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Abstract 
Cancer is currently a major public health concern with an expected increasing 

incidence and mortality in the coming decades. It represents a group of diseases with 

remarkable molecular complexity mostly triggered by alterations of oncogenes and tumor 

suppressor genes. The use of conventional chemotherapeutics for cancer treatment is 

limited by the development of chemoresistance and severe toxic side effects. Targeted 

anticancer therapies represent a crucial advance, since by taking advantage of molecular 

alterations specifically present in tumor cells, unspecific toxicity is greatly reduced. In this 

context, p53 family proteins arise as promising therapeutic targets, due to their critical role 

as tumor suppressors in several hallmarks of cancer. In addition, the antitumor activity of 

most conventional chemotherapeutics requires a functional p53 pathway. However, 

alterations of p53 family proteins are frequent in human cancers. In fact, half of human 

tumors harbor p53 mutations, and most remaining cancers overexpress negative 

modulators of p53 family proteins. Considering this, the aim of the present thesis was the 

identification of small molecule modulators of p53 family proteins with antitumor activity in 

p53-impaired cancers. In particular, two complementary therapeutic strategies were 

considered:  

(i) Activation of TAp73, a p53 paralog, able to compensate for the lack of a functional 

p53 pathway; 

(ii) Reactivation of mutant p53 (mutp53), leading to restoration of its tumor 

suppressive activity and inhibition of its oncogenic properties.  

To this end, a multidisciplinary approach, involving medicinal chemistry, 

pharmacology, oncobiology, microbiology, biotechnology, and molecular biology, was 

adopted, resulting in the identification of two new activators of p53 family proteins. 

In particular, the work developed in the present thesis led to the identification of the 

1-carbaldehyde-3,4-dimethoxyxanthone LEM2, which was shown to activate TAp73 

through disruption of its interaction with both Murine double minute (MDM)2 and mutant 

p53. This compound increased the transcriptional activity of TAp73, leading to cell cycle 

arrest and apoptosis in p53-null and mutp53-expressing tumor cells. Notably, a remarkable 

antitumor activity of LEM2 against patient-derived neuroblastoma cells, consistent with an 

activation of the TAp73 pathway, was demonstrated in a work complementary to this thesis. 

Altogether, besides its potential as an anticancer drug, LEM2 may also be a promising 

starting point for the development of improved TAp73-activating agents for anticancer 

therapy, particularly against neuroblastoma. An additional relevant outcome arising from 

this work was the development of a new yeast cell model that mimics the gain of function 
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of mutp53 through its inhibitory effect on TAp73. In fact, this work supports the suitability of 

the yeast model to screen for small molecule inhibitors of the TAp73-mutp53 interaction.  

In addition, the tryptophanol-derived oxazoloisoindolinone SLMP53-2 was identified 

as a reactivator of mutp53. SLMP53-2 restored wild-type-like conformation and 

transcriptional activity to mutp53, by enhancing its interaction with heat shock protein 

(Hsp)70. In this way, this compound induced cell cycle arrest, apoptosis, and endoplasmic 

reticulum stress in mutp53-expressing hepatocellular carcinoma (HCC) cells. Most 

importantly, SLMP53-2 sensitized HCC cells to the effect of sorafenib and displayed potent 

in vivo antitumor activity against HCC xenografts, with no apparent undesirable toxicity. 

Altogether, SLMP53-2 represents a new mutp53-reactivating agent with a distinct 

mechanism of action from those currently reported. It may also represent a new effective 

anticancer therapeutic option, particularly against HCC, or it may be the basis for new 

derivatives with increased efficacy.    

In conclusion, the work developed in this thesis provides a contribution to the advance 

of p53 family pharmacology and personalized cancer treatment, with the identification of 

new TAp73- and mutp53-activating agents with promising anticancer therapeutic 

applications. 

 
 
Keywords: Anticancer therapy; Cancer; mutant p53; Small molecule activator; TAp73. 
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Resumo 
O cancro é atualmente um dos principais problemas de saúde pública, esperando-se 

um aumento da sua incidência e mortalidade nas próximas décadas. O cancro consiste 

num conjunto de doenças de elevada complexidade molecular, causadas maioritariamente 

por alterações de oncogenes e genes supressores tumorais. A utilização de 

quimioterápicos convencionais no tratamento do cancro é limitada pelo desenvolvimento 

de quimiorresistência e efeitos tóxicos adversos graves. Desta forma, as terapêuticas 

direcionadas constituem um avanço crucial no tratamento do cancro, uma vez que o seu 

modo de ação depende da presença de alterações moleculares específicas do tumor, 

reduzindo significativamente os efeitos tóxicos inespecíficos. Neste contexto, as proteínas 

da família da p53 revelam-se promissores alvos terapêuticos, devido ao seu papel 

preponderante como supressores tumorais. Além disso, a atividade antitumoral da maioria 

dos quimioterápicos convencionais depende da existência de uma via funcional da p53. No 

entanto, as proteínas da família da p53 estão frequentemente alteradas em tumores 

humanos. Cerca de metade dos tumores humanos apresenta mutações da p53, e a maioria 

dos restantes cancros sobre-expressa moduladores negativos de proteínas da família da 

p53. Tendo isto em consideração, a presente tese teve como objetivo a identificação de 

pequenas moléculas moduladoras de proteínas da família da p53, com atividade 

antitumoral em cancros com uma via da p53 comprometida. Em particular, foram 

consideradas duas estratégias terapêuticas complementares: 

(i) Ativação da TAp73, uma proteína da família da p53 cuja atividade poderá 

compensar a ausência de uma via funcional da p53; 

(ii) Reativação de formas mutadas da p53 (mutp53), levando à restauração da 

atividade supressora tumoral, bem como à inibição das suas propriedades oncogénicas. 

Para isso, foi adotada uma abordagem multidisciplinar envolvendo a química 

medicinal, farmacologia, oncobiologia, microbiologia, biotecnologia e biologia molecular, 

que resultou na identificação de dois novos ativadores de proteínas da família da p53.  

Em particular, o trabalho desenvolvido na presente tese conduziu à identificação da 

1-carbaldeído-3,4-dimetoxixantona LEM2, que ativa a TAp73 através da inibição da sua 

interação com a proteína Murine double minute (MDM)2 e mutp53. Este composto 

aumentou a atividade transcricional da TAp73, causando paragem do ciclo celular e 

apoptose de células sem expressão de p53 ou com mutp53. Adicionalmente, num trabalho 

complementar a esta tese, o LEM2 demonstrou uma marcada atividade antitumoral em 

células de neuroblastoma derivadas de pacientes. Assim, além do seu potencial como 

fármaco anticancerígeno, o LEM2 poderá representar um promissor ponto de partida para 

o desenvolvimento de novos agentes ativadores da TAp73 para a terapêutica 
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anticancerígena, em particular, do neuroblastoma. O desenvolvimento de um novo ensaio 

fenotípico de levedura que mimetiza o ganho de função da mutp53 através da inibição da 

TAp73 foi outro resultado importante alcançado com este trabalho. Desta forma, a presente 

tese evidencia a adequabilidade do modelo de levedura para a pesquisa de pequenas 

moléculas inibidoras da interação TAp73-mutp53. 

Adicionalmente, a oxazoloisoindolinona derivada do triptofanol SLMP53-2 foi 

identificada como um reativador de mutp53. O composto SLMP53-2 promoveu a interação 

da mutp53 com a heat shock protein (Hsp)70, levando ao restabelecimento da 

conformação nativa e atividade transcricional da mutp53. Desta forma, este composto 

induziu paragem do ciclo celular, apoptose, e stresse do retículo endoplasmático em 

células de carcinoma hepatocelular (HCC) com expressão de mutp53. Além disso, o 

SLMP53-2 demonstrou um efeito sinérgico com o sorafenib em células de HCC, bem como 

uma marcada atividade antitumoral in vivo, sem sinais aparentes de efeitos tóxicos 

adversos. Em síntese, o SLMP53-2 representa um novo agente reativador de mutp53 com 

um mecanismo de ação distinto dos reportados até à presente data. Poderá também 

representar uma nova opção terapêutica para o tratamento do cancro, particularmente do 

HCC, bem como a base para o desenvolvimento de derivados com eficácia melhorada.  

Em conclusão, o trabalho desenvolvido nesta tese contribui para o avanço da 

farmacologia das proteínas da família da p53, bem como do tratamento personalizado do 

cancro, com a identificação de novos agentes ativadores da TAp73 e mutp53 com 

promissora aplicação na terapêutica anticancerígena.  

 

 

Palavras-chave: cancro; p53 mutante; pequena molécula ativadora; TAp73; terapêutica 

anticancerígena 
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   CHAPTER 1. LITERATURE REVIEW 

21 

1.1. General concepts on cancer epidemiology and biology 

Cancer is currently a global high-priority public health concern, representing the major 

obstacle to increasing life expectancy in the 21st century (Bray et al., 2018). Both cancer 

incidence and mortality have been steadily rising worldwide and are predicted to continue 

increasing in the coming decades (Figure 1.1). The growing number of new cancer cases 

reflects not only population aging, but also several cancer risk factors associated with 

socioeconomic development (Bray et al., 2018). An estimated 18.1 million new cancers 

were diagnosed in 2018, with 9.6 million cancer-related deaths on a global scale (Bray et 

al., 2018). In 2016, cancer was responsible for 213.2 million disability-adjusted life years 

(DALYs), most of which came from years of life lost (YLLs) (Global Burden of Disease 

Cancer Collaboration et al., 2018).  

 

 

 

 
Figure 1.1 Number of incident cases of cancer and cancer-related deaths per year worldwide. 
Plotted data from 1990 to 2017 were obtained from the GHDx dataset (Institute for Health Metrics 
and Evaluation, 2017; Global Burden of Disease Cancer Collaboration et al., 2018). Predicted values 
from 2018 to 2040 were obtained from GLOBOCAN (International Agency for Research on Cancer, 
2018b; Ferlay et al., 2019). 

 

 

In Portugal, malignant neoplasms were the second leading cause of death in 2017 

(over 27 thousand deaths, representing 25% of the total mortality), surpassed only by 

diseases of the circulatory system (INE, 2019). In that period, malignant neoplasms led to 

an average of 11.2 YLLs (INE, 2019).  
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Although the most incident types of cancer vary geographically, the 10 cancer types 

with the highest incidence worldwide in 2018 (Figure 1.2) represented 65% of all newly 

diagnosed cancer cases and deaths in 2018 (Bray et al., 2018). 

 

 

 

 
Figure 1.2 Estimated incidence and mortality of the 10 most incident cancer types worldwide 
in 2018. Plotted data was obtained from GLOBOCAN (Bray et al., 2018; International Agency for 
Research on Cancer, 2018a). 

 

 

 

The huge amount of work on cancer research reflects the outstanding complexity of 

this multifaceted set of diseases. There have been over 100 reported types of cancer, many 

of which include subtypes with unique features (Hanahan and Weinberg, 2000). Cancer 

development occurs through the sequential clonal selection of cells with genetic alterations 

that confer growth advantages (Mendelsohn et al., 2014). However, tumors are usually 

heterogenous, containing cells with distinct genetic aberrations. Another layer of complexity 

arises from the fact that neoplasms are not only composed of tumor cells, but are instead 

complex tissues in which these interact with other cell types (including immune and 

endothelial cells), and the extracellular matrix, forming the tumor microenvironment 

(Mendelsohn et al., 2014).  
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In order to categorize the myriad of biological features that characterize human 

cancers, Hanahan and Weinberg devised a set of physiological alterations that define the 

malignant phenotype and are common to the vast majority of tumors (Hanahan and 

Weinberg, 2000). This proposed core set of cancer hallmarks consisted of the ability to: (i) 

promote cell growth and proliferation in the absence of mitogenic stimuli; (ii) evade growth 

suppressors that would otherwise induce cell senescence; (iii) limit the response to 

apoptotic triggers thereby resisting cell death; (iv) maintain telomeric DNA length, enabling 

replicative immortality; (v) stimulate angiogenesis, inducing the formation of blood vessels 

that provide nutrient and oxygen supplies to the tumor; (vi) invade circumventing tissues 

and eventually form distant metastases. The ability of tumor cells to reprogram their 

energetic metabolism to fuel cell growth and division, as well as to avoid destruction by the 

immune system, have been more recently proposed as emerging cancer hallmarks 

(Hanahan and Weinberg, 2011).  

In addition, two central characteristics that enable the acquisition of the 

aforementioned hallmarks have also been identified (Hanahan and Weinberg, 2011). In 

particular, inflammation, which is present in virtually every tumor, can supply growth and 

survival factors, and promote invasion and angiogenesis, thereby enabling several of the 

hallmark features. Additionally, tumor cells almost ubiquitously display genomic instability, 

caused by compromised genomic integrity surveillance and maintenance mechanisms. 

These mechanisms are regulated by a class of cancer-related tumor suppressor genes 

(TSGs) called caretakers, which are normally involved in the detection of DNA damage and 

subsequent mobilization of DNA-repair enzymes (Vogelstein and Kinzler, 2004). Caretaker 

genes are frequently mutated in human cancers, leading to an increased rate of 

spontaneous mutation. This contributes to the accumulation of genetic defects in other 

cancer-related genes, responsible for the acquisition of cancer hallmarks. 

Besides caretaker functions, TSGs may also display gatekeeper activity. Gatekeeper 

TSGs prevent uncontrolled cell proliferation by inducing growth arrest, senescence, or cell 

death under normal physiological conditions (Kinzler and Vogelstein, 1997). In tumor cells, 

gatekeeper TSGs often suffer inactivating mutations that lead to loss-of-function (LOF), 

contributing to the malignant phenotype. Frequent inactivating mutations of TSGs include 

epigenetic silencing, deletions, and missense and nonsense mutations (Mendelsohn et al., 

2014). The contribution of TSG mutations to the malignant phenotype is only observed upon 

inactivation of both alleles, thus considered recessive mutations. Happloinsufficient TSGs 

are an exception to this observation, since the remaining wild-type (wt) allele is unable to 

maintain normal function, and LOF is observed even in a heterozygous context 

(Mendelsohn et al., 2014).  
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 In contrast to TSGs, proto-oncogenes promote cell growth and proliferation under 

normal conditions. Oncogenes, generated by mutation of proto-oncogenes, encode 

constitutively active or overexpressed forms of growth-inducing proteins that promote 

malignant transformation. These gain-of-function (GOF) alterations are often caused by 

promoter demethylation, gene amplification, chromosome translocation, or missense 

mutation (Mendelsohn et al., 2014). Contrary to TSGs, heterozygous mutation is sufficient 

for the observation of the phenotype (Kinzler and Vogelstein, 1997).  

Interestingly, about 80% of cancer-related mutations have been reported to occur in 

TSGs (Liu et al., 2015). Despite this, the vast majority of the currently available directed 

anticancer therapies target oncogenes, since the functional rescue of a TSG is less 

straightforward than the inhibition of an hyperactive protein or pathway (Morris and Chan, 

2014). In addition, many TSGs are not considered druggable targets (Liu et al., 2015). 

Although effective, oncogene-targeted therapies do not address the issue of genomic 

instability caused by the presence of TSG inactivation, which allows cells to acquire new 

mutations that may confer therapeutic resistance (Epstein, 2013).  

The present thesis focused on the search for pharmacological modulators of the p53 

family of TSGs, which displays both caretaker and gatekeeper functions, and includes some 

of the most ubiquitously altered genes in human cancer.  

 

 

1.2. The p53 family of tumor suppressors 

In mammalian genomes, the p53 family of tumor suppressors comprises three 

paralogous genes, TP53, TP63, and TP73. TP53 (located on chromosome 17p13.1) 

encodes the p53 protein that was firstly identified in 1979 as a simian virus (SV40) large T 

antigen binding protein (Lane and Crawford, 1979; Linzer and Levine, 1979). TP63 (located 

on chromosome 3q27-29), and TP73 (located on chromosome 1p36.2-3), encoding p63 

and p73 proteins respectively, were identified 18 years after the discovery of p53 (Jost et 

al., 1997; Kaghad et al., 1997; Yang et al., 1998). Unlike mammalian genomes, 

invertebrates possess only one p63/p73-like protein, which is thought to have originated the 

three genes present in mammalian genomes through two gene duplications (Belyi et al., 

2010). 

 

 Modular domain organization, gene structure, and isoforms of the p53 family 

All p53 family proteins share a similar modular domain organization, consisting mainly 

of an N-terminal transactivation domain (TAD), a core DNA-binding domain (DBD), and a 

C-terminal oligomerization domain (OD) (Joerger and Fersht, 2008) (Figure 1.3).  
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Figure 1.3 Schematic representation of the gene architecture of TP53, TP63 and TP73. Exons 
are colored according to the encoded protein domains. Promoters and alternative splicing that 
generate distinct protein isoforms are represented. Modular domain organization of the isoforms of 
p53, p63 and p73 proteins: TAD, transactivation domain; PRD, proline-rich domain; DBD, DNA-
binding domain; OD, oligomerization domain; CTD, C-terminal domain; SAM, sterile alpha motif; TID, 
transactivation inhibitory domain.   

 

 

 

The N-terminal TAD is an intrinsically disordered region that recruits transcriptional 

coactivators like p300 and CREB-binding protein, directing the transcriptional activity of p53 

family proteins (Joerger and Fersht, 2008). Following the TAD, p53 family proteins have a 

proline-rich domain (PRD), which is known to mediate protein-protein interactions (PPIs), 

in particular with proteins containing SRC Homology 3 (SH3) motifs (Joerger and Fersht, 

2008). The DBD recognizes and binds to specific DNA sequences termed p53-responsive 

elements (p53REs). Unlike the other domains, the DBD is not intrinsically disordered, and 
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it is the domain with the highest sequence identity among the three paralogous genes (Wei 

et al., 2012). In fact, the DBD shares about 80% sequence identity among p53 family 

proteins, while the TAD and C-terminal regions share only about 30% sequence identity 

(Wei et al., 2012). The relatively high sequence identity of the DBD justifies the ability of 

p53 family proteins to transactivate an overlapping set of target genes (Candi et al., 2014). 

The DBD is also highly conserved, justifying the similarity of DNA-binding specificity 

observed amongst p53 family proteins of evolutionarily distant species (Brandt et al., 2009; 

Joerger and Fersht, 2016). The C-terminal OD allows the assembly of p53 family proteins 

into their active tetrameric conformation (Joerger and Fersht, 2008). Like the TAD, the OD 

is also an intrinsically disorder region. Although p63 and p73 share similar ODs, they are 

significantly longer than the p53 OD, containing an additional α-helix (Joerger et al., 2009). 

