test was used.
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1.2.2.3. Effect on p53 activity by analysis of its transcriptional targets

To better understand the underlying mechanisms of BP-C4-induced apoptosis and
cell cycle arrest, the expression levels of p53 and transcriptional targets (p21 and PUMA),
as well as PARP cleavage were analyzed through Western Blot on HCT116 p53** cells
(Figure 29). Western blot is a frequently used technique for separation and identification of
proteins. This method consists on the separation of a mixture of proteins based on
molecular weight (and consequently by type) through gel electrophoresis. These results are
transferred to a membrane, which produces a band for each protein. This membrane is
incubated with label antibodies that are specific to the protein of interest?’>. The unbound
antibody is then washed off, which leaves only the bound antibody to the desired protein.
These antibodies are then detected by developing the film. Since the antibodies only bind
to the desired protein, only one band for each protein should be visible. The thickness of
the obtained band corresponds to the amount of protein that is present, so by comparing it

to a control (like GAPDH), it is possible to indicate the amount of protein present?’s.

As predicted, BP-C4 increased the levels of p53, as well as of p21 and PUMA. On
the other hand, the induction of apoptosis is mediated by an upregulation of PUMA levels.
BP-C4 also led to the cleavage of PARP.

DMSO BP-C4 kDa

GAPDH 37

— e —t—
p21 S 1
 ——— ———

GAPDH 37

PARP * - 130
Cleaved PARP —— 89

GAPDH  +osms omm—— 37

PUMA T | e 13

GAPDH o ommmm— 37

Figure 29: Protein levels of p53 transcriptional targets in HCT116 p53** cells after 48h treatment with 12 uM
BP-C4 or DMSO, visualized by Western Blot. Inmunoblots represent one of two independent experiments;
GAPDH was used as a loading control.
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2. Discussion

For many years, cancer therapy has relied on conventional chemotherapeutic
agents like antimetabolites, alkylating agents and other types of chemicals that target rapid
proliferating cells through different mechanisms, such as microtubule polymerization, DNA
intercalation or topoisomerase inhibition?’®. Because of its inherent unspecific cytotoxic
nature, and with no other options available, conventional chemotherapy has countless side
effects, ranging from fatigue and hair loss, to anemia and gastrointestinal distress, as well
as myelosuppression, immunosuppression, neuropathy and organ failure. With the advance
in molecular and genetic techniques, there was a better understanding of the mechanisms
that regulate cancer, and the tools to target signaling pathways were improved?’’. Rational
drug design and targeted therapy brought the possibility of creating “magic bullets” that
could target tumor cells without the adverse side effects of conventional chemotherapy?78.27°,
The key role of p53 in tumor suppression makes the p53-targeting strategies highly
appealing. As mentioned in chapter |, the disruption of the p53-MDM2/MDMX interaction in
wtp53-expressing tumor cells can result in a more effective tumor regression when

compared to that based on MDM2-only inhibitors?280.281,

Chalcones and diarylpentanoids are two classes of compounds with several
representatives as p53-targeting compounds (reviewed in chapter I). Here, the synthesized
diarylpentanoids were obtained through a Claisen-Schmidt condensation. This reaction is
one of the most classical reactions in organic chemistry?®2, The catalysts are either strong
acids or strong bases, being more common the use of bases. When using a base catalyst,
the chalcone is produced from the aldol product via dehydration in an enolate mechanism,
while in the case of acid catalysis, it is generated via an enol mechanism?23. The main
disadvantage of this reaction is its slow reaction rate, as it generally needs several days for
completion. It could also result in a complex mixture containing byproducts and even
sometimes starting materials among the desirable product. Thus, the yield could vary
drastically, ranging from <10% to near 100% conversion, depending on the reactants and
catalysts?83284 However, this reaction has been used in most publications. Széll et al.
synthesized a series of nitrochalcones and demonstrated that the presence of electron-
donating groups in the aldehyde favored condensation by acid catalysis, while in the other

hand, the base catalysis was favored by electron-withdrawing substituents2.

A library of 18 diarylpentanoids were screened for their ability to disrupt the p53-

MDM2 interaction using a yeast-based assay.