Thus, although p63 and p73 can form hetero-tetramers, this difference in the OD length 

prevents the formation of p53 hetero-tetramers with p63 or p73 (Joerger et al., 2009). 

Interestingly, a recent work suggests the possibility of p53-p73 hetero-tetramerization, upon 

phosphorylation of p53 at Thr81 by JNK kinase (Wolf et al., 2018). This post-translational 

modification (PTM) of p53 is thought to induce a conformational change that allows the 

interaction of the two ODs. The C-terminal domain (CTD) of p53 establishes non-specific 

low-affinity interactions with DNA that contribute to the stability of the p53-DNA complex 

(Vieler and Sanyal, 2018). This region is also intrinsically disordered and subject to many 

PTMs that are thought to contribute to the fine-tuning of p53 transcriptional activity by 

interfering with the stability of the p53-DNA complex (Joerger and Fersht, 2008; Laptenko 

et al., 2015).  p63 and p73 display an extended C-terminal region (Figure 1.3) that contains 

a sterile alpha motif (SAM) domain, and a transactivation inhibitory domain (TID) (Thanos 

and Bowie, 1999; Dötsch et al., 2010). The SAM domain mediates PPIs, essential for 

tetramerization (Ou et al., 2007; Candi et al., 2014). Conversely, the TID is a regulatory 

region able to bind to the TAD of another p63/p73 monomer, leading to the formation of an 

inactive dimer, lacking transactivation ability (Candi et al., 2014).  

This modular domain structure, along with the presence of many intrinsically 

disordered regions, typical of signaling proteins, allows p53 family proteins to establish 

interactions with several distinct binding partners. In addition, it allows for the fine-tuning of 

p53 family regulation through many different combinations of PTMs. The adaptability of p53 

family proteins, which reflects their crucial role in the regulation of several different cellular 

processes (Uversky et al., 2014), is further accentuated by the existence of distinct isoforms 

of each protein with non-redundant roles (Figure 1.3). 

The p53 family genes contain alternative promoters that generate isoforms with 

truncated N-terminal domains. In particular, the full-length p53 protein is generated by 

transcription from the P1 promoter. Alternative splicing of intron 2 generates Δ40 isoforms 
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lacking a portion of the TAD. On the other hand, transcription of the TP53 gene from the 

alternative promoter (P2) at intron 4 generates Δ133p53 or Δ160p53 isoforms, lacking the 

full TAD. TP63 and TP73 also contain two promoters, namely P1 (located at exon 1) that 

produces TA isoforms, and P2 (located at exon 3) that produces ΔN isoforms lacking the 

TAD. Additionally, alternative splicing of exons 2 and 3 generates the ΔEx2 and ΔEx2/3 
isoforms of p73 that lack exon 2 or exons 2 and 3, respectively (Melino et al., 2002) (Figure 
1.3).  

In general, contrary to TA isoforms (containing the full TAD), N-terminally truncated 

ΔN isoforms are considered transcriptionally inactive, since they lack the ability to initiate 

transcription from the canonical p53 family RE. ΔN isoforms have often been reported as 

dominant-negative regulators of TA isoforms, either through formation of transcriptionally 

inactive hetero-tetramers, or through competitive binding to DNA (Murray-Zmijewski et al., 

2006). Despite this, an alternative TAD (TAD2) encoded in exons 11 and 12 is present in 

ΔN isoforms (Ghioni et al., 2002), accounting for their reported unique transcriptional activity 

(Vigano et al., 2006; Marcel et al., 2012). 

The α isoforms of p53 family proteins correspond to the full-length proteins, and 

isoforms varying at the C-terminal region are generated through either alternative splicing 

or transcriptional termination. Three C-terminal isoforms, α, β, and γ, with different 

transactivation ability, have been reported for p53 (Zhu et al., 1998; De Laurenzi et al., 

1999). Together with the N-terminal isoforms, the TP53 gene may generate nine different 

proteins. Alternative splicing of the TP63 gene generates three C-terminal isoforms, β, γ, 

and δ, while transcriptional termination at exon 10 generates the ε isoform. The TP73 gene 

appears to be the most complex. Termination at exon 13 originates the η isoform, while 

alternative splicing at 3’ generates the β, γ, δ, ε, and ζ isoforms, all with distinct C-terminal 

regions (Candi et al., 2014) (Figure 1.3). 

The existence of several different isoforms with distinct transcriptional activities and 

regulatory domains adds an additional layer of complexity to this family of proteins. The 

regulation of translation from alternative promoters and of alternative splicing events 

provides another regulatory level to fine-tune the activity of this crucial family of proteins.  

 
 

 Molecular functions of p53 family proteins 

The well-established role of p53 as a tumor suppressor is illustrated by the fact that 

p53-null mice develop early-onset spontaneous tumors, with 100% penetrance (Donehower 

et al., 1992; Purdie et al., 1994). Heterozygous p53+/- mice also show increased 

predisposition for cancer development (Donehower et al., 1992; Purdie et al., 1994).   
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Despite their structural similarities with p53, the roles of p63 and p73 in human cancer 

are not as straightforward. Unlike p53, these proteins are vital for normal development and 

differentiation (Dötsch et al., 2010). In particular, p63 is crucial in the regulation of epithelial 

morphogenesis (Mills et al., 1999; Yang et al., 1999; Candi et al., 2007; Paris et al., 2012), 

as evidenced by the severe limb truncations and profound alterations in skin and epithelial 

appendages that lead to the premature death of p63-null mice (Mills et al., 1999; Yang et 

al., 1999). p63 is also important for the preservation of genomic integrity in female germ 

cells (Suh et al., 2006). On the other hand, p73-deficient mice die prematurely as a result 

of chronic inflammation and recurring infections, supporting the involvement of p73 in 

immune system regulation (Erster et al., 2006). These animals also display various neuronal 

defects, corroborating the vital function of p73 in neuronal development (Yang et al., 2000; 

Pozniak et al., 2002). 

Nevertheless, both p63 and p73 (in particular the TA isoforms) share many molecular 

functions of p53 and are involved in all aspects of cancer progression. In fact, p63 ablation 

has been reported to increase predisposition for tumor development (Flores et al., 2005), 

particularly in mice lacking p53 (Guo et al., 2009a). Interestingly, Keyes et al. (2006) did not 

observe increased tumor predisposition in p63-deficient mice, possibly due to distinct 

contributions of the p63 isoforms. The ΔNp63 isoforms, reported to contribute to skin 

carcinogenesis, are often overexpressed in squamous cell carcinomas (Weber et al., 2002; 

Sniezek et al., 2004; Westfall and Pietenpol, 2004; Wu et al., 2005). In addition, loss of p63 

expression has been reported in a subset of invasive bladder carcinomas, correlating with 

increased invasion and metastasis (Park et al., 2000; Urist et al., 2002). In fact, TAp63 

isoforms are crucial for protection against cancer metastasis (Su et al., 2010; Melino, 2011). 

Regarding p73, ablation of TAp73 isoforms leads to increased tumor susceptibility and 

genomic instability in mice (Tomasini et al., 2008), while knockout of ΔNp73 isoforms 

increases susceptibility to DNA-damaging agents (Wilhelm et al., 2010). Consistently, 

overexpression of ΔNp73 isoforms has been reported in many cancer types, correlating 

with poor response to chemotherapeutics and unfavorable patient prognosis (Dominguez 

et al., 2006; Wager et al., 2006). 

Under physiological conditions, p53 family proteins are maintained at relatively low 

levels (Riley et al., 2008). Upon exposure to a variety of cellular stress stimuli p53 family 

proteins are subjected to PTMs that promote their stabilization and transcriptional activity 

(Figure 1.4) (Giaccia and Kastan, 1998; Hu et al., 2012). The type and intensity of the 

cellular stress, as well as the cellular context, determine the PTM pattern, which, in turn, 

determines the transcriptional program triggered by p53 (Riley et al., 2008). Subsequently, 

p53 tetramers bind to REs, either activating or repressing the transcription of p53 target 

genes (Riley et al., 2008). These REs consist of two half-site decamers with the sequence 
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RRRCWWGYYY (in which R represents a purine, W is either an adenine or thymine and Y 

represents a pyrimidine), separated by a spacer with varying length (Riley et al., 2008). The 

TA isoforms of p63 and p73 are also known to bind to p53REs, exerting p53-like 

transcriptional activity (Jost et al., 1997; Kaghad et al., 1997; De Laurenzi et al., 1998; Yang 

et al., 1998). However, these proteins have also been reported to possess unique 

transcriptional targets, and many target genes appear to respond differently to distinct p53 

family proteins (Levrero et al., 2000). As an additional regulatory layer, small differences in 

the RE sequence and spacer length confer different binding affinity towards p53, justifying 

the activation/repression of different sets of target genes under distinct conditions (Resnick-

Silverman et al., 1998). The length of the spacer has also been reported to determine the 

transcriptional program triggered by p73 (Jordan et al., 2008). 

 

 

 

 
Figure 1.4 Transcriptional targets of p53 family proteins regulate key cellular processes in 
cancer. p53 family proteins integrate the response to various stress stimuli, which lead to activating 
PTMs (P: phosphorylation; A: acetylation; M: methylation; S: sumoylation; N: neddylation; G: 
glycosylation; R: ADP-ribosylation). The type and intensity of the stress stimulus determines the 
pattern of PTMs, which, in turn, determines the transcriptional program triggered by p53 family 
proteins, leading to distinct cellular responses (up- and downregulated p53 family transcriptional 
targets are represented in black and blue, respectively; the arrow above the DNA represents the 
transcription of genes).    

 

 

 

Genetic studies have identified p53REs in approximately 600 distinct genes (Wei et 

al., 2006b), encoding a complex network of proteins involved in the regulation of several 

distinct cellular processes that can interfere with virtually all cancer hallmarks (Wei et al., 

2006b). In fact, it has been proposed that p53 family proteins function as a central regulatory 

hub, integrating stress stimuli into a coordinated biological response that prevents cells to 

acquire cancer hallmark capabilities (Hainaut et al., 2012). 
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The most well-established functions of p53 family proteins are the control of the cell 

cycle and cell death. Upon stress exposure, p53 family proteins initially halt cell cycle 

progression and activate DNA repair mechanisms. Continued exposure to stress or 

irreparable damage may lead p53 family proteins to trigger senescence or apoptosis 

(Maddocks and Vousden, 2011).  

Regarding cell cycle regulation, p53 family proteins may induce G1 or G2/M arrest. 

The main effector in G1-phase cell cycle arrest is the cyclin-dependent kinase (Cdk) 

inhibitor p21 (el-Deiry et al., 1993). In fact, the CDKN1A gene, which encodes p21, is a 

positive transcriptional target of p53 family proteins. Binding of p21 to cyclinE/Cdk2 and 

cyclinD/Cdk4/6 complexes prevents Rb phosphorylation and release of E2F. In this way, 

E2F is unable to transactivate genes that would be required for S-phase entry (Harper et 

al., 1993), leading to G1-arrest. Besides p21, p53 family proteins also transcriptionally 

upregulate p57/Kip2 (Balint et al., 2002; Guo et al., 2009b) that, like p21, induces cell cycle 

arrest by inhibiting cyclin/CDK complexes. In addition, hCDC4b, a protein that targets cyclin 

E for degradation inhibiting S-phase entry, is also transcriptionally upregulated by p53 family 

proteins (Kimura et al., 2003), contributing to G1-arrest. G2/M-arrest is also triggered by 

p53 family proteins, since p21 also binds and inhibits the cyclinB1/Cdk1 complex, which is 

required for progression through mitosis (Smits et al., 2000). p53 family proteins also 

contribute to G2/M-arrest through transcriptional upregulation of GADD45, which prevents 

the formation of the cyclinB1/Cdk1 complex (Hollander et al., 1993; Chen et al., 1995; Chin 

et al., 1997), and of 14-3-3σ, which physically separates cyclinB1/Cdk1 complexes from 

their target proteins by promoting their nuclear export (Hermeking et al., 1997). p53 and 

TAp73 have also been reported to downregulate Cdk1, cyclinB1 and Cdc25c (a 

phosphatase that activates cyclinB1/Cdk1 complexes) (Yun et al., 1999; Krause et al., 2000; 

Taylor et al., 2001; Innocente and Lee, 2005; Scian et al., 2008) (Figure 1.4).  

While cell cycle arrest is a reversible process, p53 family proteins can also trigger 

senescence, which is regarded as a highly stable (albeit not completely irreversible) state 

of cell cycle arrest, characterized by large cell size, autophagy, and secretion of 

proinflammatory cytokines (Campisi, 2005). Transcriptional activation of p21 appears to be 

a critical step in p53 family-induced senescence (Brown et al., 1997). In addition, p53-

induced senescence is also associated with transcriptional upregulation of PAI-1 

(plasminogen activator inhibitor) and PML (promyelocytic leukemia protein) (Kortlever et al., 

2006; Riley et al., 2008) (Figure 1.4). 

One of the most central roles of p53 family proteins is their ability to induce apoptosis 

upon irreparable cellular damage, in order to eliminate damaged cells and avoid error 

propagation (Figure 1.4) (Vousden and Prives, 2009). In fact, p53 family proteins are able 

to trigger both the intrinsic and extrinsic apoptotic pathways (Riley et al., 2008; Zilfou and 
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Lowe, 2009). p53 is a positive transcriptional regulator of the Fas/CD95/Apo-1 and 

KILLER/DR5 cell death receptors (Owen-Schaub et al., 1995; Fukazawa et al., 1999; 

Takimoto and El-Deiry, 2000), which are activated in the first step of the extrinsic apoptotic 

pathway. Activation of these receptors leads to the recruitment of protein adaptor FADD 

(Fas-associated protein with death domain) and subsequently of caspase-8, forming the 

death-inducing signaling complex (DISC). Interestingly, p53 is also a transcriptional 

activator of caspase-8 (Liedtke et al., 2003). p63 and p73 have also been reported to 

transcriptionally activate cell death receptors (Zaika et al., 2002; Ramadan et al., 2005). 

Regarding the intrinsic or mitochondrial apoptotic pathway, p53 family proteins 

transcriptionally activate BH3 domain-only proapoptotic proteins (PUMA, NOXA, BAX, and 

BAK). These proteins translocate to the mitochondria, where they trigger mitochondrial 

outer membrane permeabilization. In particular, BAX and BAK insert into the outer 

mitochondrial membrane forming pores that allow cytochrome c release. Cytochrome c 

binds APAF-1, promoting the formation of the apoptosome complex, which ultimately leads 

to the recruitment of executioner caspases to induce cell death. PUMA and NOXA release 

BAX and BAK from inhibitory interactions with antiapoptotic Bcl-2 family proteins (Chen, 

2016). Interestingly, p53 family proteins have also been reported to transcriptionally 

downregulate antiapoptotic Bcl-2 family proteins, namely Bcl-2 and Bcl-xL. Besides its 

transcriptional role in apoptosis induction, p53 can act directly at the mitochondria, binding 

to Bcl-2 and Bcl-xL with subsequent BAX and BAK release (Mihara et al., 2003).  

p53, TAp63, and TAp73 are also involved in endoplasmic reticulum (ER) stress-

related apoptotic cell death. ER stress occurs when the homeostasis of the ER is disrupted, 

leading to accumulation of unfolded proteins in the ER lumen (Kim et al., 2008). Under these 

circumstances, the unfolded protein response (UPR) is triggered, in an attempt to restore 

ER homeostasis (Kim et al., 2008). Three ER stress sensors, PERK, IRE1α, and ATF6, 

cooperate in this response (Verfaillie et al., 2012). Under physiological conditions, these ER 

proteins are kept inactive by the chaperone BiP/GRP78. Accumulating unfolded proteins 

compete for BiP/GRP78, releasing PERK, IRE1α, and ATF6. Upon activation, PERK 

promotes phosphorylation of eIF2α (Marciniak et al., 2006). Phosphorylated eIF2α (p-

eIF2α) is unable to form complexes with tRNAMet, required for translation initiation. In this 

way, PERK temporarily halts protein translation, reducing the ER load, and allowing 

homeostasis restoration. Upon activation, the C-terminal endoribonuclease domain of 

IRE1α catalyzes the processing of XBP1 into spliced XBP1 (sXBP1). sXBP1 is then able to 

transactivate a set of UPR genes (Lee et al., 2003). In addition, released ATF6 is cleaved 

at the Golgi, generating an active N-terminal fragment able to homodimerize or 

heterodimerize with NF-Y or sXBP1 at the nucleus, directing the transcription of UPR genes 

(Yamamoto et al., 2007). The UPR genes stimulated through the IRE1α and ATF6 
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pathways include chaperones, to aid in protein folding, and proteins involved in the ER-

associated degradation pathway (ERAD), to promote degradation of terminally misfolded 

proteins. When the UPR is unable to restore ER homeostasis, chronic UPR activation leads 

to apoptotic cell death (Tabas and Ron, 2011). The major event involved in the switch to 

apoptosis is the activation of CHOP following sustained activation of PERK. CHOP inhibits 

Bcl-2, and increases oxidative stress, promoting apoptosis (McCullough et al., 2001). In 

addition, CHOP activates GADD34, which dephosphorylates p-eIF2α thereby restoring 

normal protein translation, which overloads the ER promoting cell death (Brush et al., 2003). 

CHOP also induces the expression of TRIB3, which promotes apoptosis through Akt 

inhibition (Ohoka et al., 2005). p53 transcriptionally activates CHOP, consistent with an 

involvement in ER stress-mediated cell death (Liu et al., 2007). Despite this, the role of p53 

in this mechanism is not straightforward, since ER stress has been reported to enhance 

p53 nuclear export and degradation (Pluquet et al., 2005). However, this may occur only at 

the first stage of the UPR response, before the switch to apoptosis. In addition, cytoplasmic 

p53 is able to localize to the ER at specialized regions that contact with the mitochondria. 

Upon activation, p53 promotes the release of Ca2+ from the ER to the mitochondria, 

promoting the intrinsic apoptotic pathway (Giorgi et al., 2015). p53 stabilization upon ER 

stress has also been reported, in particular through NF-κB, leading to apoptosis through 

PUMA and NOXA induction (Pluquet and Hainaut, 2001; Lin et al., 2012b). In addition, p53 

family proteins transcriptionally induce the expression of scotin, a protein that causes 

apoptotic cell death in response to ER stress (Bourdon et al., 2002; Terrinoni et al., 2004; 

Zocchi et al., 2008).  

Besides cell proliferation and death, p53 family proteins regulate a complex network 

of target genes that lead to the regulation of many other cellular processes, including 

autophagy and energetic metabolism, activation of DNA repair pathways, inhibition of cell 

migration and invasion, and downregulation of angiogenesis (Figure 1.4) (Hainaut et al., 

2012).  

 
 
1.3. Impairment of p53 family proteins in human cancer 

TP53 is the most frequently altered gene in human tumors, regardless of cancer type 

(Petitjean et al., 2007). Mutation in the TP53 gene occurs in approximately 50% of all 

cancers, and even in their absence, p53 activity is usually impaired by upregulation of its 

negative modulators (Hainaut et al., 2012). In addition, although TP63 and TP73 mutations 

are rare in human cancers, these proteins are frequently inactivated by negative modulators 

(Candi et al., 2014). This observation supports that p53 family inactivation is a major event 
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in tumor progression (Hainaut et al., 2012). As such, understanding the mechanisms of p53 

family impairment in human cancer is paramount for its therapeutic targeting.  

 

 Overexpression of negative modulators 

The activity of p53 family proteins is tightly inhibited by interacting partners, including 

murine double minute (MDM)2 and MDMX (also named MDM4). The frequent 

overexpression of MDMs in cancers retaining wtp53 correlates with high-grade tumors, poor 

prognosis, and therapeutic resistance (Muller and Vousden, 2013). Interestingly, soft-tissue 

sarcomas, hepatoblastomas, and urothelial cell carcinomas, with frequent MDM2 

amplification, have also been shown to display MDMX deregulation (Bartel et al., 2005; 

Veerakumarasivam et al., 2008; Arai et al., 2010). MDMX overexpression is a common 

feature in retinoblastomas (Laurie et al., 2006) and melanomas (Gembarska et al., 2012). 

Animal models have revealed important roles for both MDM2 and MDMX in cancer 

development. In fact, MDM2 overexpression increases spontaneous tumorigenesis in mice, 

with a tumor spectrum similar to that observed in p53-knockout mice (Jones et al., 1998). 

MDMX overexpression has also shown to increase tumor development in mice, particularly 

of sarcomas (Xiong et al., 2010).  

The mechanisms by which MDM2 and MDMX interact with and inhibit p53 are well 

characterized. Both MDMs bind to the p53 TAD, inhibiting its transcriptional activity (Zdzalik 

et al., 2010). Three p53 amino acid residues are crucial for this interaction, namely 

phenylalanine 19, tryptophan 23, and leucine 26, which bind to the hydrophobic pockets 

present at the N-terminus of both MDM2 and MDMX (Kussie et al., 1996). In addition, 

MDM2 contains an acidic domain that binds the p53 DBD, blocking its interaction with DNA, 

thereby efficiently preventing p53 transcriptional activity (Cross et al., 2011). In contrast, the 

acidic domain of MDMX has only a slight inhibitory effect on the p53-DNA interaction (Cross 

et al., 2011). Furthermore, the C-terminal region of MDM2 contains a RING domain with 

E3-ligase activity (Clegg et al., 2008), crucial for p53 ubiquitination. In fact, MDM2 induces 

p53 monoubiquitination, promoting its nuclear export, and consequent inhibition of its 

transcriptional activity (Brooks and Gu, 2011; Duffy et al., 2014). In addition, MDM2 can 

catalyze the polyubiquitination of p53 at several C-terminal lysine residues, targeting p53 

for proteasomal degradation (Iwakuma and Lozano, 2003; Meek and Anderson, 2009; Jain 

and Barton, 2010). MDM2 also facilitates p53 degradation by enabling its direct interaction 

with the proteasome (Kulikov et al., 2010). Conversely, the RING domain present at the C-

terminal region of MDMX does not exhibit E3 ligase activity (Sharp et al., 1999a; Tanimura 

et al., 1999; Shadfan et al., 2012). Therefore, MDMX is not able to ubiquitinate p53 or to 

induce its proteasomal degradation. Despite this, the RING domain of MDMX is crucial for 
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the formation of MDM2/MDMX heterodimers, which have been reported to induce p53 

degradation (Sharp et al., 1999a; Tanimura et al., 1999; Shadfan et al., 2012). In fact, it has 

been reported that while MDM2 homodimers mostly mediate p53 monoubiquitination, 

MDM2/MDMX heterodimers mainly induce p53 polyubiquitination required for proteasome 

degradation (Wang et al., 2011). This suggests that despite their similarities in structure and 

function, MDM2 and MDMX collaborate in a non-redundant manner to regulate p53 levels 

and transcriptional activity (Wade and Wahl, 2009). These non-redundant roles of MDM2 

and MDMX have been corroborated by the observation that both MDM2 and MDMX 

knockout lead to p53-dependent embryonic lethality in mice, suggesting that neither protein 

can compensate for the loss of the other (Parant et al., 2001). 

Given their structural and functional similarities with p53, the interactions between 

p63/p73 and MDM2/MDMX have also been investigated. Although controversial, the 

interaction of the p63 TAD with both MDMs was demonstrated in vitro, showing to be 

weaker than that observed with the p53 and p73 TADs (Zdzalik et al., 2010). In the same 

study, p63 bound to MDM2 with lower affinity than to MDMX. In fact, p63-MDMs interactions 

had been previously reported in tumor cells (Kadakia et al., 2001). In that study, although 

both MDMs inhibited p63, only MDM2 induced p63 nuclear export, albeit without 

degradation. Surprisingly, in a subsequent study, the p63-MDM2 interaction was suggested 

to cause p63 activation rather than inhibition (Calabro et al., 2002).  

Early studies demonstrated that both MDMs are also able to bind the p73 TAD, 

inhibiting its transcriptional activity, as with p53 (Wang et al., 2001). Surprisingly, the p73-

MDM2 interaction has also been reported to enhance, rather than inhibit, p73 growth 

suppressive functions (Ongkeko et al., 1999). The p73-MDMs interactions were thereafter 

confirmed in vitro, showing that p73 had higher affinity towards MDMX than MDM2 (Zdzalik 

et al., 2010). As observed with p53, MDM2 also catalyzes p73 ubiquitination through its 

RING domain (Wu and Leng, 2015). However, as with p63, MDM2 did not trigger p73 

degradation per se, but instead promoted p73 proteasomal degradation through interaction 

with ITCH, a NEDD-4-like ubiquitin ligase (Rossi et al., 2005; Wu and Leng, 2015). 

Interestingly, ITCH has also been reported to target p63 for proteasomal degradation (Rossi 

et al., 2006). 

Another feature in the p53 family-MDMs regulatory network relies on the existence of 

a p53-responsive promoter upstream of the MDM2 gene (Wu et al., 1993; Barak et al., 

1994). The stimulation of this promoter creates an autoregulatory feedback loop that is 

essential both for the maintenance of low p53 levels in unstressed cells, and for the 

restoration of normal p53 levels upon re-establishment of homeostasis after cellular stress. 

This promoter can also be activated by p63 and p73 (Moll and Slade, 2004). Furthermore, 



   CHAPTER 1. LITERATURE REVIEW 

35 

a p53RE can also be found in the MDMX gene, creating a similar autoregulatory feedback 

loop (Wei et al., 2006a).  

 
 Mutant p53: a TSG turned oncogene 

Approximately half of human cancers harbor mutations in the TP53 gene. The 

frequency of p53 mutation varies among different cancer types, with ovary, lung, pancreas, 

and colorectal cancers presenting the highest frequency of p53 mutation (between 50 and 

95%) (Bouaoun et al., 2016). Besides sporadic mutations, germline TP53 mutations are a 

cause of Li Fraumeni syndrome, a disease characterized by an extraordinarily high 

susceptibility to cancer development, corroborating the critical role of mutant (mut)p53 in 

tumorigenesis (Malkin, 1993). Regardless of being sporadic or inherited, p53 mutation is 

usually followed by loss of the remaining wtp53 allele (loss of heterozygosity, LOH), 

resulting in complete inactivation of the p53 pathway (Bieging et al., 2014). In addition, 

tumors expressing mutp53 have been reported to display more malignant features, 

including genomic instability, and increased invasion and metastasis (Bieging et al., 2014).  

The vast majority (80%) of p53 mutations are missense, and 97% occur within the 

DBD (Weisz et al., 2007), therefore affecting all p53 isoforms. Additionally, the most 

prevalent mutp53 in human cancers affect mainly six hotspot residues, namely R175, G245, 

R248, R249, R273, and R282 (Bisio et al., 2014) (Figure 1.5). Depending on whether the 

amino acid substitution leads to p53 conformational distortion or removes an amino acid 

residue that establishes direct contacts with DNA, without significant structural alterations, 

p53 mutations can be classified as either structural (e.g. R175H, Y220C, G245S, G245D, 

R249S, and R282W), or DNA-contact (e.g. R248W, R273H, R273C, and R280K), 

respectively (Khoo et al., 2014). Regardless of the type of mutation, cancer-related mutp53 

loses its ability to interact with p53RE DNA sequences, resulting in the loss of transcriptional 

activity (LOF) (Khoo et al., 2014) (Figure 1.6). 

 
 

 
Figure 1.5  Distribution of sporadic mutations of p53. The figure displays the prevalence of 
sporadic mutations in human tumors, at each amino acid residue. Mutations are most frequent at the 
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DBD, mainly at the six mutation hotspots labelled in the figure (data from the IARC TP53 database, 
version R19, July 2018). 

 

 

 

Additionally, in heterozygous cells, mutp53 can exert dominant-negative effect (DNE) 

on the remaining wtp53, repressing its normal activity. The high level of mutp53 in tumor 

cells, caused by its prolonged half-life compared with wtp53, could explain the pronounced 

DNE (Chan et al., 2004). The major mechanisms of DNE on wtp53 are the formation of 

inactive mut/wtp53 co-tetramers (Chan et al., 2004) and the incorporation of wtp53 into 

mutp53 supratetrameric aggregates (Xu et al., 2011) (Figure 1.6). Additionally, the DNE 

depends on several factors, including the wt:mut subunit ratio within the co-tetramers, the 

mutp53 conformation, the DNA-binding affinity of the mutp53 subunits within the co-

tetramers, and the DNA-binding site (Chène, 1998). Approximately 80% of the most 

common mutp53 are able to exert DNE over wtp53, whereas only 45% of the less frequent 

mutp53 have this effect (Petitjean et al., 2007). This suggests a pivotal role of the DNE in 

the selection of mutations in sporadic cancers. 

 

 

 

 
Figure 1.6 Functional profiles of mutp53. p53 mutations lead to loss of DNA-binding and 
subsequent p53 transcriptional activity, termed loss of function (LOF). In addition, through the 
formation of heterotetramers of supramolecular aggregates with wtp53, mutp53 has a dominant-
negative effect (DNE) over wtp53 in a heterozygous context. Mutp53 also acquires oncogenic 
capabilities collectively termed gain of function (GOF), through inhibition of p63 and p73, and 
recruitment of transcription factors (TFs) to upregulate the expression of tumor-promoting genes. 
The arrow above the DNA represents the transcription of genes. 
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Besides LOF and DNE, some mutp53 also display GOF capabilities that turn them 

into oncogenes. This concept was first proposed in 1993, in a work that showed the ability 

of some mutp53 to induce malignant transformation of p53-null cells (Dittmer et al., 1993). 

Furthermore, it has been reported that knock-in mice expressing hotspot mutp53 develop 

tumors with more invasive and metastatic phenotype compared to p53-/- or p53+/- mice (Lang 

et al., 2004; Olive et al., 2004). This concept was further corroborated by the observation 

that patients with germline missense mutp53 develop tumors significantly earlier than 

patients with germline mutations that lead to loss of p53 expression (Bougeard et al., 2008; 

Zerdoumi et al., 2013).  

The molecular mechanisms responsible for mutp53 GOF are still not fully elucidated 

and may differ according to specific mutations. Despite this, several mechanisms that lead 

to GOF have been described, and it is proposed that multiple pathways may cooperate to 

trigger the GOF phenotype (Bisio et al., 2014). Although mutp53 loses the ability to 

transactivate wtp53 target genes, studies have suggested that mutp53 are able to bind DNA 

in a structure-specific manner that requires the intact C-terminus (rarely mutated in human 

cancers), regulating the expression of genes (He et al., 2017). In fact, large scale 

transcriptome analyzes suggested that mutp53 is a potent transcriptional activator of 

several oncogenic-related genes (Weisz et al., 2007). Furthermore, mutp53 can recruit 

different transcription factors, coordinating the expression of their target genes (Figure 1.6). 

In fact, the interaction of mutp53 with transcription factors including NF-Y, ETS2, E2F1, and 

STAT2, results in the regulation of a wide array of genes that stimulate cell proliferation, 

inhibit cell death, and promote invasion and migration [reviewed in (Bisio et al., 2014; He et 

al., 2017)]. 

Another important GOF activity of both contact and structural mutp53 is the interaction 

with p63/p73 (Figure 1.6). In fact, the involvement of DBDs in these PPIs justifies the loss 

of p63/p73 transcriptional activity (Gaiddon et al., 2001). The mechanisms related to the 

mutp53–p63 interaction are mostly implicated in the promotion of tumor cell migration, 

invasion, and metastasis, which are cellular events suppressed by p63 (Muller and 

Vousden, 2013). Several proteins can differently interfere with this GOF by either promoting 

the mutp53–p63 interaction [e.g., topoisomerase IIb binding protein (TopBP1); 

peptidylprolyl cis/trans isomerase NIMA-interacting 1 (PIN1); and SMAD2], or blocking it 

[e.g., ankyrin repeat domain 11, (ANKRD11); MDM2] (Muller and Vousden, 2013; Stindt et 

al., 2015). It was also demonstrated that mutp53 uses p63 as a critical molecular chaperone 

to promote the expression of oncogenes (Neilsen et al., 2011). Nevertheless, this regulation 

is restricted to a set of genes, suggesting that the co-recruitment of both proteins is 

mediated by additional transcriptional factors within the complex. Consequently, the cancer 

cell transcriptome is reprogrammed, leading to oncogenesis. Additionally, the 
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chemoresistance commonly associated with mutp53 has been partly attributed to its 

inhibitory interaction with p73 (Bergamaschi et al., 2003). Accumulating data have shown 

that the mutp53 polymorphism at residue 72 [arginine (R) versus proline (P)] promotes the 

mutp53–p73 interaction, increasing p73 downregulation (Bergamaschi et al., 2003). 

Consistently, patients with squamous cell carcinomas expressing the mutp53 allele R72 

had a poorer response to cisplatin (a known p73 inducer) treatment and overall worse 

survival, compared with those expressing the P72 allele (Bergamaschi et al., 2003). 

However, this correlation was not observed by other groups (Gaiddon et al., 2001; Willis et 

al., 2003), suggesting that other factors might interfere with the role of this polymorphism. 

Recently, it was also reported that MDM2 might enhance p73 inhibition by promoting its 

interaction with mutp53 (Stindt et al., 2015). The interaction of mutp53 with ΔNp63/ΔNp73 

isoforms has also been explored, but to a lesser extent. It was reported that mutp53 

establishes a stronger interaction with TAp63 than with ΔNp63, suggesting that, in addition 

to the DBD, the TAD may also contribute to these PPIs (Gaiddon et al., 2001). However, a 

recent work reported a similar binding affinity of mutp53 towards p63/p73 TA and ΔN 

isoforms and revealed an important role of the p63/p73 C-terminal in the interaction with 

mutp53 (Stindt et al., 2015). Given the controversy surrounding the functions of 

ΔNp63/ΔNp73 in tumor cells (Muller and Vousden, 2013), it is understandable that the role 

of mutp53 in the regulation of these isoforms remains far from being elucidated. 

 

 

1.4. Strategies to target p53 family proteins in human cancer 
therapy 

As previously mentioned, targeting p53 family proteins is an extremely appealing 

approach for anticancer therapy, considering their frequent inactivation in cancer, and their 

tumor-suppressive activity in several hallmarks of cancer. In mutp53-expressing tumors, 

therapeutic strategies aimed restoring wt-like activity to mutp53 and/or circumventing GOF 

are preferred. Conversely, in wtp53-expressing tumors, the inhibition of p53 interaction with 

negative regulators arises as a promising therapeutic approach. In addition, the activation 

of TAp73 by blocking its interaction with negative regulators has also been considered an 

encouraging strategy in anticancer therapy to compensate for the lack of a functional p53 

pathway in tumors.   
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 Inhibition of the interaction between p53 family proteins and negative modulators 

As stated above, the main negative regulators of p53 family proteins, MDM2 and 

MDMX, are often upregulated in human cancers, leading to the impairment of the p53 family 

pathway. Extensive research has been developed in the search for inhibitors of the p53-

MDM2 and p53-MDMX interactions, resulting in the identification of numerous peptides and 

small molecules.  

Regarding MDM2, a common strategy has been the design of molecules that mimic 

the structure of the three key p53 amino acid residues (phenylalanine 19, tryptophan 23, 

and leucine 26) that bind to the MDM2 hydrophobic pocket. The first identified p53-MDM2 

inhibitor was nutlin-3a (Vassilev et al., 2004), a molecule that binds the MDM2 hydrophobic 

pocket, displacing p53. Following pre-clinical validation, analogs with improved 

bioavailability and toxicity profiles, RG7112 (Ray-Coquard et al., 2012; Andreeff et al., 2016) 

and RG7388 (Ding et al., 2013), were developed and advanced to phase I/II clinical trials 

both as single agents and in combination regimens (Obrador-Hevia et al., 2015). The 

efficacy and safety profiles of other inhibitors of the p53-MDM2 interaction are currently 

being assessed in clinical trials, including SAR405838, AMG232, MK-8242, CMG097, 

DS3032b, and HDM201 [reviewed in (Merkel et al., 2017)], both as single agents and in 

combination with other chemotherapeutics.  

In spite of this, resistance to p53-MDM2 inhibitors through MDMX amplification has 

been reported, since these compounds do not interfere with the p53-MDMX interaction. In 

fact, limited efficacy against tumors with MDMX overexpression (e.g. retinoblastoma) has 

been reported for this class of compounds (Patton et al., 2006). To circumvent this issue, 

inhibitors of the p53-MDMX interaction were developed. SJ-172550, the first MDMX 

inhibitor, forms covalent adducts with MDMX preventing its binding to p53, and triggering 

apoptosis in retinoblastoma cells (Reed et al., 2010). Nevertheless, no inhibitor of the p53-

MDMX interaction has reached clinical trials.  