As mentioned before, the compounds with the most promising activities were BP-
C4, BP-C2, BP-M2, BP-F2 and BP-M245. When comparing the results of the
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monosubstituted diarylpentanoids, the presence of chlorine on carbon 4 of rings A and B
seems to favor the growth inhibitory activity of co-transformed yeasts, as shown by the
growth inhibitory activity of BP-C4. Also, this substitution pattern does not interfere with the
growth of control yeasts and yeasts expressing p53 only. BP-C4 also induced a lower
growth percentage than the remaining halogenated diarylpentanoids BP-B4, BP-F4, BP-
C2, BP-F2 and BP-FM4. In fact, BP-C4 induced the lowest growth percentage of the 18
compounds and thus the closest growth percentage to that obtained with wt p53-expressing
yeasts, which may suggest that this diarylpentanoid was able to successfully free p53 from
the p53-MDM2 complex, allowing it to play its role as a growth suppressor. On the other
hand, the presence of substituents only on carbon 2 of rings A and B results in yeast
cytotoxicity, as demonstrated by the results of BP-C2, BP-M2 and BP-F2, which decreased
the growth of co-transformed yeasts and control yeasts. Regarding the methoxylated
diarylpentanoids, the results indicate that the presence of three methoxy groups on
positions 2, 4 and 5 on both rings is more favorable than the presence of one or two methoxy
groups, as shown by the results of BP-M245. This compound also showed better results
than BP-M345, a diarylpentanoid with three methoxy groups in carbons 3, 4 and 5 on both
rings. Considering the compounds with only one ring, the lowest growth percentage was
achieved with CP-EA4, which possesses an ethylamine group on carbon 4. The
corresponding diarylpentanoid, BP-EA4, induced a higher growth percentage than CP-EA4,
which indicates that the presence of only one ring can slightly improve the growth inhibitory
effect of co-transformed yeasts in the presence of the ethylamine group on position 4. This
effect is also observed with BP-MA4 and CP-MA4, the other two aminated compounds with
a methylamine group on carbon 4 instead of an ethylamine group. The presence of a
methylamine or an ethylamine group in the aminated diarylpentanoids BP-MA4 and BP-
EA4 seems to induce no differences in the growth of co-transformed yeasts. However, CP-
EA4 induced a lower growth percentage than CP-MA4. CP-MP4 also showed better results
than its corresponding diarylpentanoid BP-MP4. The presence of the morpholine ring on
position 4 seems to improve the growth inhibitory activity only in the presence of one
aromatic ring, as showed by the results obtained with CP-MP4 and BP-MP4.

Since BP-C4 induced the most interesting results in this initial screening, this
compound was tested on p53-MDMX co-expressing yeasts to investigate if it could display
dual-inhibitory activity. BP-C4 inhibited the growth of the co-transformed yeasts to a value
that was very close to that observed in p53-expressing yeasts. This indicates that BP-C4
not only can inhibit the p53-MDM2 interaction, but can also inhibit the p53-MDMX, behaving
as a potential dual inhibitor of the p53-MDM2/MDMX interactions.
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The yeast assay allows the selection of potential p53-MDM2/MDMX inhibitors, which
antitumor activity and molecular mechanism of action is thereafter validated in human cell

lines. For this, the SRB assay was used.

Comparing the Glsg values of BP-C4, BP-F2, and BP-M245, the lowest Glsg values
were obtained with BP-F2 for all tested cell lines, including HFF-1. The yeast screening
assay allowed predicting this result, as this diarylpentanoid showed to be cytotoxic in control
yeasts. On the other hand, the high Glso values of BP-M245 rendered BP-C4 the most
promising of the 18 compounds. BP-C4 induced cell cycle and apoptosis in HCT116 p53*/*
cells, and upregulation of p53 and respective targets as p21, PUMA and PARP.

The cell cycle arrest observed in the Go/G1 phase is in accordance with an
upregulation of p21 observed by Western Blot. In fact, the cell cycle arrest in Go/G1 phase
requires the induction of p21 by binding of the cyclin/cdk complex, which leads to
accumulation of an unphosphorylated form of RB that arrests cells in G1 by preventing the
release of E2F (required for the G4-S transition) from its complex with RB2%6287_ |n some

cases, the overexpression of E2F could lead to apoptosis instead of cell cycle arrest?®’.

Another upregulated target was PUMA. After activation by p53, PUMA interacts with
the Bcl-2 family proteins, which have anti-apoptotic properties. These proteins will then free
BAX and/or BAK, which in turn will signal apoptosis to the mitochondria. This mitochondrial
stress will activate the caspase cascade, which ultimately leads to cell death?s8,
Mitochondria from tumor cells are structurally and functionally different from their normal
counterparts. In fact, tumor cells are more susceptible to mitochondrial perturbations than
normal cells, and therefore many mitochondria-targeting strategies have emerged as a way
to selectively induce death in tumor cells?®. Although it was not proven that BP-C4 targets
the mitochondria, its ability to upregulate PUMA may be related to an eventual mitochondrial
stress and may explain its apoptotic effects. When BAX is released, it is translocated from
the cytosol to mitochondria, where it triggers mitochondrial membrane permeabilization

(MMP)289:2%0_ This, in turn, will release pro-apoptotic factors into the cytosol, such as cyt ¢2%.