Molecules able to suppress the inhibitory effect of both MDM2 and MDMX would 

represent an improved strategy relatively to MDM2- or MDMX-only inhibitors for p53 

activation. To this end, the compound RO-5963 was designed to fit both the MDM2 and 

MDMX pockets, by avoiding the regions of the pocket that differ the most between the two 

proteins (the leucine subpocket) (Graves et al., 2012). Although RO-5963 was equally 

effective against MDM2 and MDMX in cell-free in vitro assays, in cancer cells this 

compound displayed increased efficacy towards the p53-MDMX interaction. ALRN-6924 is 

a stapled peptide designed to mimic p53, disrupting both the p53-MDM2 and p53-MDMX 

interactions. This peptide displayed high affinity towards both MDM2 and MDMX and is 

currently in phase I/II clinical trials (Burgess et al., 2016). 
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TAp73 has also proved to be a particularly appealing therapeutic target. In fact, TAp73 

overexpression has been reported in the majority of solid tumors, but the presence of 

negative modulators impairs its tumor-suppressive activity (Maas et al., 2013). Interestingly, 

nutlin-3a has been shown to disrupt the TAp73-MDM2 interaction, leading to activation of 

TAp73 transcriptional activity, growth suppression, and apoptosis in p53-null and mutp53-

expressing tumor cells (Lau et al., 2007). Besides MDM2 and MDMX, ΔN isoforms of p63 

and p73 are known to inhibit their TA counterparts. In fact, cisplatin treatment has been 

reported to induce c-Abl-dependent phosphorylation of TAp73, prompting its dissociation 

from ΔNp63, and subsequent activation of TAp73 transcriptional activity and apoptosis 

(Rocco et al., 2006; Leong et al., 2007). In addition, the COX-2 inhibitor celecoxib has been 

reported to increase TAp73 levels while decreasing ΔNp73 levels, resulting in increased 

TAp73 transcriptional activity that leads to apoptosis (Lau et al., 2009). A different approach 

has been pursued through the 37AA peptide, which releases TAp73 from its inhibitory 

interaction with iASPP (Bell et al., 2007). This peptide causes p73-dependent tumor 

regression in a mouse xenograft model. As stated above, TAp73 can also be inhibited by 

interaction with mutp53. The disruption of this interaction represents a valuable anticancer 

therapeutic strategy. In fact, SIMPs (short interfering mutp53 peptides) were shown to 

disrupt the interaction between mutp53 and TAp73α, leading to TAp73α activation and 

sensitization of mutp53-expressing cells to chemotherapeutic agents (Di Agostino et al., 

2008). Similarly, prodigiosin (Hong et al., 2014), benzyl isothiocyanate (Xie et al., 2016), 

and RETRA (Kravchenko et al., 2008), with in vivo antitumor activity, have also been 

reported to restore TAp73 transcriptional activity by inhibiting TAp73 interaction with 

mutp53. 

 

 Restoration of wt-function to mutp53 

Since p53 mutations disrupt the normal mechanisms of p53 degradation by MDM2, 

mutp53 is usually expressed at high levels in tumor cells. In addition, with the exception of 

germline mutations, mutp53 expression is restricted to the tumor tissue, making mutp53 

targeting therapies highly selective towards tumor cells. Several different approaches have 

been proposed for the therapeutic targeting of mutp53.  

Considering the DNE of mutp53 through formation of supratetrameric aggregates that 

trap tumor suppressor proteins, pharmacological inhibition of mutp53 aggregation is an 

appealing therapeutic strategy. In fact, ReACp53, a peptide inhibitor of mutp53 aggregation, 

has displayed promising in vivo antitumor activity (Soragni et al., 2016).  

Another relevant therapeutic approach is the inhibition of mutp53 GOF capabilities 

through pharmacological inhibition of mutp53 stabilizing proteins, leading to mutp53 
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depletion. Particularly, the heat-shock protein (Hsp) 90 forms a complex with mutp53 that 

leads to its stabilization. As such, inhibitors of Hsp90, including geldanamycin, 17AAG, and 

ganetespib, have been reported to destabilize mutp53, displaying promising antitumor 

activity (Alexandrova et al., 2015). Similarly, histone deacetylase (HDAC) inhibitors, such 

as vorinostat, are able to destabilize Hsp90-mutp53 complexes (Li et al., 2011). 

Consistently, vorinostat has shown preferential cytotoxicity in tumor cells expressing 

mutp53. 

However, reactivation of mutp53 has been considered the most encouraging strategy, 

since it not only eliminates the pro-oncogenic functions of mutp53, but also re-establishes 

wt-like tumor-suppressive functions. In addition, since many chemotherapeutics rely on a 

functional p53 pathway for induction of tumor cell death, the combination of mutp53 

reactivators with conventional chemotherapeutics might greatly improve their efficacy in 

mutp53-expressing tumors. Extensive research has been carried out in the search for 

mutp53 reactivators, with the identification of multiple compounds with distinct mechanisms 

of mutp53 reactivation (Table 1.1; Figure 1.7). 

 

1.4.2.1. Covalent modification of cysteine residues 

One important mechanism of mutp53 reactivation relies on the covalent modification 

of cysteine residues within the DBD. In fact, this domain contains 10 cysteine residues, 

three of which (cysteines 124, 182 and 277) have been implicated in mutp53 refolding 

(Bykov et al., 2018).  

The first reported mutp53 reactivator, CP-31398, has been shown to induce mutp53 

refolding to a wt-like conformation, restoring transcriptional activity and leading to cell death 

(Foster, 1999). This molecule has a reactive carbon-carbon double bond and has been 

reported to form adducts with thiol groups. This led to the hypothesis that cysteine 

modification might be responsible for CP-31398-mediated mutp53 reactivation. Despite 

this, CP-31398 has been reported to induce DNA-damage (Rippin et al., 2002), suggesting 

other mechanisms underlying its tumor-suppressive activity. Similarly, the mechanisms of 

mutp53 reactivation by MIRA-1 and STIMA-1 have been reported to involve their thiol-

alkylating activity (Bykov, 2005; Zache et al., 2008; Lambert et al., 2009a). 

Through a cellular screening, PRIMA-1 was identified due to its mutp53-dependent 

growth inhibitory activity (Bykov et al., 2002). PRIMA-1 was shown to restore wt-like folding 

and transcriptional activity to mutp53, leading to cell death. More recently, a more lipophilic 

and cell permeable PRIMA-1 derivative, APR-246 (PRIMA-1MET) has been developed 

(Bykov, 2005). The activity of both PRIMA-1 and APR-246 depends on their hydrolysis to 

methylene quinuclidinone (MQ), a potent electrophile that reacts with cysteines in the p53 
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DBD, in particular cysteine 124 (Lambert et al., 2009a). APR-246 is currently undergoing 

phase Ib/II clinical trials (Bykov et al., 2018). 

The compound PK11007 also targets cysteine residues in the mutp53 DBD, although 

leading to the alkylation of the thiol groups through nucleophilic aromatic substitution (Bauer 

et al., 2016). This molecule has been shown to stabilize and refold mutp53-Y220C, leading 

to the restoration of wt-like transcriptional activity.  

More recently, the curcumin analog HO-3867 was identified as another mutp53 

reactivator that also targets cysteine residues (Madan et al., 2018). HO-3867 was shown to 

covalently bind to the p53 DBD, reacting with cysteines 182 and 277. This compound 

restored wt-like folding and transcriptional activity to mutp53, displaying preferential 

cytotoxicity towards tumor cells. In addition, HO-3867 displayed in vivo antitumor activity.  

 
1.4.2.2. Non-covalent binding to mutp53 

The analysis of the crystal structure of the mutp53-Y220C DBD domain revealed that 

the tyrosine to cysteine amino acid substitution generates a hydrophobic crevice that 

destabilizes this mutp53 (Boeckler et al., 2008). This has been exploited for the 

development of mutp53-Y220C-binding compounds that stabilize this protein. The mutp53-

Y220C ligand PhiKan083 was identified through virtual screening and rational drug design 

(Boeckler et al., 2008). In biophysical assays, this compound was able to stabilize mutp53-

Y220C, raising its melting temperature. PK7088 was also identified as a mutp53-Y220C 

ligand, able to stabilize mutp53-Y220C (Liu et al., 2013b). In addition, PK7088 displayed 

growth inhibitory activity in mutp53-Y220C-expressing tumor cells, through restoration of 

wt-like p53 conformation and activity. More recently, the ability of compounds MB-710 and 

MB-725 to bind and stabilize mutp53-Y220C, leading to its reactivation in human tumor 

cells, has been reported (Baud et al., 2018). 

Other molecules that reactivate mutp53 through direct binding have been reported. In 

particular, CDB3 is a peptide derived from a p53 binding protein that functions as a 

chaperone, binding the mutp53-R249S DBD and restoring its wt-like conformation and 

DNA-binding in vitro (Friedler et al., 2002). Similarly, the small molecule SCH529074 has 

been reported to bind to the mutp53 DBD restoring wt-like DNA-binding and transcriptional 

activity. Interestingly, SCH529074 has also been shown to prevent MDM2-mediated p53 

ubiquitination, leading to p53 stabilization (Demma et al., 2010). Additionally, the small 

molecule SLMP53-1 has been identified as a reactivator of mutp53-R280K, able to restore 

wt-like transcriptional activity. SLMP53-1 also activates wtp53, displaying in vivo p53-

dependent antitumor activity (Soares et al., 2016). Recently, SLMP53-1 was shown to bind 

to the mutp53-R280K DBD, leading to its stabilization, and to reactivate other mutp53 forms 

(Gomes et al., 2019a). 
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Table 1.1 Summary of mutp53 reactivators described to date. Mutp53 reactivators are organized 
by mechanism of mutp53 reactivation and stage of development (from preclinical assays to clinical 
trials).  

Molecule Mechanism Stage of development Reference 
Covalent modification of cysteine residues 
CP-31398 Covalent binding to mutp53 leading to 

refolding and stabilization 
x Biophysical evidence 
x Activity in cell assays 
x In vivo antitumor activity 

(Foster, 1999) 

STIMA-1 Restoration of wt-like transcriptional 
activity and cell death 

x Biophysical evidence 
x Activity in cell assays 

(Zache et al., 2008) 
(Lambert et al., 2009a) 

MIRA-1 Restoration of wt-like transcriptional 
activity and cell death 

x Biophysical evidence 
x Activity in cell assays 

(Bykov, 2005) 
(Lambert et al., 2009a) 

PRIMA-1 Covalent binding to cysteine residues 
restoring conformation 

x Biophysical evidence 
x Activity in cell assays 
x In vivo antitumor activity 

(Bykov et al., 2002) 
(Lambert et al., 2009a) 

APR-246 
(PRIMA-1MET) 

Covalent binding to cysteine residues 
restoring conformation 

x Biophysical evidence 
x Activity in cell assays 
x In vivo antitumor activity 
x Phase Ib/II clinical trials 

(Bykov and Wiman, 2014) 
(Lambert et al., 2009a) 

PK11007 Alkylation of mutp53 cysteines leading to 
stabilization 

x Biophysical evidence 
x Activity in cell assays 

(Bauer et al., 2016) 
 

HO-3867 Covalent binding to cysteine residues 
restoring conformation 

x Biophysical evidence 
x Activity in cell assays 
x In vivo antitumor activity 

(Madan et al., 2018) 

Non-covalent binding to mutp53 
PhiKan083 Binding and stabilization of mutp53-

Y220C  
x Biophysical evidence (Boeckler et al., 2008) 

PK7088 Binding and stabilization of mutp53-
Y220C 

x Biophysical evidence 
x Activity in cell assays 

(Liu et al., 2013b) 

MB710/MB725 Binding and stabilization of mutp53-
Y220C 

x Biophysical evidence 
x Activity in cell assays 

(Baud et al., 2018) 

CDB3 
(peptide) 

Binding and stabilization of mutp53; 
restoration of DNA binding 

x Biophysical evidence (Friedler et al., 2002) 

SCH529074 Binding to mutp53 and restoration of wt-
like activity and function 

x Biophysical evidence 
x Activity in cell assays 
x In vivo antitumor activity 

(Demma et al., 2010) 

SLMP53-1 Binding and stabilization of mutp53-
R280K  

x Biophysical evidence 
x Activity in cell assays 
x In vivo antitumor activity 

(Soares et al., 2016) 
(Gomes et al., 2019a) 

Zinc chelators 
ZMC1 
(NSC319726) 

Restoration of wt-like conformation and 
transcriptional activity to mutp53-R175H 

x Activity in cell assays 
x In vivo antitumor activity 

(Yu et al., 2014) 
(Yu et al., 2012) 

COTI-2 Restoration of wt-like transcriptional 
activity to mutp53 

x Activity in cell assays 
x In vivo antitumor activity 
x Phase I clinical trials 

(Salim et al., 2016) 

Alternative mechanisms of mutp53 reactivation 
NSC87511 
(Stictic acid) 

Restoration of wt-like transcriptional 
activity to mutp53-R175H 

x In silico data 
x Activity in cell assays 

(Wassman et al., 2013) 

P53R3 Restoration of wt-like DNA binding and 
transcriptional activity 

x Activity in cell assays (Weinmann et al., 2008) 

WR-1065 Restoration of wt-like conformation x Activity in cell assays (North et al., 2002) 
KSS9 Restoration of wt-like conformation and 

transcriptional activity to mutp53 
x Activity in cell assays (Punganuru et al., 2016) 

PEITC Restoration of wt-like conformation and 
transcriptional activity to mutp53-R175H 

x Activity in cell assays 
x In vivo antitumor activity 

(Aggarwal et al., 2016) 

Goniothalamin Restoration of wt-like conformation and 
transcriptional activity to mutp53 

x Activity in cell assays (Punganuru et al., 2018) 

CTM Binding to Hsp40, enhancing its 
interaction with mutp53-R175H with 
consequent refolding and reactivation 

x Biophysical evidence 
x Activity in cell assays 

(Hiraki et al., 2015) 
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Figure 1.7 Chemical structures of mutp53 reactivators. 
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1.4.2.3.Zinc (Zn2+) ion chelators 

The p53 protein contains a Zn2+ ion coordinated by cysteines 176, 238, and 242, and 

histidine 179, in a tetrahedral geometry, near the DNA-binding surface. The Zn2+ ion is 

essential for correct p53 folding and DNA binding, and many mutp53, including R175H, lose 

Zn2+ coordination ability (Merkel et al., 2017). Considering this, Zn2+ chelators have been 

employed for mutp53 reactivation. In particular, the metallochaperone ZMC1 has been 

reported to buffer intracellular Zn2+ concentration promoting Zn2+ binding and consequent 

reactivation of mutp53-R175H (Yu et al., 2012) and other Zn2+-binding deficient mutp53s 

(C176F, C238S, C242S, and G245S) (Yu et al., 2014). More recently, COTI-2 (a molecule 

from the same chemical family as ZMC1), currently in phase I clinical trials (Bykov et al., 

2018), has been reported as a mutp53 reactivator with potent antitumor activity in human 

tumor cells and in mouse xenograft models (Salim et al., 2016). Despite this, COTI-2 has 

also been reported to inhibit the PI3K/Akt/mTOR pathway, suggesting other mechanisms 

underlying its antitumor activity (Maleki Vareki et al., 2018).  
 

1.4.2.4. Alternative mechanisms of mutp53 reactivation 

The compounds NSC87511, P53R3, WR-1605, KSS9, PEITC, and goniothalamin 

have been shown to restore wt-like transcriptional activity to several mutp53 forms, although 

the precise molecular mechanism of mutp53 reactivation remains unclear (North et al., 

2002; Weinmann et al., 2008; Wassman et al., 2013; Aggarwal et al., 2016; Punganuru et 

al., 2016; Punganuru et al., 2018). 

Recently, the natural compound chetomin (CTM) was identified as a reactivator of 

mutp53-R175H with growth inhibitory activity in human tumor cells (Hiraki et al., 2015). The 

authors showed that CTM binds Hsp40, enhancing its interaction with mutp53-R175H, with 

subsequent refolding and reactivation of mutp53-R175H transcriptional activity. 

 

 

 Yeast as a cell model to screen for p53 family targeted therapy 

The yeast Saccharomyces cerevisiae has long been established as a valuable model 

to study human disease-related proteins (Guaragnella et al., 2014). In fact, given the 

remarkable conservation of cellular processes with human cells, the heterologous 

expression of human proteins in yeast has provided relevant clues about their biology and 

pharmacology. In particular, the simplicity of the yeast cellular background has contributed 

to the study of complex families of human proteins, such as the p53 family, due to the 

absence of orthologs of these proteins in yeast (Guaragnella et al., 2014; Leão et al., 

2015a).  
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1.4.3.1. Yeast transactivation assays 

The discovery that p53 was also a transcription factor in yeast enabled the 

development of simplified assays to evaluate its transcriptional activity, such as Functional 

Analysis of Separated Alleles in Yeast (FASAY) (Ishioka et al., 1993). In this technique, a 

p53 cDNA collected from human tumors is expressed in a yeast strain transformed with a 

plasmid containing a reporter gene (e.g., ADE2, URA3, or Luciferase) downstream of a 

human p53RE. In 2011, a dual-luciferase optimized version was adapted for the high-

throughput screening (HTS) of factors interfering with p53 activity, including small 

molecules, mutations, and interacting proteins, such as MDM2 (Andreotti et al., 2011). This 

assay was later extended to p63 and p73, with overlapping transactivation profiles in yeast 
(Ciribilli et al., 2013) (Figure 1.8). 

 

 
Figure 1.8 Yeast assays developed to study the impact of protein interacting partners and 
small molecules on the function of p53 family proteins. These assays use Saccharomyces 
cerevisiae cells co-expressing a human p53 family protein and a protein interacting partner (e.g., 
MDM2, MDMX, or mutp53). (A) Yeast transactivation assay. The impact of interacting protein 
partners and small molecules on p53 family transcriptional activity is evaluated using a reporter gene 
(e.g., ADE2 or Luciferase) under the regulation of a human p53 family response element (RE). (B) 
Yeast phenotypic assay. Expression of a p53 family protein induces yeast growth inhibition 
associated with an increase of actin expression. The impact of interacting protein partners and small 
molecules on p53 function is evaluated by quantification of yeast cell growth and actin protein 
expression levels. (C) Yeast two-hybrid assay. A protein (bait; e.g., p53) is fused to the GAL4 DNA-
binding domain (DBD) and the interacting protein partner (prey; e.g., MDM2) is fused to the GAL4-
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transactivation domain (AD). If the bait and prey establish a physical interaction, the function of GAL4 
is restored, enabling it to bind to a specific sequence and leading to the transcription of a reporter 
gene (e.g., HIS3, ADE2, or LacZ); this effect is abolished by small molecule inhibitors of the bait-
prey interaction.  

 

 

In addition to understanding the impact of mutations on p53 function (Fronza et al., 

2000), the yeast transactivation assays have also been used to study the interference of 

mutp53 on wtp53, p63, and p73 activity. The first systematic study to evaluate mutp53 DNE 

was performed in yeast by measuring the ability of several mutp53 to inhibit the wtp53 

transcriptional activity on its consensus RE (Brachmann et al., 1996). Moreover, with these 

assays, a correlation between mutp53 LOF and DNE was established (Dearth et al., 2007). 