BP-C4 also leads to the PARP cleavage. The PARP-family proteins respond to DNA
damage by attempting to repair it via recruitment and modification of several proteins,
including DNA helicases, topoisomerases and histones. However, by doing so, they can
lead to depletion of cellular ATP, which leads to cell death by necrosis?® unless they are
inactivated. PARP proteins are normally inactivated by caspases, which naturally cleave
them in cases where the DNA damage is too extensive®'. Since the caspase pathway was

already activated by PUMA via release of cyt c to the cytosol, these caspase proteins will
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cleave PARP, leading to an increase in its levels. Altogether, based on the obtained results,

a mechanism of action is proposed for BP-C4 (Figure 30).

These results are in accordance with that observed in other studies with chalcone
derivatives in HCT116 cells?5%5, as well as in S-KN-SH243, MCF-7253 and CCRF-CEM?2%2 cells.

BP-C4 has a similar chemical structure to another diarylpentanoid, the compound
RAMB1 mentioned in chapter 123, Like BP-C4, RAMB1 has a chlorine atom bound to
carbons 4 of both A and B rings, and the only difference lies in the presence of a tertiary
amine connecting carbons 3’ and 4’ instead of an oxygen atom. Some studies suggest that
the a,B-unsaturated carbonyl system, present in chalcones and in diarylpentanoids like BP-
C4 and RAMBH1, are determinant in the inhibition of ubiquitin-mediated protein degradation
upstream of the 20S proteasome?®3-2°7, which is known to degrade p53 after
polyubiquitination by MDM2263, Like BP-C4, RAMB1 was also reported to increase the
levels of p53 and PARP cleavage?®®. RAMB1 also inhibited ubiquitin-dependent protein
degradation without compromising the catalytic activity of the 20S proteasome, and led to
p53 stabilization. It also triggered synergistic cell death when combined with the lysosome
inhibitor chloroquine in cervical cancer cells?®3. AM114, also mentioned in chapter |, is a
boronic diarylpentanoid with the same scaffold as RAMB1, having B(OH), groups instead
of chlorine in carbons 4. AM114 induced a more potent response in HCT116 p53** cells
than BP-C4, with an ICs value of 1.49 uM?%, indicating that the antiproliferative activity
increased with the presence of the tertiary amine between carbons 3’ and 4’ and the B(OH>)
groups on carbons 4. Like RAMB1, AM114 also inhibited the 20S proteasome activity,
which might be related to the a, B unsaturated carbonyl moiety like mentioned earlier, and

had synergistic effect with ionizing radiation?%°.

Other chalcone derivatives showed similar results, like prenylchalcones?%%:257,
aminochalcones?®', a boronic chalcone?®® and several others (reviewed in chapter I).
Natural chalcones like the unsubstituted chalcone?'® and isoliquiritigenin?* also induced

cleavage of PARP and up-regulation of p21, along with increased p53 levels.

Although it was not proven whether BP-C4 binds to p53 or to the MDMs in order to
induce the results here presented, it is interesting to note that its A and B rings bear some
resemblance to the 6-chloroindole group of WK 298, mentioned in chapter | as a dual
inhibitor of the p53-MDMs interactions'®5. The 6-chloroindole group of WK 298 binds to the
Trp23 subpocket of both MDM2 and MDMX. However, in order to increase the binding ability,
the occupancy of the three subpockets of Phe19, Trp23 and Leu26 appear to be a
requirement’®®. Additionally, the Phe19 subpocket must be filled with large-surface

hydrophobic groups. The Leu26 subpocket poses the greatest challenge for the design of
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dual MDM2/MDMX inhibitors, as MDM2 and MDMX differ significantly in the shape and

properties of residues surrounding this pocket?°8,

p53
p53
p53
p53
PUMA
')
PARP cleavage
Caspase
activation

0
.t
L]
L]
e *°
Apoptosis

Figure 30: Hypothetical mechanism of action of BP-C4 in HCT116 p53** cells. As a dual inhibitor of the p53
interaction with MDM2 and MDMX, BP-C4 increases p53 levels and activates p53 transcriptional activity,
increasing the levels of the p53 target proteins p21 and PUMA. The observed PARP cleavage indicates a
potential activation of the caspase pathway. *p53 target genes.
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1. Synthesis
1.1. General methods
All reagents and solvents used were purchased from Sigma Aldrich.

Solvents were evaporated using rotary evaporators under reduced pressure (Buchi
Waterchath B-480).

The reactions were supervised by TLC carried out on precoated plates with 0.2 mm
of thickness (Merck silica gel 60 (GF254)).

The obtained chromatograms were visualized under UV radiation at 254 and 365

nm.

The purification of the synthesized compounds was performed either by

crystallization, or by preparative chromatography (Macherey-Nagel silica gel 60 (GF254)).
Melting Points were obtained in a Koéfler microscope and are uncorrected.