Additionally, the transactivation potential and DNE of several germline mutp53 alleles were 

evaluated (Monti et al., 2011). This technique enabled the identification of LOF, partial 

function (PF), and DNE status of mutp53 from prostate cancer, and provided evidence that 

mutp53 alleles with PF did not have a DNE over wtp53 (Shi et al., 2002). The lack of 

predictable patterns for these alleles suggested that each mutation uniquely affects p53 

function. In fact, this yeast system revealed that dominant mutations affect key residues 

that are essential for DBD stabilization or DNA binding (Inga et al., 1997). Additionally, it 

showed that the residue location was more important than the amino acid substitution in 

determining whether a mutant was dominant (Monti et al., 2002). These functional assays 

further evidenced that mutp53 DNE was associated with more aggressive tumor profiles 

and cancer recurrence (Hassan et al., 2008). They have also contributed to the study of 

mutp53 GOF, particularly of the impact of distinct mutp53 on p73 transcriptional activity, 

further supporting the fact that the interference detected was not exclusive to mutations 

located in specific topological regions of the p53 DBD (Monti et al., 2003).  

Collectively, with the study of the molecular epidemiology of p53 mutations associated 

with carcinogenesis, and their impact on the function of p53 family proteins, this technique 

has become a powerful clinical tool. Indeed, with knowledge of the type and function of 

mutp53, tumor prognosis and treatment outcomes could be predicted. 

A correlation between p53 transcriptional activity and the actin protein and mRNA 

expression levels was recently established in yeast (Leão et al., 2013b). The identification 
of a putative p53RE located upstream of the ACT1 gene, and the enhancement of actin 

expression by wtp53 (not observed with inactive mutp53 forms) that is inhibited by MDM2/X 

(Figure 1.8) and pifithrin-α (a selective inhibitor of p53 transcriptional activity), supported 

the direct transactivation of the yeast ACT1 by p53, as observed in human cells (Leão et 

al., 2013b). Later, the upregulation of ACT1 by TAp63, TAp73, and ΔNp63 was also 
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demonstrated in yeast (Leão et al., 2015a). Collectively, these studies led to the 

identification of ACT1 as a yeast endogenous p53 family transcriptional target. This opened 

the way to simplified yeast transcriptional assays to analyze the impact of interfering factors 

on p53 family activity, without requiring artificial reporter gene constructions. 

 

1.4.3.2. Yeast two-hybrid assays 

The yeast two-hybrid (Y2H) assay was the first molecular genetic tool developed to 

study PPIs in a cellular context. By taking advantage of the modular nature of yeast 

transcription factors, it has enabled the identification of protein interactors (prey) of a protein 
of interest (bait), through HTS of large cDNA libraries (Figure 1.8). However, because the 

Y2H system is based on reconstitution of a transcription factor, it might not be suitable for 

the interaction analysis of proteins (bait) that can directly activate transcription of the 

reporter gene in the absence of a PPI with a prey. Therefore, two alternative Y2H systems, 

based on repression of transactivation and on the use of the alternative polymerase III 

transcription pathway, were developed to circumvent this limitation (Bruckner et al., 2009). 

With Y2H, the p53 fragment responsible for oligomerization (the OD) was identified, 

and its involvement in mutp53 oligomerization with wtp53 was revealed (Iwabuchi et al., 

1993). This provided a molecular explanation for the mutp53 DNE. The ability of different 

p63/p73 isoforms to form homo- (De Laurenzi et al., 1998; Ikawa et al., 1999) and hetero-

oligomers (not observed with wtp53) (Kojima et al., 2001), and the occurrence of ΔNp63–

wtp53 interactions responsible for a reduction in the half-life of ΔNp63 (Ratovitski et al., 

2001), were also evidenced by Y2H. 

The contribution of Y2H to the characterization of the interactions of p53 family 

proteins with MDMs is also undeniable. In particular, with this assay, the four amino acid 

residues of MDM2 essential for the interaction with p53 (Gly58, Asp68, Val75, and Cys77) 

were determined (Freedman et al., 1997). Although no p63–MDMs interactions were 

detected by Y2H, the p73–MDMs interactions were corroborated by this technique (Kojima 

et al., 2001). It also demonstrated that MDM2 and MDMX form hetero-oligomers through 

their C-terminal RING finger domains (Sharp et al., 1999b), which protects MDM2 from 

proteasomal degradation, enhancing its inhibitory activity on p53. In addition, using Y2H, 

protein regulators of the p53–MDM2 interaction were identified, in particular the ribosomal 

protein L26, which forms a ternary complex with p53 and MDM2, causing p53 stabilization 

through MDM2 inhibition (Zhang et al., 2010), and UBE4B, an ubiquitin ligase required for 

MDM2-induced p53 polyubiquitination (Wu et al., 2011). 

Y2H was also used to detect mutp53 in tumors based on its inability to bind to p53-

binding protein 1 (53BP1), an interacting partner and enhancer of wtp53 transcriptional 
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activity also identified by Y2H (Schwartz et al., 1998). Moreover, using this technique, the 

interaction of mutant p53-binding protein 1 (MBP1) with mutp53, but not with wtp53, was 

evidenced (Gallagher et al., 1999). This mutp53-specific binding partner enhances mutp53 

oncogenic activity, contributing to its GOF. Collectively, accumulating data have supported 

the potential of Y2H to identify binding partners and to study their impact on p53 family 

proteins. 

 

1.4.3.3. Yeast phenotypic assays: contribution to the discovery of activators of p53 family 
proteins 

Several studies have reported the growth inhibitory effect of human p53 (Guaragnella 

et al., 2014), TAp63, TAp73, and ΔNp63 (Leão et al., 2015a) expressed in yeast. 

The interference of MDM2 with endogenous yeast pathways was demonstrated 

through analysis of p53 ubiquitination and ensuing degradation in yeast (Di Ventura et al., 

2008). Subsequently, the inhibitory effect of MDM2 and MDMX on p53 family-induced yeast 

growth inhibition was shown (Leão et al., 2013b; Leão et al., 2013c; Leão et al., 2015a). In 

particular, the slight effect of MDMs on TAp63 was reinforced, and the ΔNp63–MDMX 

interaction was reported for the first time (Leão et al., 2015a). Collectively, these studies 

enabled the development of simplified growth-inhibitory screening assays, well adaptable 

to HTS, and highly efficient for the identification of inhibitors of the interactions between p53 
family proteins and MDMs (Figure 1.8). 

In fact, using the yeast growth inhibitory assays, two new scaffolds of p53–MDM2 

interaction inhibitors were identifed: xanthones [pyranoxanthone 1 (Leão et al., 2013c), α-

mangostin, and gambogic acid (Leão et al., 2013a)] and oxazoloisoindolinones (Soares et 

al., 2014). These assays also revealed that prenylation enhances the tumor cytotoxicity of 

chalcones by improving their ability to disrupt the p53–MDM2 interaction (Leão et al., 

2015b). Notably, these assays also led to the discovery of three new dual inhibitors of p53–

MDM2/X interactions, the tryptophanol-derived oxazolopiperidone lactam OXAZ-1 (Soares 

et al., 2015), the tryptophanol-derived oxazoloisoindolinone DIMP53-1 (Soares et al., 2017), 

and the tryptophanol-derived bicyclic lactam SYNAP (Raimundo et al., 2018).   

The effectiveness of the yeast growth-inhibitory assay to search for p73–MDM2 

interaction inhibitors was recently demonstrated using the known inhibitor of this PPI, nutlin-

3a (Leão et al., 2015a). Interestingly, a potential disruption of the p73–MDMX interaction by 

the known inhibitor of the p53–MDMX interaction, SJ-172550, was also suggested (Leão et 

al., 2015a). Therefore, similar assays developed for p63–MDMs interactions (Leão et al., 

2015a). might contribute to the discovery of inhibitors of these interactions, which remain 

unknown. 
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In addition, the observation that unlike wtp53, mutp53 did not induce yeast growth 

inhibition (Leão et al., 2013b), allowed the development of a phenotypic assay to screen for 

potential mutp53 reactivators. In this assay, a mutp53 reactivator would restore wt-like yeast 

growth inhibitory activity to mutp53, as demonstrated with the mutp53-Y220C reactivator, 

PhiKan083, in yeast cells expressing human mutp53-Y220C (Soares et al., 2016). In fact, 

using this assay, the reactivator of mutp53-R280K, tryptophanol-derived 

oxazoloisoindolinone SLMP53-1, was discovered (Soares et al., 2016). 

A possible limitation of these assays is the fact that they are dependent on the 

occurrence of a measurable phenotype proportional to the degree of activation/inhibition of 

a given molecular target. Nevertheless, accumulating evidence has attested to the 

unquestionable contribution of the yeast model as a targeted screening approach for the 

discovery of molecules targeting p53 family proteins.  

 
 
 
 
1.5. Aims 

As previously referred, in addition to its high incidence and mortality rates, cancer 

represents a group of diseases with remarkable molecular complexity, caused by a 

complete reprogramming of cells that results from alterations of oncogenes and TSGs. In 

this context, p53 family proteins arise among the most promising therapeutic targets in 

cancer. Taking this into consideration, with the present thesis, it was intended to identify 

new modulators of p53 family proteins with antitumor activity against p53-impaired cancers. 

In particular: 

i. Activators of TAp73 (Chapter 3); 

ii. Reactivators of mutp53 (Chapter 4).  

 

To carry out the proposed goals, this thesis encompassed a multidisciplinary research 

approach, including medicinal chemistry, pharmacology, microbiology, oncobiology, 

biotechnology, and molecular biology. 

Collectively, this thesis aimed to advance the knowledge on p53 family biology and 

pharmacology. Most importantly, it intended to provide new improved therapeutic 

opportunities, by targeting p53 family proteins, to be used alone or in combination with 

conventional chemotherapeutics in personalized cancer therapy.        
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2.1. Compounds  

Synthesis of LEM2, LEM2ox, and LEM2red is described in Appendix A (Figure A.1). 

Nutlin-3a, cyclophosphamide, and APR-246 were purchased from Sigma-Aldrich (Sintra, 

Portugal). Etoposide was purchased from Calbiochem (VWR, Carnaxide, Portugal). 

Sorafenib was purchased from Santa Cruz Biotechnology (Heidelberg, Germany). All 

compounds were dissolved in dimethyl sulfoxide (DMSO; Sigma-Aldrich).  

 

 

2.2. Synthesis of SLMP53-2 

General methods: All reagents and solvents were obtained from commercial 

suppliers and used without further purification. Reactions were performed under a nitrogen 

atmosphere. Melting point was determined using a Kofler camera Bock monoscope M. Thin 

layer chromatography was performed using Merck Silica Gel 60 F254 plates and visualized 

by UV light. For flash column chromatography Merck Silica Gel with high purity grade (200-

400 mesh) was used. 1H and 13C-NMR spectra were recorded on a Bruker Fourier 300 

Avance at 300MHz (1H NMR) and at 75MHz (13C NMR). 1H and 13C NMR chemical shifts 

are reported in parts per million (ppm, δ) referenced to the solvent used. Proton coupling 
constants (J) are expressed in hertz (Hz). Multiplicities are given as: s (singlet), dd (double 

doublet), and m (multiplet). The specific rotation value was measured in a PerkinElmer 241 

MC polarimeter at room temperature (New University of Lisbon, PT). Compound SLMP53-

2 showed purity ≥ 90% by LC-MS, performed in a Waters Alliance 2695 HPLC with a Waters 

SunFire C18 column (100 × 2.1 mm; 5 µM) at 35 ºC, using a gradient from 95% solution A 

(Milli-Q water containing 0.5% formic acid (v/v)) to 95% solution B (acetonitrile) as mobile 

phase and employing a photodiode array detector to scan wavelength absorption from 210 

to 600 nm; MS experiments were performed on Micromass® Quattro Micro triple quadrupole 

(Waters®, Ireland) with an electrospray in positive ion mode (ESI+), ion source at 120 ºC, 

capillary voltage of 3.0 kV and source voltage of 30 V, at the Liquid Chromatography and 

Mass Spectrometry Laboratory, Faculty of Pharmacy, University of Lisbon. 

 

 
 

 Figure 2.1 Synthetic pathway and reaction conditions to obtain SLMP53-2. 
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Chemical synthesis of SLMP53-2 (Figure 2.1): Compound 1 was prepared from 

(S)-tryptophanol (0.16 g, 0.84 mmol, 1.0 equiv.) and 2-benzoylbenzoic acid (0.21 g, 0.93 

mmol, 1.1 equiv.) in 10 mL of toluene, according to the protocol described in (Pereira et al., 

2015).  To a stirred solution of compound 1 (0.10 g, 0.27 mmol) in anhydrous DMF (3 mL) 

at 0 °C, and under inert atmosphere of nitrogen, 0.014 g of NaH (0.60 mmol, 2.2 equiv., 

95% anhydrous reagent) was added. After stirring for 30 minutes, 0.025 mL of methyl iodide 

(0.41 mmol, 1.5 equiv.) was added and the reaction was slowly allowed to warm to room 

temperature for 1 hour. Ethyl acetate (10 mL) was added, and the organic phase washed 

with water (6 × 10 mL), with an aqueous saturated solution of NaHCO3 and then with a brine 

solution. The organic phase was dried with Na2SO4 and concentrated. After flash 

chromatography (ethyl acetate/n-hexane 1:1) and recrystallization from EtOAc, SLMP53-2 

was obtained as a white crystalline solid (0.096 g, 89.3%); mp: 134-136 ºC; [α]20
D =+ 84.5 

(c=0.37, CH2Cl2). 1H NMR (300MHz, CDCl3) δ 7.84 – 7.77 (m, 1H, ArH), 7.67 – 7.59 (m, 

2H, ArH), 7.53 – 7.45 (m, 3H, ArH), 7.42 – 7.35 (m, 3H, ArH), 7.22 (m, 3H, ArH), 7.12 – 

7.05 (m, 1H, ArH), 6.96 (s, 1H, ArH), 4.69 (m, 1H, H-3), 4.46 (dd, J = 8.6, 7.6 Hz, 1H, H-2), 

3.98 (dd, J = 8.6, 6.8 Hz, 1H, H-2), 3.72 (s, 3H, NCH3), 3.21 (dd, J = 14.7, 5.5 Hz, 1H, CH2-

indole), 2.65 (dd, J = 14.7, 9.3 Hz, 1H, CH2-indole) (Appendix B, Figure B.1); 13C NMR (75 

MHz, CDCl3) δ 174.72 (C=O), 147.29 (Cq), 138.98 (Cq), 136.98 (Cq), 133.38 (ArCH), 

131.22 (Cq), 130.20 (ArCH), 128.87 (ArCH), 128.76 (ArCH), 128.01 (Cq), 127.01 (CH-

indole), 125.92 (ArCH), 124.48 (ArCH), 123.56 (ArCH), 121.75 (ArCH), 119.01 (ArCH), 

110.29 (Cq), 109.26 (ArCH), 101.06 (C-9b), 76.43 (CH-2), 55.91 (CH-3), 32.77 (N-CH3), 

30.15 (CH2-indole) (Appendix B, Figure B.1); MS (ESI) m/z calculated for C26H22N2O2: 394, 

found 395 [M + H]+. 

 

 

2.3. Yeast transformation, growth, and screening assay 

 Saccharomyces cerevisiae CG379 cells expressing human TAp73α alone or co-

expressed with human MDM2 were previously obtained and used as described (Leão et al., 

2015a).  

To obtain the screening system of yeast cells co-expressing TAp73α with mutp53-

R273H, the pRS314-(TRP1)-TAp73α and pLS76-(LEU2)-mutp53-R273H plasmids were 

used, as well as the respective empty vectors (negative controls). Yeast plasmid pRS314-

(TRP1) encoding human TAp73α under the GAL1-10 inducible promoter and the respective 

empty vector were kindly provided by Dr. Alberto Inga (Centre for Integrative Biology, 

University of Trento, Italy). Yeast plasmid pLS76-(LEU2) encoding human mutp53-R273H 
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under the ADH1 constitutive promoter and the respective empty vector were kindly provided 

by Dr. Gilberto Fronza (IST Istituto Nazionale per la Ricerca sul Cancro, Genoa, Italy). 

Plasmids were first amplified in Escherichia coli DH5α (Lucigen, Frilabo, Porto, Portugal), 

and thereafter purified using the GenElute™ HP Plasmid Miniprep Kit (Sigma-Aldrich). After 

extraction, Saccharomyces cerevisiae CG379 cells were transformed using the LiAc/SS 

Carrier DNA/PEG method as described (Gietz and Schiestl, 2007). For selection of 

transformed yeast, cells were routinely grown in selective minimal medium with 2% (w/v) 

glucose (Panreac, Frilabo), 0.7% (w/v) yeast nitrogen base without amino acids (Difco, 

Enzifarma), and all the amino acids required for yeast growth (50 μg/mL), except leucine 

and tryptophan, and incubated at 30 ºC, under continuous orbital shaking (200 rpm). 

Expression of human proteins was confirmed by western blot, as in 2.11. 

To study the growth of the transformed yeast cultures, cells were diluted to 0.05 OD600 

and grown in induction selective medium [2% (w/v) galactose (AppliChem, Frilabo), 1% 

(w/v) raffinose (Acros Organics, Frilabo), 3% (v/v) glycerol (José Manuel Gomes dos 

Santos, Lda.), 0.7% (w/v) yeast nitrogen base without amino acids (Difco, VWR), and all 

the amino acids required for yeast growth (50 µg/mL)], for 72 h. Cell growth was analyzed 

at selected time-points by colony-forming unit (CFU) counts. For the yeast screening assay, 

cells were grown in induction selective medium with LEM2 or 0.1% DMSO for 48 h; cell 

growth was analyzed by CFU counts, as described (Leão et al., 2015a). 

 

 

2.4. Human cell lines and growth conditions 

All human cell lines used in the present thesis are listed in Table 2.1. The HCT116 

p53+/+ cell line and its p53-null isogenic derivative (HCT116 p53-/-) were kindly provided by 

Dr. Vogelstein (The Johns Hopkins Kimmel Cancer Center, Baltimore, USA). HuH-7 cells 

were obtained from the JCBR Cell Bank (Osaka, Japan). p53 knock-out (KO) HuH-7 cells 

were generated using CRISPR editing (Baud et al., 2018). All remaining tumor cell lines 

were purchased from ATCC (Rockville, MD, USA). Cell lines were grown in RPMI-1640 with 

UltraGlutamine (Lonza, VWR) with 10% FBS (Gibco, Alfagene, Carcavelos, Portugal), 

except for HFF-1 cells, which were cultured in DMEM:F12 (Lonza) with 10% FBS. All cells 

were maintained in a humidified incubator at 37 °C with 5% CO2. Routine testing for 

Mycoplasma infection was carried out using the MycoAlert™ PLUS Mycoplasma detection 

kit (Lonza). 
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Table 2.1 Human cell lines and their respective p53 status. 