IR spetra were obtained in KBr microplates in a FTIR spectrometer Nicolet iS10 from
Thermo Scientific with Smart OMNI-Transmisson accessory (software OMNIC 8.3 for
Microsoft Windows XP).

All NMR spectra were obtained at University of Aveiro, Department of Chemistry,
using CDCl; (Deutero GmbH) at room temperature at frequencies of 300.13 MHz for 'H and
75.47 MHz for '3C (Bruker Avance 300 spectrometer).

1.2. Synthesis of BP-M4

An aqueous solution of 40% sodium hydroxide was added to a solution of tetrahydro-
4H-pyran-4-one (100 mg, 0.99 mmol) in methanol until pH 13—-14. Then, a solution of 2.99
mmol (392.1 mg) 4-methoxybenzaldehyde in methanol was slowly added to the reaction
mixture. The reaction was left at room temperature for 22.5 hours and was monitored by
TLC. After completion, the reaction mixture was poured into ice and neutralized with diluted
HCI. A precipitate was formed upon cooling to room temperature. This was filtered, washed
with water, and crystallized with chloroform. A light yellow solid corresponding to 3,5-bis((E)-

4-methoxybenzylidene)tetrahydro-4 H-pyran-4-one (BP-M4) was obtained.

3,5-bis((E)-4-methoxybenzylidene)tetrahydro-4H-pyran-4-one (BP-M4): Yield:
58.9%; mp (chloroform): 179-180 °C; IR (kBr) vmax (cm'): 2920, 1668, 1596-1420, 1256;
"H NMR (CDCls 300.13 MHz) 8= 7.79 (brs, H-1"), 7.29 (d, J = 8.8, H-2,-6), 6.95 (d, J = 8.8,
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H-3,-5), 4.93 (d, J = 1.8, H-3',-4’), 3.85 (s, 4-OCHs); "*C NMR (CDCls, 75.47 MHz): 5= 185.6
(C=0), 160.7 (C-4), 136.1 (C-1"),132.6 (C-2, 6), 131.4 (C-2, 5'), 127.7 (C-1), 114.4 (C-3,
5), 68.2 (C-3', 4'), 55.5 (4-OCHz); ESI-TOF-HRMS (+) m/z: Anal. Calc. for CatHz1O4
(M+H"*): 337.14344; found: 337.14272.

1.3. Synthesis of BP-MA4

An aqueous solution of 40% sodium hydroxide was added to a solution of tetrahydro-
4H-pyran-4-one (100 mg, 0.99 mmol) in methanol until pH 13—14. Then a solution of 2.99
mmol (443.1 mg) 4-dimethylaminobenzaldehyde in methanol was slowly added to the
reaction mixture. The reaction was left at room temperature for 7 days and was monitored
by TLC. After completion, the reaction mixture was poured into ice and neutralized with
diluted HCI. A precipitate was formed upon cooling to room temperature. This was filtered
and washed with water and further purified by preparative TLC (SiO2, n-hexane/ethyl
acetate 7:3) . An orange gum corresponding to 3,5-bis((E)-4-
dimethylaminobenzylidene)tetrahydro-4H-pyran-4-one (BP-MA4) was obtained.

3,5-bis((E)-4-dimethylaminobenzylidene)tetrahydro-4H-pyran-4-one (BP-
MA4): Yield: 1.1% as orange gum; IR (kBr) vmax (cm-): 2957-2848, 1723, 1584-1463,
1369-1237, 1270; "H NMR (CDCl; 300.13 MHz) 6= 7.77 (s H-1"), 7.26 (d, J = 8.8 Hz, H-2,-
6), 6.71 (d, J = 8.9 Hz, H-3,-5), 4.96 (d, J = 1.6 Hz, H-3',-4"), 3.03 (s, 4-NCHj3); '*C NMR
(CDCls, 75.47 MHz): 6= 185.4 (C=0), 150.9 (C-4), 136.4 (C-1"), 132.8 (C-2, 6), 129.3 (C-
2, 5"),123.1 (C-1), 111.9 (C-3, 5), 69.0 (C-3, 4°), 40.3 (4-NCHj3); ESI-TOF-HRMS (+) m/z:
Anal. Calc. for C23H27N202 (M+H*): 363.20670; found: 363.20545.

1.4. Synthesis of BP-B4

An aqueous solution of 40% sodium hydroxide was added to a solution of tetrahydro-
4H-pyran-4-one (100 mg, 0.99 mmol) in methanol until pH 13—14. Then, a solution of 2.99
mmol (551.4 mg) 4-bromobenzaldehyde in methanol was slowly added to the reaction
mixture. The reaction was left at room temperature for 4 days and was monitored by TLC.
After completion, the reaction mixture was poured into ice and neutralized with diluted HCI.
The solution was then extracted with ethyl acetate (3 x 50 mL). The organic phase was
collected and further rinsed with water, dried over with anhydrous sodium sulfate and

concentrated under reduced pressure. The crude material was purified by crystallization
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with ethyl acetate. A light vyellow solid corresponding to 3,5-bis((E)-4-
bromobenzylidene)tetrahydro-4H-pyran-4-one (BP-B4) was obtained.