Cell line Tissue/Disease  p53 status 
HCT116 p53+/+ Colon adenocarcinoma wtp53 

HCT116 p53-/- Colon adenocarcinoma p53-null 

SK-BR-3 Breast adenocarcinoma mutp53-R175H 

MDA-MB-231 Breast adenocarcinoma mutp53-R280K 

MDA-MB-468 Breast adenocarcinoma mutp53-R273H 

HT-29 Colorectal adenocarcinoma mutp53-R273H 

SW-837 Rectal adenocarcinoma mutp53-R248W 

NCI-H1299 Non-small cell lung carcinoma p53-null 

HuH-7 Hepatocellular carcinoma mutp53-Y220C 

HuH-7 p53KO Hepatocellular carcinoma p53-null 

HCC1419 Breast ductal carcinoma mutp53-Y220C 

HFF-1 Foreskin fibroblasts wtp53 

 

 

2.5. Transfection of human tumor cells 

For ectopic TAp73α expression in HT-29 cells, the pCI-neo-TAp73α, kindly provided 

by Dr. Alberto Inga (Centre for Integrative Biology, University of Trento, Italy) was used. For 

ectopic mutp53 expression in NCI-H1299 cells, pCDNA3 plasmids encoding mutp53-

R175H, -Y220C, -G245S, or -R280K were used (Gomes et al., 2019a). In each case, the 

empty pCI-neo or pCDNA3 vector was used as a negative control. HT-29 and NCI-H1299 

cells in suspension were simultaneously transfected using the ScreenFectA reagent 

(NZYTech, Porto, Portugal) and seeded, according to manufacturer’s instructions.  

For TAp73α knockdown, HCT116 p53-/- cells were transfected with the ON-

TARGETplus Human TP73 (7161) siRNA SMARTpool (sip73, ThermoScientific, 

Dharmacon, Bioportugal, Porto, Portugal), using Lipofectamine 2000 (Invitrogen, Alfagene), 

according to manufacuter’s instructions. For Hsp70 knockdown, HuH-7 cells were 

transfected with the ON-TARGETplus Human HSPA1A (3303) siRNA SMARTpool 

(siHsp70, ThermoScientific) using the ScreenFectA reagent, according to manufacturer’s 

instructions. In both cases, nonspecific siRNAs (siCTRL, Non-targeting Pool, 

ThermoScientific) was used as a negative control.  

Efficiency of knockdown and ectopic protein expression were confirmed by western 

blot as described in 2.11. 
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2.6. Cell proliferation, viability, and combination therapy assays 

Sulforhodamine B (SRB) assay: Cells were seeded in 96-well plates at 5.0×103 

(HCT116, parental and transfected HT-29, HuH-7, SW-837, HuH-7, NCI-H1299), 7.5×103 

(SK-BR-3, MDA-MB-468), and 1.0×104 (MDA-MB-231, HCC1419, HFF-1) cells/well, and 

allowed to adhere overnight. Cells were then treated with serial dilutions of compounds for 

48 h. Afterward, cells were fixed in 10% trichloroacetic acid for 1 h at 4 °C, and stained with 

0.4% SRB (Sigma-Aldrich) for 30 min at room temperature. After washing unbound dye with 

1% acetic acid, bound dye was solubilized with 10 mM Tris-base (Sigma-Aldrich) and the 

absorbance at 510 nm was measured using a microplate reader (Biotek Instruments Inc., 

Synergy MX, USA). The maximum concentration of DMSO (0.25%) was included as a 

control. IC50 (concentration that causes 50% growth inhibition) values were determined 

using the GraphPad Prism software v7.0 (La Jolla, CA, USA). In combination therapy 

assays, combination index (CI) values were determined using the CompuSyn software v1.0 

(Chou and Talalay, 1984; Raimundo et al., 2018).  

 
Colony formation assay: MDA-MB-468 and transfected HCT116 p53-/- cells were 

seeded in 6-well plates, at 5.0×102 cells/well density and immediately treated with 0.4-3.0 

µM LEM2 or DMSO for 24 h. Colonies were grown for 10 days in compound-free medium. 

HuH-7 cells (parental and transfected with siCTRL or siHsp70) were seeded in 6-well plates 

at 2.0×103 cells/well density and treated with 0.9-28 µM SLMP53-2 for 14 days. Colonies 

were fixed with 10% methanol and 10% acetic acid for 10 min, followed by staining with 

0.5% crystal violet (Sigma-Aldrich) in 1:1 methanol/H2O for 15 min. Colonies with more than 

20 cells were counted. 

 

 

2.7. Cell cycle and apoptosis 

Cells were seeded in 6-well plates at 1.5×105 (HCT116 p53-/- and HuH-7) and 

2.25×105 (MDA-MB-468) cells/well density and allowed to adhere overnight. Cells were then 

treated with LEM2 (HCT116 p53-/- and MDA-MB-468), SLMP53-2 (HuH-7) or DMSO. For 

cell cycle analysis, after 24 h (HCT116 p53-/- and MDA-MB-468) or 48 h (HuH-7), cells were 

fixed with ice-cold 70% ethanol for 15 min, followed by incubation with 20 µg/mL RNase A 

(Sigma-Aldrich) for 15 min at 37 °C. Cells were then incubated with 50 µg/mL propidium 

iodide (PI; Sigma-Aldrich) for 30 min, followed by flow cytometry analysis. Apoptosis 

analysis was performed after 48 h (HCT116 p53-/- and MDA-MB-468) or 72 h (HuH-7) 

treatment, using the Annexin V-FITC Apoptosis Detection Kit I (BD Biosciences Enzifarma, 
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Porto, Portugal), according to manufacturer’s instructions. In both cases, data acquisition 

was performed using the Accuri™ C6 flow cytometer and the BD Accuri C6 software (BD 

Biosciences, Enzifarma). Cell cycle phases were quantified using FlowJoX 10.0.7 (Treestar, 

Ashland, OR, USA). 

 

 

2.8. Generation of colon cancer spheroids 

1×103 HCT116 p53-/- cells/well were seeded in ultra-low attachment 24-well plates in 

DMEM:F12 medium supplemented with 10 ng/mL bFGF, 20 ng/mL EGF (Bio-techne, 

Citomed Lda, Lisboa, Portugal), 1× B27 (Life Technologies, Porto, Portugal) and 5 µg/mL 

insulin (Sigma Aldrich), as described (Bessa et al., 2018), in the presence of 0.5, 1, or 2 µM 

LEM2 or DMSO; spheroids were grown for 7 days. Alternatively, spheroids were allowed to 

grow in compound-free medium for 3 days, followed by treatment with 0.5, 1, or 2 µM LEM2 

for 3 days (Raimundo et al., 2018). Spheroids were monitored and photographed using an 

inverted Nikon TE 2000-U microscope at 100× magnification, with a DXM1200F digital 

camera and NIS-Elements imaging software. 

 

 

2.9. Microarray experiments 

2.0×105 HuH-7 cells/well were seeded in 6-well plates and allowed to adhere 

overnight, followed by 24 h treatment with 28 or 42 µM SLMP53-2 or DMSO. Total RNA 

was extracted using Illustra™ RNAspin Mini (GE Healthcare, VWR), according to 

manufacturer’s instructions. RNA purity and concentration were measured by Nanodrop™ 

and Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). Samples with 

RIN (RNA integrity number) ≥ 8 were used for the one-Color Microarray-Based Gene 

Expression Analysis protocol (Agilent Technologies) and hybridized on Agilent-014850 

4×44K Whole Human Genome Microarrays. Slides were scanned on the Agilent DNA 

Microarray Scanner (G2505C) using the Agilent HD_GX_1Color Profile of Agilent 

ScanControl v8.1.3. Four biological replicates per treatment were prepared and analyzed. 

Microarray data were deposited in Gene Expression Omnibus database (GSE124021). The 

scanned TIFF images were analyzed numerically and background-corrected using the 

Agilent Feature Extraction Software (v10.7.7.1), according to the Agilent GE1_107_Sep09 

standard protocol. The output of Feature Extraction was analyzed with the R software 

environment for statistical computing (http://www.r-project.org/) and the Bioconductor 

packages (http://www.bioconductor.org/). The arrayQualityMetrics package was used to 

http://www.r-project.org/
http://www.bioconductor.org/
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check the quality of the arrays. Low signal Agilent probes, identified by a repeated “not 

detected” flag across the majority of the arrays in every condition, were filtered out from the 

analysis. Signal intensities across arrays were background corrected (Edwards method) 

and normalized with the quantile normalization method. Differentially Expressed Genes 

(DEGs) were determined using a double threshold based on: (1) the magnitude of the 

change (fold change greater than ±2); (2) the statistical significance of the change, 

measured with a multiple-test-correction adjusted p-value less than 0.05) using limma 

package. The Ingenuity Pathway Analyzes (IPA, v2017) resource was used for enrichment 

analysis of the transcriptome DEGs lists. The IPA Ontologies are derived from manually 

curated collections of experimental data and are utilized to infer functional enrichment of 

different type of relationships. The significance of gene list over-representations was 

determined using a Fisher exact p-value threshold of 0.05 with multiple-test-correction. In 

particular, we utilized the bio-functions and the up-stream regulators analysis. The graphical 

representation of the IPA results was performed in R/Bioconductor environment. 

 

 

2.10. RNA-extraction and RT-qPCR 

Cells were seeded in 6-well plates at 1.5×105 (HCT116 p53-/- and HuH-7) or 2.25×105 

(MDA-MB-468) cells/well and allowed to adhere overnight. Cells were thereafter treated 

with 2 µM LEM2 for 24 or 48 h (HCT116 p53-/- and MDA-MB-468) or 14 and 28 µM SLMP53-

2 for 24 h (HuH-7). 

For gene expression analysis, total RNA was extracted using the Illustra™ RNAspin 

Mini RNA Isolation Kit (GE Healthcare). RNA purity and concentration were measured by 

Nanodrop™. 1 µg total RNA was used for cDNA synthesis using M-MuLV reverse 

transcriptase and the Revert Aid cDNA Synthesis kit (Thermo Fisher), according to 

manufacturer’s instructions. cDNA was used for qPCR reactions, which were carried out on 

a CFX Touch™ Real-Time PCR Detection System (Bio-Rad), using 2× KAPA SYBR® FAST 

qPCR Kit (Kapa Biosystems) and specific primers for each analyzed gene, listed in Table 
2.2 (Eurofins, MWG, Italy). GAPDH and B2M were used as reference genes.  
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Table 2.2 Sequences of primers used in RT-qPCR experiments 

Primer Sequence (5’ – 3’) 
AREG Fw TTGATACTCGGCTCAGGCCAT 
AREG Rv CACAGGGGAAATCTCACTCCC 
ASNS Fw CCTCGCAGGCATGATGAAAC 
ASNS Rv GAAGAAAATCTGGGCGTAAGCA 
AURKA Fw ATATCTCAGTGGCGGACGAG 
AURKA Rv TGAGACCCTCTAGCTGTAATAAGT 
B2M Fw AGGCTATCCAGCGTACTCCA 
B2M Rv ATGGATGAAACCCAGACACA 
BIRC5 Fw AGGACCACCGCATCTCTACA 
BIRC5 Rv TTTCCTTTGCATGGGGTCGT 
BAX Fw CCTGGAGGGTCCTGTACAATCT 
BAX Rv GCACCTAATTGGGCTCCATCT 
BMF Fw CCCTCCTTCCCAATCGAGTCT 
BMF Rv CTCCATCTCTCCTGGGTGACT 
CDKN1A Fw CTGGAGACTCTCAGGGTCGAA 
CDKN1A Rv GATTAGGGCTTCCTCTTGGAG 
CHOP Fw AGAACCAGGAAACGGAAACAGA 
CHOP Rv TCTCCTTCATGCGCTGCTTT 
DDIT4 Fw CTAGCTGCGGCTTCTACGC 
DDIT4 Rv CCAAAGGCTAGGCATGGTGA 
GADD45 Fw TCAGCGCACGATCACTGTC 
GADD45 Rv CCAGCAGGCACAACACCAC 
GAPDH Fw TCCAAAATCAAGTGGGGCGA 
GAPDH Rv AGTAGAGGCAGGGATGATGT 
MDM2 Fw GGCCTGCTTTACATGTGCAA 
MDM2 Rv GCACAATCATTTGAATTGGTTGTC 
SESN2 Fw CTCCTCCTTCGTGTTTGGCT 
SESN2 Rv CTCAAAGCCCCCAGAGTTGT 
SCL3A2 Fw AGCTGGAGTTTGTCTCAGGC 
SCL3A2 Rv GGCCAATCTCATCCCCGTAG 
TNFRSF10B Fw TGACTCATCTCAGAAATGTCAATTCTTA 
TNFRSF10B Rv GGACACAAGAAGAAAACCTTAATGC 
TRIB3 Fw AGACTCGCAGCGGAAGTGG 
TRIB3 Rv CTCGCATCTCGCCCCGTC 
sXBP1 Fw CTGAGTCCGAATCAGGTGCAG 
sXBP1 Rv ATCCATGGGGAGATGTTCTGG 
uXBP1 Fw CAGCACTCAGACTACGTGCA 
uXBP1 Rv ATCCATGGGGAGATGTTCTGG 
tXBP1 Fw TGGCCGGGTCTGCTGAGTCCG 
tXBP1 Rv ATCCATGGGGAGATGTTCTGG 
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For miRNA analysis, total RNA was extracted using TRIzol reagent (Invitrogen) 

according to manufacturer’s instructions. RNA concentration and purity were measured in 

NanoDrop™ 1000 (ThermoFisher Scientific). 260/280 nm and 260/230 nm ratios ranged 

around 1.8-2.2. RNA integrity was assessed by gel electrophoresis. miRNA levels were 

evaluated using TaqMan miRNA assays (Applied Biosystems). cDNA was synthesized 

(MyCycler Thermal Cycler, Bio-Rad) using RNA, TaqMan MicroRNA Reverse Transcription 

Kit (Applied Biosystems) and stem-loop Reverse Transcription primers (hsa-miR-34a-5p; 

Applied Biosystems). qPCR reactions were performed in CFX96 Touch™ Real-Time PCR 

Detection System (Bio-Rad) using cDNA, miR-34a or snRNA U6 TaqMan probes (Applied 

Biosystems) and SsoAdvanced™ Universal Probes Supermix (Bio-Rad). snRNA U6 was 

used as reference gene.  

Relative expression levels were calculated using the quantification cycle (Cq) method, 

according to MIQE guidelines (Bustin et al., 2009).  

 

2.11. Western blot 

Yeast: Cells were inoculated in induction selective medium and incubated at 30 °C, 

200 rpm for 48 h. Yeast cells were then harvested and incubated with lyticase (Sigma-

Aldrich) for 15 min at 37 °C, followed by incubation with the Cellytic™ Y Cell Lysis Reagent 

(Sigma-Aldrich), with EDTA-free protease inhibitor cocktail (Sigma-Aldrich), for 30 min at 

room temperature, and removal of cell debris by centrifugation.  

 
Human tumor cell lines: 1.5×105 (HCT116 p53-/-, HuH-7, NCI-H1299, HT-29) or 

2.25×105 (MDA-MB-468) cells/well were seeded in 6-well plates and allowed to adhere 

overnight. Cells were then treated with LEM2 (HCT116 p53-/- and MDA-MB-468) or 

SLMP53-2 (HuH-7), for 16, 24, or 48 h. Thereafter, cells were harvested and whole cell 

lysates were obtained by incubation with RIPA buffer with EDTA-free protease inhibitor 

cocktail (Sigma-Aldrich) for 1 h at 4 °C, followed by removal of cell debris by centrifugation.   

 

Protein extracts obtained from both yeast and human tumor cell lines were quantified 

using the Pierce™ BCA Protein Assay Kit (Thermo Scientific), according to manufacturer’s 

instructions. Protein samples were prepared using 40 µg protein extract and 5× sodium 

dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) Sample Loading Buffer 

(NZYTech). Protein samples were then separated by SDS-PAGE and transferred to a 

nitrocellulose membrane (GE Healthcare). Membranes were blocked with 5% milk, 

incubated with primary antibody (Table 2.3) overnight at 4 °C, followed by 2 h incubation 

with secondary antibody (Table 2.3) at room temperature. Signal detection was carried out 
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using the ECL Prime Amersham kit (GE Healthcare) and the ChemiDoc™ MP Imaging 

System (Bio-Rad). Pgk1p and GAPDH were used as loading controls for yeast and human 

tumor cells, respectively.  

 
Table 2.3 List of primary and secondary antibodies used in western blot. 