3,5-bis((E)-4-bromobenzylidene)tetrahydro-4H-pyran-4-one (BP-B4): Yield:
47.1%; mp (ethyl acetate): 203-206°C; IR (kBr) vmax (cm-): 2921-2807, 1669, 1577-1439,
1263; '"H NMR (CDCl; 300.13 MHz) 6 = 7.75 (brs, H-1"), 7.56 (d, J = 8.5 Hz, H-3,-5), 7.18
(d, J=8.5Hz, H-2,-6), 4.88 (d, J = 1.9 Hz, H-3',-4’). 3C NMR (CDCls, 75.47 MHz): 5= 185.2
(C=0), 135.5 (C-1"), 133.6 (C-2, ), 133.5 (C-1), 132.1 (C-2, 6), 132.0 (C-3, 5), 124.1 (C-
4), 68.6 (C-3', 4’). ESI-TOF-HRMS (+) m/z: Anal. Calc. for C1gH15Br2O2 (M+H*): 432.94333;
found:432.94232.

1.5. Synthesis of BP-M34

An aqueous solution of 40% sodium hydroxide was added to a solution of tetrahydro-
4H-pyran-4-one (100 mg, 0.99 mmol) in methanol until pH 13—14. Then, a solution of 2.99
mmol (496.85 mg) 3,4-dimethoxybenzaldehyde in methanol was slowly added to the
reaction mixture. The reaction was left at room temperature for 3 days and was monitored
by TLC. After completion, the reaction mixture was poured into ice and neutralized with
diluted HCI. The solution was then extracted with ethyl acetate (3 x 50 mL). The organic
phase was collected and further rinsed with water, dried over with anhydrous sodium sulfate
and concentrated under reduced pressure. The crude material was purified by
crystallization from ethyl acetate. A solid corresponding to 3,5-bis((E)-3,4-

dimethoxybenzylidene)tetrahydro-4H-pyran-4-one (BP-M34) was obtained.

3,5-bis((E)-3,4-dimethoxybenzylidene)tetrahydro-4H-pyran-4-one  (BP-M34):
Yield: 32.4%; mp (ethyl acetate): 163-165°C; IR (kBr) vmax (cm™): 2939-2838, 1671, 1594-
1462. 1278; "H NMR (CDCI3 300.13 MHz) 6=7.78 (brs, H-1"), 6.91 (brd, H-5, -6), 6.87 (brd,
H-2), 4.96 (d, J = 1.8 Hz, H-3’, -4°), 3.93 (s, 3-OCHj3), 3.91 (4-OCHj3); 3C NMR (CDCls,
75.47 MHz): 6= 185.0 (C=0), 149.9 (C-3), 148.6 (C-4), 136.0 (C-1"), 131.1 (C-2’, -5’), 127.5
(C-1), 123.8 (C-5), 113.3 (C-2), 110.7 (C-6), 55.6 (3-, 4-OCHs). ); ESI-TOF-HRMS (+) m/z:
Anal. Calc. for Ca3H2506 (M+H™): 397.16456; found: 397.16371.

1.6. Synthesis of BP-F4

An aqueous solution of 40% sodium hydroxide was added to a solution of tetrahydro-

4H-pyran-4-one (100 mg, 0.99 mmol) in methanol until pH 13—-14. Then, a solution of 2.99
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mmol (371.9 mg) 4-fluorobenzaldehyde in methanol was slowly added to the reaction
mixture. The reaction was left at room temperature for 3 days and was monitored by TLC.
After completion, the reaction mixture was poured into ice and neutralized with diluted HCI.
The solution was then extracted with ethyl acetate (3 x 50 mL). The organic phase was
collected and further rinsed with water, dried over with anhydrous sodium sulfate and
concentrated under reduced pressure. The crude material was purified by crystallization
from chloroform. A yellow solid corresponding to 3,5-bis((E)-4-

fluorobenzylidene)tetrahydro-4H-pyran-4-one (BP-F4) was obtained.

3,5-bis((E)-4-fluorobenzylidene)tetrahydro-4H-pyran-4-one (BP-F4): Yield:
50.7%; mp (chloroform): 175-177°C; IR (kBr) vmax (cm-'): 2919-2830, 1670, 1576-1450,
1293, 1155; '"H NMR (CDCl3 300.13 MHz) 6= 7.80 (brs, H-1"), 7.34-7.29 (m, H-2, -6), 7.15-
7.10 (m, H-3, -5), 4.90 (d, J = 1.9, H-3’, 4’); "*C NMR (CDCls, 75.47 MHz): 5= 185.4 (C=0),
165.0 (C-4), 135.5 (C-17), 132.8 (C-2', -5’), 132.6 (C-2, -6), 131.0 (C-1), 116.2 (C-3, -5),
68.6 (C-3’, -4’); ESI-TOF-HRMS (+) m/z: Anal. Calc. for C1gH15F202 (M+H*): 313.10346;
found: 313.10314.

1.7. Synthesis of BP-EA4

An aqueous solution of 40% sodium hydroxide was added to a solution of tetrahydro-
4H-pyran-4-one (100 mg, 0.99 mmol) in methanol until pH 13—14. Then, a solution of 2.99
mmol (526 mg) 4-diethylaminobenzaldehyde in methanol was slowly added to the reaction
mixture. The reaction was left at room temperature for 7 days and was monitored by TLC.
After completion, the reaction mixture was poured into ice and neutralized with diluted HCI.
A precipitate was formed upon cooling to room temperature. This was filtered and washed
with water and further purified by preparative TLC (SiO2; n-hexane/ethyl acetate 7:3). An
orange gum corresponding to 3,5-bis((E)-4-diethylaminobenzylidene)tetrahydro-4H-pyran-
4-one (BP-EA4) was obtained.

3,5-bis((E)-4-diethylaminobenzylidene)tetrahydro-4H-pyran-4-one (BP-EA4).
Yield: 3% as orange gum; IR (kBr) vmax (cm): 2957-2848, 1671, 1594-1462, 1278; 'H
NMR (CDCIs; 300.13 MHz) 6= "H NMR (CDCls, 300 MHz) & 7.75 (s, H-17), 7.24 (d, J = 8.9
Hz, H-2,-6), 6.67 (d, J = 9.0 Hz, H-3,-5), 4.95 (d, J = 1.6 Hz, H-3',-4’), 3.40 (q, J = 7.1 Hz,
4-NCH2-), 1.20 (t, J = 7.0 Hz, 4-CHj3); "*C NMR (CDCls, 75.47 MHz): 5= 185.6 (C=0=, 148.7
(C-4), 136.6 (C-1"), 133.4 (C-2, -6), 129.1 (C-2’, -5'), 122.5 (C-1), 111.5 (C-3, -6), 69.3 (C-
3, -4’), 44.8 (4-NCH2CHs), 13.0 (4-NCH2CHz3); ESI-TOF-HRMS (+) m/z: Anal. Calc. for
C27H35N202 (M+H*): 419.26930; found: 419.26852.
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1.8. Synthesis of BP-M345

An aqueous solution of 40% sodium hydroxide was added to a solution of
tetrahydro-4H-pyran-4-one (100 mg, 0.99 mmol) in methanol until pH 13-14. Then, a
solution of 2.99 mmol (490.68 mg) 3,4,5-trimethoxybenzaldehyde in methanol was slowly
added to the reaction mixture. The reaction was left at room temperature for 3 days and
was monitored by TLC. After completion, the reaction mixture was poured into ice and
neutralized with diluted HCI. The solution was then extracted with ethyl acetate (3 x 50 mL).
The organic phase was collected and further rinsed with water, dried over with anhydrous
sodium sulfate and concentrated under reduced pressure. The crude material was purified
by preparative TLC (SiO2; n-hexane/ethyl acetate 7:3). A solid corresponding to 3,5-bis((E)-
3,4,5-trimethoxybenzylidene)tetrahydro-4H-pyran-4-one (BP-M345) was obtained.

3,5-bis((E)-3,4,5-trimethoxybenzylidene)tetrahydro-4H-pyran-4-one (BP-
M345): Yield: 10%; mp (ethyl acetate): 193-196°C; IR (kBr) vmax (cm'): 2669-2828, 1667,
1578-1416, 1255; '"H NMR (CDCl; 300.13 MHz) 8= 7.77 (brs, H-1"), 6.55 (s, H-2,-6), 4.98
(d, J = 1.8 Hz, H-3',-4’), 3.90 (s, 4-OCH3), 3.89 (s, 3-,5-OCH3); *C NMR (CDCls, 75.47
MHz): 6= 185.7 (C=0), 153.7 (C-3, -5), 140.0 (C-4), 137.2 (C-1") 132.8 (C-2’, -5’), 130.7
(C-1), 108.5 (C-2, -6), 69.1 (C-3’, -4’), 61.6 (4-OCHj3), 56.8 (3, 5-OCH3); ESI-TOF-HRMS
(+) m/z: Anal. Calc. for CasH290g (M+H*): 457.18569; found: 457.18492.
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2. Biological activity
2.1. Compounds

Details concerning the synthesis of compounds BP-M4, BP-MA4, BP-B4, BP-M34,
BP-F4, BP-EA4 and BP-M345 are discussed in chapters 3 and 5. In addition to the eight
synthesized bischalcones, 10 other structure related compounds BP-C4, BP-MP4, BP-FM4,
BP-C2, BP-M2, BP-F2, BP-M24, BP-M245, CP-MA4, CP-MP4 and CP-EA4 previously
synthesized were also tested. All compounds were dissolved in dimethyl sulfoxide (DMSO;
Sigma-Aldrich, Sintra, Portugal) and stored at -20 °C.