Antibody Dilution Supplier Reference 
Primary antibodies 
⍺-actinin (Mouse monoclonal) 1:6000 Santa Cruz Biotechnology sc-17829 

γH2AX (Rabbit polyclonal) 1:10000 Abcam ab2893 
BAX (6A7; Mouse monoclonal) 1:100 Thermo Scientific MA5-14003 
Bcl-2 (C-2; Mouse monoclonal) 1:200 Santa Cruz Biotechnology sc-7382 

eIF2⍺ (Rabbit polyclonal) 1:500 Abcam ab26197 

p-eIF2⍺ (Rabbit polyclonal) 1:500 Abcam ab32157 
GADD45A (Rabbit polyclonal) 1:500 Millipore ABE2696 
GAPDH (6C5; Mouse monoclonal) 1:10000 Santa Cruz Biotechnology  sc-32233 
Hsp40 (B-3; Mouse monoclonal) 1:200 Santa Cruz Biotechnology  sc-398766 
Hsp70 (Rabbit polyclonal) 1:1000 Sigma-Aldrich SAB2702387 
Hsp90 (F-8; Mouse monoclonal) 1:500 Santa Cruz Biotechnology  sc-13119 
Killer (Rabbit polyclonal) 1:500 Thermo Scientific PA5-19895 
MDM2 (SMP14; Mouse monoclonal) 1:100 Santa Cruz Biotechnology  sc-965 
PARP (C2-10; Mouse polyclonal) 1:2000 Santa Cruz Biotechnology  sc-53643 
Pgk1p (22C5D8; Mouse monoclonal) 1:10000 Invitrogen 459250 
PUMA (B-6; Mouse monoclonal) 1:100 Santa Cruz Biotechnology sc-377015 
p21 (C-19; Rabbit polyclonal) 1:100 Santa Cruz Biotechnology  sc-397 
p53 (DO-1; Mouse monoclonal) 1:5000 Santa Cruz Biotechnology  sc-126 
p63 (4A4; Mouse monoclonal) 1:200 Santa Cruz Biotechnology sc-8431 
TAp73 (E-4; Mouse monoclonal) 1:1000 Santa Cruz Biotechnology sc-17823 
Survivin (EP2880Y; Rabbit monoclonal) 1:15000 Abcam ab76424 
VEGF (Mouse monoclonal) 1:200 Thermo Scientific MA1-16629 

Secondary antibodies (HRP-conjugated)  
Anti-mouse  1:5000 Santa Cruz Biotechnology  sc-2005 
Anti-rabbit  1:5000 Santa Cruz Biotechnology sc-2006 

 

 

2.12. Immunofluorescence  

XBP1 staining: HuH-7 cells were seeded in 24-well plates at 1.5×105 cells/well 

density and allowed to adhere overnight, followed by 24 h treatment with 28 µM SLMP53-2 

or DMSO. After treatment, cells were fixed with 4% formaldehyde/PBS for 20 min at room 

temperature, blocked with BSA 5% and Triton 0.1% for 1 h at room temperature, incubated 

with anti-XBP1 antibody (Table 2.4) overnight at 4 °C, followed by incubation with an Alexa 

Fluor 488-conjugated secondary antibody (Table 2.4) for 1 h at room temperature, and 

staining with Hoechst (ThermoFisher Scientific; 1:10000). Images were visualized with a 
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Zeiss Axio Observer Z1 microscope (Carl Zaiss, Oberkochen, Germany) using Zeiss 

AxioVision v.4.8.1. Nuclear signal was quantified using CellProfiler™  software (Broad 

Institute, Cambridge, MA, USA). 

PAb240/PAb1620 staining: HuH-7 cells were seeded in chambered cell culture 

slides at 1×104 cells/well density and allowed to adhere overnight, followed by 36 h 

treatment with 42 µM SLMP53-2 or DMSO. After treatment, the cell monolayer was fixed 

with 4% formaldehyde/PBS for 30 min at room temperature, permeabilized with 0.1% Triton 

for 20 min at 4 °C and blocked with 5% BSA for 1 h at room temperature. Thereafter, cells 

were incubated with PAb240, PAb1620, or DO-1 anti-p53 antibodies (Table 2.4) overnight 

at 4 °C, followed by incubation with Alexa Fluor 488-conjugated secondary antibody (Table 
2.4) for 1 h at room temperature, and staining with DAPI. Cells were photographed (Nikon 

DS-5Mc camera; Nikon Eclipse E400 fluorescence microscope; Nikon ACT-2U software, 

Izasa). 

 
Table 2.4 List of primary and secondary antibodies used in immunofluorescence. 

Antibody Dilution Supplier Reference 
Primary antibodies 
p53 (DO-1; Mouse monoclonal) 1:500 Santa Cruz Biotechnology  sc-126 
p53 (PAb1620; Ab-5; Mouse monoclonal) 1:100 Millipore  OP33 
p53 (PAb240; Ab-3; Mouse monoclonal) 1:200 Millipore  OP29 
XBP1 (Mouse monoclonal) 1:250 Santa Cruz Biotechnology sc-8015 
Secondary antibody (Alexa Fluor 488-conjugated)  
Anti-mouse  1:1000 ThermoFisher Scientific A-11001 

 

 

2.13. Immunoprecipitation (IP) and co-immunoprecipitation (co-IP) 

2×106 HCT116 p53+/+, HCT116 p53-/-, MDA-MB-468, or HuH-7 cells were seeded in 

75 cm2 flasks and allowed to adhere overnight. HCT116 p53+/+ and HCT116 p53-/- cells 

were treated with 4 and 5 µM LEM2 for 24 h. MDA-MB-468 cells were treated with 1 and 2 

µM LEM2 for 24 h. HuH-7 cells were then treated with 14, 28, and 42 µM SLMP53-2, for 36 

h. In each case, DMSO was included as a control.  

For co-IP in yeast, transformed cells obtained in 2.3 were grown in induction 

selective medium in the presence of 10, 20, and 25 µM LEM2 for 48 h.   

The Pierce™ Magnetic IP/Co-IP Kit (Thermo Scientific) was used, according to 

manufacturer’s instructions. Basically, cells were harvested and lysed in IP Lysis/Wash 

Buffer. Protein extracts were quantified using the Pierce™ BCA Protein Assay Kit. For each 

IP/co-IP reaction, 1 mg samples of protein extract were incubated with 1 µg/mL antibody 



CHAPTER 2. MATERIALS AND METHODS 

64 

(antibodies used for IP/co-IP are listed in Table 2.5). Samples were then incubated with 

Pierce™ Protein A/G magnetic beads. After washing, beads were resuspended in Lane 

marker sample buffer with 50 mM DTT and boiled at 95 °C for 10 min, to elute bound 

proteins. Immunoprecipitated fractions (IP) and whole cell lysates (input) were then 

analyzed by western blot, as described in 2.11. 

 
Table 2.5 List of antibodies used for IP and co-IP experiments. 

Antibody Supplier Reference 
p53 (DO-1; Mouse monoclonal) Santa Cruz Biotechnology  sc-126 
p53 (PAb1620; Ab-5; Mouse monoclonal) Millipore  OP33 
p53 (PAb240; Ab-3; Mouse monoclonal) Millipore  OP29 
TAp73 (E-4; Mouse monoclonal) Santa Cruz Biotechnology sc-17823 

 

 

2.14. Chromatin immunoprecipitation (ChIP) 

1.5×106 HuH-7 cells were seeded in 150 mm dishes and allowed to adhere overnight, 

followed by 24 h treatment with 28 µM SLMP53-2 or DMSO. ChIP was performed based on 

the Myers lab protocol (Alessandrini et al., 2018). Briefly, after treatment, cross-linking was 

performed with 1% formaldehyde (Sigma-Aldrich) for 10 min at room temperature, followed 

by quenching with 0.125 M glycine. Cells were then harvested and lysed in SDS-containing 

lysis buffer. Lysates were processed using a Bioruptor for chromatin fragmentation. The 

size of sonicated fragments was confirmed by gel electrophoresis (150-500 bp). IP was 

performed using Dynabeads Protein G (Thermo Scientific) and 1 µg anti-p53 antibody (DO-

1) or mouse IgG (negative control), according to manufacturer’s instructions. The bead 

pellet was then incubated overnight at 65 °C to reverse cross-linking and recover 

immunoprecipitated DNA. Samples were incubated with RNaseA (37 °C, 30 min) and 

proteinase K (56 °C, 20 min). DNA was then purified using the QIAquick PCR Purification 

Kit (Qiagen), according to manufacturer’s instructions. p53 occupancy at the p21 promoter 

was measured by RT-qPCR (as described in 2.10) using specific primers (forward: 

GTGGCTCTGATTGGCTTTCTG; reverse: CTCCTACCATCCCCTTCCTC).  

 

 

2.15. Cellular thermal shift assay (CETSA) 

HCT116 p53+/+ and MDA-MB-468 cells were lysed by dounce homogenization in 25 

mM Tris pH 7.4 buffer, containing 10 mM MgCl2 and 2 mM DTT. Lysates were then treated 

with 0.5-25 µM LEM2 for 1 h at room temperature, heated at different temperatures for 3 
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min, cooled to room temperature for 3 min, and placed on ice. Insoluble (denatured) protein 

was separated by centrifugation. Soluble protein was analyzed by western blot, as 

described in 2.11. 

 

 

2.16. Comet assay 

1.5×105 HCT116 p53-/- cells were seeded in 6-well plates and allowed to adhere 

overnight. Cells were then treated with 1 and 2 µM LEM2 or 50 µM etoposide (ETOP, 

positive control) for 48 h. The OxiSelect Comet Assay kit (Cell Biolabs, Meditecno, 

Carcavelos, Portugal) was used according to manufacturer’s instructions. Images were 

acquired using a Nikon Eclipse E400 fluorescence microscope, Nikon DS-5Mc camera and 

Nikon ACT-2U software (Izasa). Tail DNA quantification was performed using Fiji Software 

(Open Comet/ImageJ).  

Cells with more than 5% of DNA in the tail were considered comet-positive. 100 cells 

were quantified in each sample. 

 

 

2.17. Cytokinesis-block micronucleus assay 

Fresh peripheral blood samples, collected from heathy volunteers into heparinized 

vacutainers, were suspended in RPMI-1640 with 10% FBS and seeded in 6-well plates. 

Cells were then exposed to 1 and 2 µM LEM2, or 100 µg/mL cyclophosphamide (CP; 

positive control; Sigma-Aldrich) for 44 h, followed by a 28 h incubation with 3 µg/mL 

cytochalasin B (for cytokinesis block; Sigma-Aldrich). Isolation of lymphocytes was carried 

out by density gradient separation using Histopaque-1077 and -1119 (Sigma-Aldrich), 

followed by fixation with 3:1 methanol/acetic acid, and staining with Wright stain (Sigma-

Aldrich). Samples were analyzed using a Nikon AlphaPhotoF2 YS2 light optical microscope. 

The number of micronuclei per 1000 binucleated lymphocytes was recorded. 

  

 

2.18. Recombinant protein expression and purification 

The stabilized [containing 4 stabilizing mutations M133L/V203A/N239Y/N268D 

(Nikolova et al., 1998)] DBD of mutp53-Y220C (T-p53C-Y220C) was expressed and purified 

as described (Bauer et al., 2016). Basically, Escherichia coli C41(DE3) (Lucigen) 

transformed with a pET24 plasmid encoding T-p53C-Y220C were grown in M9 minimal 

medium with 15NH4Cl (1 g/L) as sole nitrogen source, at 37 °C, until OD600 of 1.2. At this 
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point, protein expression was induced with 1 mM IPTG, and cultures were incubated for 

16 h at 25 °C. Cells were then harvested by centrifugation and flash-frozen in liquid nitrogen. 

Pellets were suspended in phosphate buffer with protease inhibitor cocktail, subjected to 

Dounce homogenization, and lysed in a French press. Cell lysates were cleared by 

centrifugation and filtered through 0.45 µm filter before proceeding with purification. Protein 

purification consisted of three sequential purification steps: (i) a nickel affinity 

chromatography (the protein was fused with a poly-histidine tag, which was then removed 

by TEV cleavage before proceeding to the next purification step); (ii) a heparin affinity 

chromatography; (iii) gel filtration. All purification steps were carried out using an Äkta 

Protein Purification System (GE Healthcare). Purified protein was analyzed by SDS-PAGE. 

 

 

2.19. Heteronuclear single-quantum coherence (HSQC)-NMR 
1H-15N HSQC spectra of 15N-labeled T-p53C-Y220C (70 μM) and different compound 

concentrations were recorded and analyzed as described (Bauer et al., 2016). Briefly, 

SLMP53-2 was diluted from a stock solution in DMSO-d6 to a final concentration of 5% (v/v) 

DMSO-d6 in buffer. SLMP53-2 was added to the protein solution immediately before NMR 

measurement. SLMP53-2 was tested at 127 and 500 µM. Spectra were recorded on a 

Bruker Avance-800 spectrometer using a 5 mm inverse cryogenic probe. Analysis of 

spectra was performed using Sparky 3.11430 and Bruker Topspin 2.0 software.  

 

 

2.20. In vivo antitumor and toxicity assays 

Animal experiments were conducted following the EU Directive 2010/63/EU and 

National Authorities. The study was approved by the local Animal Welfare Body (ORBEA-

5-2016). Female swiss nude mice and Wistar rats (Charles River Laboratories, Barcelona, 

Spain) were housed under pathogen-free conditions in ventilated cages.  

For toxicological analysis, female Wistar rats were treated with 50 mg/kg SLMP53-2 

or vehicle (DMSO) by intraperitoneal injection, twice a week. After five administrations, 

blood samples were collected for toxicological analysis. Each experimental group was 

composed of five animals.  

For xenograft antitumor analysis, 7.5×106 HuH-7 cells (in PBS/Matrigel 1:1; Corning, 

Enzifarma) were subcutaneously inoculated in the dorsal flank of nude mice (5 

animals/group). Tumors were routinely measured using a caliper for tumor volume 

calculation [(a × b2)/2; a and b represent the longest and shortest tumor axes, respectively]. 
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Twice-weekly intraperitoneal injections of 50 mg/kg SLMP53-2 or vehicle were started for 

tumors with approximately 100 mm3 (5 days after the grafts). Five administrations were 

performed with continuous monitoring of tumor volume, animal weight, and signs of 

morbidity. At the end of treatment, animals were sacrificed by cervical dislocation, organs 

(kidneys, liver, heart, and spleen) were weighed, and tumor samples were collected for 

immunohistochemical analysis.  

 

 

2.21. Immunohistochemical analysis 

For immunohistochemical analysis, xenograft tumor samples were fixed in 10% 

formalin, embedded in paraffin and sectioned at 4 µm. Sections were thereafter subjected 

to deparaffination and rehydration, and then boiled for 20 min in 10 mM citrate buffer (pH 

6.0; for BAX and Ki-67 detection) or 10 mM EDTA buffer (pH 8.0; for VEGF detection), for 

antigen retrieval. Sections were incubated with UltraVision Hydrogen Peroxide Block and 

UltraVision Protein Block solution, according to manufacturer’s instructions (Thermo 
Scientific, Taper, Sintra, Portugal), followed by incubation with primary antibodies (Table 
2.6), overnight at 4 °C. For staining, the UltraVision Quanto Detection System HRP DAB, 

(Thermo Scientific, Taper) was used according to the manufacturer’s instructions. Sections 

were then counterstained with Gill’s hematoxylin (Thermo Scientific, Taper), dehydrated, 

clarified, and mounted. Images were acquired using a Nikon Eclipse E400 microscope 

(400× magnification) with the Nikon DS-5Mc camera and Nikon ACT-2U software (Izasa). 

 

 
Table 2.6 List of primary antibodies used for immunohistochemistry. 

Antibody Dilution Supplier Reference 
BAX (6A7; Mouse monoclonal) 1:100 Thermo Scientific MA5-14003 
Ki-67 (SP6; Rabbit monoclonal) 1:500 Thermo Scientific MA5-14520 
VEGF (Mouse monoclonal) 1:200 Thermo Scientific MA1-16629 

 

 

2.22. Statistical analysis 

Data were statistically analyzed using the GraphPad Prism software v7.0 (La Jolla). 

Appropriate statistical tests were applied to each dataset (indicated in figure legends); 

p<0.05 was considered statistically significant. 
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Chapter 3. New inhibitor of the TAp73 interaction with 

MDM2 and mutant p53 with promising antitumor activity  

 

Parts of this chapter were based on the following publications: 

 

x Gomes, S.*, Raimundo, L. *, Soares, J. *, Loureiro, J. B., Leão, M., Ramos, H., 

Monteiro, M. N., Lemos, A., Moreira, J., Pinto, M., Chlapek, P., Veselka, R., Sousa, 

E., Saraiva, L. 2019, New inhibitor of the TAp73 interaction with MDM2 and mutant 

p53 with promising antitumor activity against neuroblastoma. Cancer Letters 446: 

90-102. doi: 10.1016/j.canlet.2019.01.014. 
*Authors contributed equally to this work. 
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In p53-impaired tumors, TAp73 activation may compensate for the lack of a functional 

p53 pathway, suppressing tumor proliferation and increasing chemotherapeutic efficiency 

(Wu and Leng, 2015). In these tumors, disruption of the TAp73 interaction with mutp53 and 

MDM2 represents an encouraging therapeutic strategy, alternative to p53 activation.  

Herein, we report the identification of 1-carbaldehyde-3,4-dimethoxyxanthone (LEM2, 
Figure 3.1), a new activator of TAp73 with promising antitumor activity. 

 

 

 

 
Figure 3.1 Chemical structure of LEM2. 

 

 

 

3.1. Results 

 LEM2 is a non-genotoxic drug with p53-independent growth inhibitory activity in 

human tumor cells 

The antitumor activity of LEM2 (Figure 3.1) was evaluated in human wtp53-

expressing HCT116 p53+/+ and respective p53-null isogenic derivative HCT116 p53-/- cells, 

by SRB assay (Figure 3.2A). The results showed that LEM2 had potent p53-independent 

tumor growth inhibitory effect, with similar IC50 values in p53+/+ (0.98 ± 0.12 µM) and p53-/- 

(0.68 ± 0.08 µM) HCT116 cells. In HCT116 p53-/- cells, further analysis revealed that 2 µM 

LEM2 induced G2/M-phase cell cycle arrest (Figure 3.2B) and apoptosis (demonstrated by 

the increase in Annexin V-positive cells (Figure 3.2C) and PARP cleavage (Figure 3.2D). 

Consistently, in a 3D-model of HCT116 p53-/- cells, 0.5-2 µM LEM2 also markedly inhibited 

spheroid growth (Figure 3.2E) and prevented their formation, when added upon seeding 

(Figure 3.2F). 