2.2. Yeast screening assay
2.2.1. Yeast strains and growth conditions

Saccharomyces cerevisiae cells expressing human wt p53 alone or co-expressed
with human MDM2 or MDMX were used, as previously described?%6.265-267 For the selection
of transformed yeast, cells were grown in glucose minimal selective medium with 2% (w/v)
glucose (Panreac Quimica, Barcelona, Spain) 0.67% (w/v) yeast nitrogen base without
amino acids (Difco; Quilaban, Sintra, Portugal) and all the amino acids required for yeast
growth (50 pg/mL) except leucine and tryptophan, and incubated at 30 °C, under continuous
orbital shaking (170 r.p.m.). To induce the expression of human proteins, yeast cultures
were diluted to 0.05 optical density at 600 nm (ODego) in induction selective medium
containing 2% (w/v) galactose (Sigma-Aldrich, Sintra, Portugal) and 1% glycerol (JMGS,
Odivelas, Portugal) and grown at 30 °C under continuous shaking. Briefly, yeast cells
expressing the human protein and control yeast (transformed with the empty vector) were
grown in induction selective medium for up to 48 hours for growth curves experiments.
Yeast growth was analyzed by counting the number of colony-forming units per mL
(CFU/mL) after 2 days incubation at 30 °C on Sabouraud Dextrose Agar (Liofilchem; Frilabo,
Porto, Portugal) plates.

2.2.2. Effect of the compounds on yeast cell growth

In yeast assays with p53 and MDM2/MDMX, the cells expressing p53 alone were
used as positive control. To analyze the effect of compounds on yeast cell growth,
transformed cells were incubated in induction selective medium in the presence of 10 or 25
MM compounds or DMSO only (0.1%). Cells were incubated to approximately 0.4 ODeoo

(achieved with each transformant incubated with DMSO only), and the cell growth was
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analyzed as described above. For each culture, the percentage of drug-induced growth
inhibition was estimated considering 100% growth the number of CFU obtained with yeast
expressing both p53 and MDM2 or MDMX.

2.3. Human cell lines assays
2.3.1. Growth conditions

The human cell lines used in this work are listed in Table 1. All tumor cell lines were
routinely cultured in RPMI-1640 medium with glutamine from Corning (VWR, Carnaxide,
Portugal) supplemented with 10% fetal bovine serum (FBS) from Biowest (Labclinics,

Barcelona, Spain). All cells were maintained in a humidified incubator at 37 °C with 5% CO..

Table 10: Human cell lines used in the present work.

Cell line Tissue/Disease p53 status Supplier

HCT116 p53** Human colon wt

HCT116 p537- adenocarcinoma Null (knock out)

ATCC (American
Human breast

MDA-MB-231 Mutant pS3R280K Type Culture
adenocarcinoma .
Collection)

Human foreskin
HFF-1 wit
fibroblasts

2.3.2. Sulforhodamine B (SRB) assay

Human cell lines were incubated in 96-well plates at a final density of 4.0 x 103
cells/well (for HFF-1 cells), 5.0 x 103 cells/well (for HCT116 cell lines), and 1.0 x 10*
cells/well (for MDA-MB-231 cells) for 24 hours. Cells were then treated with serial dilutions
(0.313 pM to 50 uM) of compounds for 48 hours. The effect of these compounds on in vitro
growth was assessed using the SRB assay. Cells were fixated with 2.5% TCA for 1 hour at
4 °C. Plates were then stained with 0.25% SRB (Sigma-Aldrich, Sintra, Portugal) and
washed with 1% acetic acid. The bound dye was solubilized in 0.12% Tris Base and the
absorbance was measured at 510 nm in a microplate reader (Biotek Instruments Inc.,
Synergy MX, USA). The maximum concentration of solvent used in this assay (1% DMSO)
was included as control. The concentration of compound that induces 50% growth inhibition

(Glso) was then determined.
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2.3.3. Colony formation assay

HCT116 p53** cells were seeded in 6-well plates at a density of 1.0x103 cells/well,
followed by incubation with 0.25, 0.50, 1.00 and 2.00 yM BP-C4 for 11 days. Formed
colonies were fixed with 10% MeOH and 10% AcOH for 10 min, and then stained with 0.5%
crystal violet (Sigma-Aldrich, Sintra, Portugal) in 1:1 MeOH/H20 for 15 min. Colonies

containing more than 20 cells were counted.

2.3.4. Cell cycle and apoptosis analysis

HCT116 p53** cells were incubated in 6-well plates at a density of 1.5 x 105
cells/well for 24 hours. Cells were then treated with BP-C4 or DMSO only for 48 hours. For
cell cycle analysis, cells were fixed in ice-cold 70% ethanol and incubated at 37 °C with
RNAse A (Sigma-Aldrich, Sintra, Portugal) at a final concentration of 20 pg/mL for 15
minutes, and further incubated with 50 pg/mL propidium iodide (PI; Sigma-Aldrich, Sintra,
Portugal) for 30 minutes, followed by flow cytometry analysis; cells were analysed by flow
cytometry and cell cycle phases were identified and quantified using the FlowJo X 10.0.7
Software (Treestar, Ashland, OR, USA) for Microsoft Windows 8. As for apoptosis
assessment, flow cytometry was performed using the Annexin V-FITC Apoptosis Detection
Kit | from BD Biosciences (Enzifarma, Porto, Portugal), according to the manufacturer’s
instructions. The AccuriTM C6 flow cytometer and the BD Accuri C6 software (BD

Biosciences) for Microsoft Windows 7 were used.

2.3.5. Western Blot analysis

HCT116 p53** cells were seeded in 6-well plates at a density of 1.5x10° cells/well
for 24 hours, followed by treatment with 12 yM BP-C4. Protein extracts were quantified
using the Bradford reagent (Sigma-Aldrich, Sintra, Portugal). Proteins were run in SDS-
PAGE and transferred to a Whatman nitrocellulose membrane from Protan (VWR,
Carnaxide, Portugal). After blocking, proteins were identified using specific primary
antibodies followed by HRP-conjugated secondary antibodies (Table 2). GAPDH was used
as loading control. The signal was detected with the ECL Amersham kit from GE Healthcare
(VWR, Carnaxide, Portugal). The ChemiDoc™ XRS Imaging System from Bio-Rad
Laboratories (Amadora, Portugal) for Microsoft Windows 10 was used for detection. Band
intensities were quantified using the Image Lab (version 6.0.1; Bio-Rad Laboratories)
software for Microsoft Windows 10. Signal intensity is relative to the respective loading and

normalized to control (DMSO), set as 1.
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Table 11: Antibodies used in Western Blot.

Antigen Final Dilution Supplier

Primary antibodies

p53 (DO-1)
1:5000
(mouse monoclonal)
p21 (C-19)
) 1:100
(rabbit polyclonal) Santa Cruz Biotechnology
PARP (C2-10) (Frilabo, Porto, Portugal)
1:50
(mouse monoclonal)
PUMA (B-6)
1:500

(mouse monoclonal)

Secondary antibodies

Anti-mouse horseradish- 1:5000
peroxidase (HRP)-conjugated ' Santa Cruz Biotechnology

Anti-rabbit horseradish- (Frilabo, Porto, Portugal)
1:5000

peroxidase (HRP)-conjugated

2.4, Statistical analysis

Data were analyzed statistically using the GraphPad Prism (La Jolla, CA, USA;
version 8.0.2) software for Microsoft Windows 10 and differences between means were

tested for significance using the unpaired Student’s t-test (*p < 0.05; **p < 0.01).
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Chapter IV: Conclusions and perspectives

Diarylpentanoids are a class of compounds with many interesting properties, namely
antiproliferative activities on tumor cells, with hundreds of cases reported. Some of these
compounds were reported to target the p53 pathway, resulting in the upregulation of p53

targets, as well as in proteasome inhibition and in caspase activation.

In this work, seven diarylpentanoids inspired in chalcone scaffolds were synthesized
through the Claisen-Schmidt condensation and their ability to disrupt the p53-MDM2

interaction was then evaluated.

The work developed in this dissertation led to the potential identification of a novel
p53-MDM2/MDMX dual inhibitor. From a chemical standpoint, it would be interesting to
optimize some of the tested diarylpentanoids, either for reduction of cytotoxicity, as is the
case of BP-F2, or for enhancement of growth inhibitory activity. The new compounds that
would be obtained from these modifications would be tested for comparison with the results
obtained with the starting materials. Moreover, other assays should be performed in order
to further understand the mechanism of action of BP-C4 in wt p53-expressing cells. For
instance, a Co-IP assay in yeast and in human tumor cells is necessary to prove the
disruption of the p53-MDM2/MDMX complex by BP-C4. The effect of this compound should
also be tested in different wt-p53 expressing cell lines, like HepG2 and SJSA-1 cell lines,
which overexpress MDM2, and MCF-7, which overexpresses MDMX. Additionally, a
CETSA assay would be useful to predict a potential binding of BP-C4 to p53 or MDMs.
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