We next interrogated whether the antiproliferative effect of LEM2 was associated with 

induction of DNA damage. However, compared to solvent, and unlike the positive controls, 

1 and 2 µM LEM2 did not increase the number of micronuclei in human lymphocytes (Figure 
3.2G), nor the percentage of comet-positive HCT116 p53-/- cells (Figure 3.2H, I). 
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Figure 3.2 LEM2 is non-genotoxic and displays p53- and p63-independent growth inhibitory 
activity in human tumor cells. (A) Dose-response curves for the growth inhibitory activity of 0.39-
6.25 µM LEM2 in p53+/+ and p53-/- HCT116 cells, determined by SRB assay, after 48 h treatment. 
Data are mean±SEM (n=4). (B) Effect of 2 µM LEM2 on cell cycle progression of HCT116 p53-/- cells 
after 24 h treatment. Data are mean±SEM (n=3); values significantly different from DMSO: **p<0.01, 
***p<0.001 (two-way ANOVA with Dunnett’s multiple comparison test). (C) Effect of 2 µM LEM2 on 
apoptosis of HCT116 p53-/- cells after 48 h treatment. Data are mean±SEM (n=4); values significantly 
different from DMSO: ***p<0.001 (one-way ANOVA with Dunnett’s multiple comparison test). (D) 
Levels of cleaved PARP in HCT116 p53-/- cells after 48 h treatment with 1 µM LEM2 or solvent, 
visualized by western blot. Immunoblots represent one of three independent experiments; GAPDH 
was used as a loading control. (E) Brightfield imaging of 3-day-old HCT116 p53-/- spheroids, treated 
with LEM2 or solvent for 48 and 72 h. (F) Brightfield imaging of HCT116 p53-/- spheroids formed after 
7 days. Spheroids were seeded in the presence of LEM2 or solvent. In E and F, images are 
representative of 3 independent experiments; scale bar=100 μm; magnification=100×. (G) Analysis 
of the genotoxicity in human lymphocytes measured by cytokinesis-block micronucleus assay, 
following 72 h treatment with 5 µg/mL cyclophosphamide (CP; positive control), or LEM2 (n=3); 
values significantly different from DMSO: ***p<0.001 (one-way ANOVA with Dunnett’s multiple 
comparison test). (H, I) DNA damage was measured in HCT116 p53-/-cells by comet assay after 48 
h treatment with 50 µM etoposide (ETOP; positive control) or LEM2. In H, quantification of comet-
positive cells (containing more than 5% of DNA in the tail); one hundred cells were analyzed in each 
group (n=3); values significantly different from DMSO: ***p<0.001 (one-way ANOVA with Dunnett’s 
multiple comparison test). In I, representative images of the comet assay (scale bar=50 μm; 
magnification=100×). 
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 LEM2 has TAp73-dependent growth inhibitory activity in human tumor cells, 

activating TAp73 through disruption of its interaction with MDM2 

A western blot analysis revealed that LEM2-induced growth inhibition in HCT116 

p53-/- cells was associated with regulation of several p53-family transcriptional targets. In 

fact, 1 µM LEM2 increased the protein levels of TAp73α, MDM2, p21, Killer, and BAX, while 

reducing Bcl-2 and vascular endothelial growth factor (VEGF) protein levels (Figure 3.3A). 

Accordingly, 2 µM LEM2 increased the mRNA levels of CDKN1A, BAX, TNFRSF10B, and 

MDM2 (Figure 3.3B). Since HCT116 p53-/- cells do not express p53 nor p63 (Vilgelm et al., 

2010), we hypothesized that LEM2 growth inhibitory activity in these cells might relate to 

interference with p73. To test such hypothesis, TAp73α-silenced HCT116 p53-/- cells were 

obtained using siRNA (Figure 3.3C). By colony formation assay, we observed that p73-

silenced cells were less susceptible to the inhibitory effect of LEM2 than cells transfected 

with control siRNA (Figure 3.3D). These results supported a p73-dependent growth 

inhibitory activity of LEM2 in HCT116 p53-/- cells. 
 

 

 
 

Figure 3.3 LEM2 has TAp73-dependent growth inhibitory activity and activates TAp73 
transcriptional activity in human tumor cells. (A) Protein levels of TAp73 transcriptional targets 
in HCT116 p53-/- cells, after 16 h (p21 and BAX) 24 h (MDM2, Killer, Bcl-2, VEGF) or 48 h (TAp73α) 
treatment with 1 µM LEM2 or solvent, visualized by western blot. (B) mRNA levels of TAp73 
transcriptional targets measured by RT-qPCR in HCT116 p53-/- cells after 24 h treatment with 2 µM 
LEM2 or solvent. Fold of induction is relative to solvent. Data are mean±SEM (n=3); values 
significantly different from solvent: *p<0.05, ***p<0.001 (two-way ANOVA with Dunnett’s multiple 
comparison test). (C) The immunoblot shows TAp73α protein levels in HCT116 p53-/- cells 
transfected with sip73 or siCTRL; immunoblot represents one of three independent experiments. 
GAPDH was used as loading control. (D) Effect of LEM2 on the colony formation of HCT116 p53-/- 
cells transfected with siRNA targeting p73 (sip73) or control siRNA (siCTRL). Cells were treated with 
LEM2 or solvent for 24 h, and colonies were allowed to grow for 10 days. Data are mean±SEM (n=3); 
values significantly different from siCTRL: *p<0.05, **p<0.01 (two-way ANOVA with Sidak’s multiple 
comparison test).  
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Since MDM2 is a well-known inhibitor of TAp73, we investigated the potential mode 

of action of LEM2 by testing its impact on the TAp73α-MDM2 interaction. For this, we first 

used a previously developed yeast assay (Leão et al., 2015a). In this assay, TAp73α-MDM2 

interaction inhibitor would restore the TAp73α-induced yeast growth inhibition previously 

abolished by MDM2. Consistently, LEM2 caused dose-dependent growth inhibition in yeast 

cells co-expressing TAp73α and MDM2, while not interfering with the growth of control yeast 

(empty-vectors) and yeast expressing TAp73α or MDM2 alone (Figure 3.4A). To confirm 

these results, co-immunoprecipitation was performed. As expected, 4 and 5 µM LEM2 

markedly reduced the amount of MDM2 precipitated with TAp73α (Figure 3.4B), while not 

affecting the amount of MDM2 precipitated with p53 in HCT116 p53+/+ cells (Figure 3.4C). 

These results corroborated the ability of LEM2 to disrupt the TAp73α-MDM2 interaction, 

having a p53-independent growth inhibitory effect in tumor cells. Additionally, it was verified 

by CETSA that 5-25 µM LEM2 induced thermal stabilization of TAp73α at 56 ºC in HCT116 

p53-/- cells (Figure 3.4D). Conversely, LEM2 did not increase the melting temperature of 

MDM2, even at the concentration that caused maximum TAp73α thermal stabilization (25 

µM) (Figure 3.4E). These data support a potential interaction of LEM2 with TAp73α and 

not with MDM2. 
 

 

 
 

Figure 3.4 LEM2 induces disruption of TAp73 interaction with MDM2 and TAp73 thermal 
stabilization. (A) Effect of LEM2 on the growth of control yeast (empty vectors), yeast expressing 
TAp73α alone, and yeast co-expressing TAp73α and MDM2, after 40 h treatment. Results were 
plotted setting the growth of untreated control yeast as 100%; data are mean±SEM (n=4); values 
significantly different from DMSO: **p<0.01, ***p<0.001 (two-way ANOVA with Dunnett’s multiple 
comparison test). (B) Co-immunoprecipitation in HCT116 p53-/- cells treated with 4 and 5 µM LEM2 
or solvent for 24 h, using anti-immunoglobulin G (IgG) or anti-TAp73α (IP:p73) antibodies followed 
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by immunoblotting with anti-MDM2. (C) Co-immunoprecipitation in HCT116 p53+/+ cells treated with 
4 and 5 µM LEM2 or solvent for 24 h, using anti-immunoglobulin G (IgG) or anti-p53 (IP:p53) 
antibodies followed by immunoblotting with anti-MDM2. (D,E) CETSA in HCT116 p53-/- cell lysates 
treated with LEM2 or solvent; soluble protein was analyzed by western blot. In D, lysate samples 
were treated with 0.5-25 µM LEM2 and heated at 56 °C. In E, lysate samples were treated with 25 
µM LEM2 (+) or solvent (-) and heated at increasing temperatures. In B-E, immunoblots represent 
one of three independent experiments; GAPDH was used as a loading control. 

 

 

 LEM2 has TAp73-dependent growth inhibitory activity in mutp53-expressing human 

tumor cells, activating TAp73 through disruption of its interaction with mutp53 

The effect of LEM2 on the growth of human tumor cells expressing distinct mutp53 

forms was also investigated by SRB assay (Figure 3.5A). The IC50 values (around 1-3 µM) 

revealed a potent antiproliferative effect of LEM2 against SK-BR-3 (mutp53-R175H), MDA-

MB-231 (mutp53-R280K), MDA-MB-468 (mutp53-R273H), SW-837 (mutp53-R248W), and 

HuH-7 (mutp53-Y220C) cells. The only exception were HT-29 cells (mutp53-R273H), in 

which the IC50 of LEM2 (20 µM) was much higher than those in the remaining mutp53-

expressing tumor cells, particularly in MDA-MB-468 cells (1.5 µM), which express the same 

mutp53 (Figure 3.5A). Interestingly, in HT-29 cells, TAp73α protein levels are much lower 

than in MDA-MB-468 cells (Figure 3.5B). This raised the hypothesis that, in mutp53-

expressing tumor cells, LEM2 antiproliferative activity might also be mediated by TAp73 

activation. In fact, the ectopic expression of TAp73α in HT-29 cells (Figure 3.5C) 

significantly enhanced LEM2 antiproliferative activity (Figure 3.5D).  
 

 

 

 
 

Figure 3.5 LEM2 has TAp73-dependent growth inhibitory activity in human mutp53-
expressing tumor cells. (A) IC50 values of LEM2 in human tumor cells expressing different mutp53 
forms, determined by SRB assay, after 48 h treatment with 0.39-25.0 µM LEM2. Data are mean±SEM 
(n=4). (B) Protein levels of TAp73α in MDA-MB-468 and HT-29 cells, visualized by western blot. (C) 
Protein levels of TAp73α in HT-29 cells transfected with the pCI-neo plasmid encoding TAp73α or 
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with the empty-vector, visualized by western blot. In B and C, immunoblots represent one of three 
independent experiments; GAPDH was used as a loading control. (D) Dose-response curves for the 
growth inhibitory activity of LEM2 in human HT-29 transfected with the pCI-neo plasmid encoding 
TAp73α or with the empty vector, determined by SRB assay, after 48 h treatment with 0.39-25.0 µM 
LEM2. Data are mean±SEM (n=4); p<0.001, extra sum-of-squares F test. 

 
 
 

Consistently, in MDA-MB-468 cells, the pronounced LEM2 growth inhibitory activity 

observed by SRB (Figure 3.5A) and colony formation (Figure 3.6A) assay, was associated 

with pronounced G2/M-phase cell cycle arrest (Figure 3.6B) and apoptosis (Figure 3.6C), 

and regulation of several TAp73 transcriptional targets. In fact, in these cells, 1.5 µM LEM2 

increased TAp73α, p21, Killer, and PUMA protein levels, while decreasing Bcl-2 and VEGF 

(Figure 3.6D). Likewise, LEM2 increased mRNA levels of CDKN1A, BAX, and TNFRSF10B 
in MDA-MB-468 cells (Figure 3.6E). In MDA-MB-468 cells, the involvement of TAp73α in 

LEM2 growth inhibitory activity was further supported by CETSA. In this assay, 1-25 µM 

LEM2 induced TAp73α thermal stabilization at 52 ºC (Figure 3.6F), while no increase in the 

mutp53 melting temperature was observed even at the concentration that caused maximum 

TAp73α thermal stabilization (25 µM) (Figure 3.6G). Collectively, these results supported 

the involvement of TAp73 in LEM2 growth inhibitory activity in mutp53-expressing tumor 

cells. 

 

 
 

Figure 3.6 LEM2 activates TAp73 transcriptional activity and induces its thermal stabilization 
in human mutp53-expressing tumor cells. (A) Effect of LEM2 on the colony formation of MDA-MB-
468 cells. Cells were treated with LEM2 or solvent for 24 h, and colonies were allowed to grow for 
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10 days. Data are mean±SEM (n=3). (B) Effect of 1.5 µM LEM2 on cell cycle progression of MDA-
MB-468 cells after 24 h treatment. Data are mean±SEM (n=3); values significantly different from 
DMSO: **p<0.01, ***p<0.001 (two-way ANOVA with Dunnett’s multiple comparison test). (C) Effect 
of 1.5 µM LEM2 on apoptosis of MDA-MB-468 cells after 48 h treatment. Data are mean±SEM (n=4); 
values significantly different from DMSO: **p<0.01, ***p<0.001 (one-way ANOVA with Dunnett’s 
multiple comparison test). (D) Protein levels of TAp73 transcriptional targets in MDA-MB-468 cells, 
after 16 h (PUMA and TAp73α), 24 h (VEGF), or 48 h (p21, Killer, Bcl-2) treatment with 1.5 µM LEM2 
or solvent, visualized by western blot. Immunoblots represent one of three independent experiments; 
GAPDH was used as a loading control. (E) mRNA levels of TAp73 transcriptional targets measured 
by RT-qPCR in MDA-MB-468 cells after 24 h (MDM2) or 48 h (BAX and TNFRSF10B) treatment with 
2 µM LEM2 or solvent. Fold of induction is relative to solvent. Data are mean±SEM (n=3); values 
significantly different from solvent: *p<0.05 (two-way ANOVA with Dunnett’s multiple comparison 
test). (F,G) CETSA in MDA-MB-468 cell lysates treated with LEM2 (+) or solvent (-); soluble protein 
was analyzed by western blot. In F, lysate samples were treated with 0.5-25 µM LEM2 and heated 
at 52 °C. In G, lysate samples were treated with 25 µM LEM2 and heated at increasing temperatures. 

 

 

Since mutp53 interacts with and inhibits TAp73, we interrogated whether LEM2 would 

also disrupt the TAp73-mutp53 interaction. To answer this question, we developed a new 

yeast assay, consisting of yeast cells expressing human TAp73α and/or mutp53-R273H, 

and control yeast (empty-vectors) (Figure 3.7A). In this assay, TAp73α expression induced 

marked yeast growth inhibition, which was reverted by co-expression with mutp53 (Figure 
3.7B). As such, a reestablishment of TAp73α-induced yeast growth inhibition would reflect 

the disruption of its interaction with mutp53. This was obtained with 20 and 25 µM LEM2 in 

yeast cells co-expressing TAp73α and mutp53-R273H, while no effect was observed in 

control yeast or yeast expressing TAp73α or mutp53 alone (Figure 3.7C). To confirm that 

the reestablishment of TAp73α-induced yeast growth inhibition by LEM2 was due to 

disruption of the TAp73α-mutp53 interaction, co-immunoprecipitation was performed. In this 

assay, 10-25 µM LEM2 visibly decreased the amount of TAp73α precipitated with mutp53 

in yeast (Figure 3.7D). Consistently, in MDA-MB-468 cells, 1 and 2µM LEM2 also visibly 

decreased the amount of TAp73α precipitated with mutp53, further supporting the ability of 

LEM2 to disrupt the TAp73α-mutp53 interaction in human tumor cells (Figure 3.7E). 
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Figure 3.7 LEM2 disrupts the TAp73 interaction with mutp53 in yeast and human mutp53-
expressing tumor cells. (A) Expression of TAp73α alone and combined with mutp53 in yeast was 
confirmed by western blot. (B) Yeast cells individually expressing TAp73α or mutp53-R273H, co-
expressing TAp73α and mutp53-R273H, and control yeast (empty vectors) were grown for up to 64 
h. Growth curves were obtained by CFU counts; data are mean±SEM (n=5); p<0.001 (two-way 
ANOVA). (C) Effect of LEM2 on yeast cells individually expressing TAp73α or mutp53-R273H, co-
expressing TAp73α and mutp53-R273H, and control yeast. Yeast cells were treated with LEM2 or 
solvent for 44 h. Results are plotted setting the growth of untreated yeast as 100%. Data are 
mean±SEM (n=4); values significantly different from DMSO: **p<0.01 (two-way ANOVA with 
Dunnett’s multiple comparison test). (D) Co-immunoprecipitation in yeast cells co-expressing 
TAp73α and mutp53-R273H treated with LEM2 or solvent for 44 h, using anti-immunoglobulin G 
(IgG) or anti-p53 (IP:p53) antibodies, followed by immunoblotting with anti-TAp73α and anti-p53 
antibodies. (E) Co-immunoprecipitation in MDA-MB-468 cells treated with LEM2 or solvent for 24 h, 
using anti-immunoglobulin G (IgG) or anti-p53 (IP:p53) antibodies, followed by immunoblotting with 
anti-TAp73α and anti-p53 antibodies. In A, D and E, immunoblots represent one of three independent 
experiments; Pgk1p (A,D) or GAPDH (E) were used as loading controls.  

 

 

 Putative metabolites of LEM2 display markedly reduced activity 

Cellular metabolism of aldehydes is a process largely dependent on the aldehyde and 

on the cellular content of aldehyde-metabolizing enzymes. Reduction and oxidation are the 

major metabolic routes for aromatic aldehydes (O'Brien et al., 2005). It could be 

hypothesized that the alcohol and/or carboxylic acid derivatives of LEM2 might be the active 

species responsible for TAp73 activation, instead of LEM2 itself. To test this hypothesis, 

the biological activity of the alcohol 1-(hydroxymethyl)-3,4-dimethoxy-9H-xanthen-9-one 

(LEMred) and carboxylic acid 3,4-dimethoxy-9-oxo-9H-xanthene-1-carboxylic acid (LEMox) 

putative LEM2 metabolites (Figure 3.8A) was evaluated. In yeast, none of the two 

compounds was able to inhibit the TAp73-MDM2 interaction (Figure 3.8B). Concerning the 
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TAp73-mutp53 interaction, although a significant inhibitory effect was observed with 

LEMred, its activity was much lower than that obtained with LEM2 (Figure 3.8C). Most 

importantly, both compounds displayed weak antitumor activity, with much higher IC50 

values (superior to 25 µM, maximal concentration tested) than LEM2 in both HCT116 p53-/- 

and MDA-MB-468 tumor cells (Figure 3.8D). These results support that the biological 

activity obtained with LEM2 treatment can be attributed to the molecule itself and not to its 

alcohol and carboxylic acid derivatives. 

 
 

 

 
 

Figure 3.8 LEM2ox and LEM2red show markedly reduced growth inhibitory effect compared 
to LEM2. (A) Chemical structures of LEM2ox and LEM2red. (B, C) Effect of LEMox and LEMred on 
the growth of yeast co-expressing TAp73α and MDM2 (B) or TAp73α and mutp53 R273H (C), after 
40 h (B) or 44 h (C) treatment. Results were plotted setting the growth of untreated control yeast as 
100%; data are mean±SEM (n=4); values significantly different from DMSO: *p<0.05 (two-way 
ANOVA with Dunnett’s multiple comparison test). LEMox and LEMred had no effect on the growth 
of control yeast (transformed with the empty vectors) or yeast expressing TAp73⍺, MDM2, or mutp53 
R273H alone (data not shown). (D) Dose-response curves for the growth inhibitory activity of 1.56-
25 µM LEMox and LEMred in HCT116 p53-/- and MDA-MB-468 cells, determined by SRB assay, 
after 48 h treatment. Data are mean±SEM (n=4). 
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3.2.Discussion 

TAp73 is a key tumor suppressor protein, particularly in p53-disrupted tumor cells. 

Besides its ability to transactivate p53 target genes, regulating cellular processes as cell 

cycle and apoptosis, additional tumor suppressor properties have been attributed to TAp73, 

which are not shared by p53 (Di Como et al., 1999). This has strengthened the concept of 

functional replacement of impaired p53 by TAp73 in anticancer therapy (Wu and Leng, 

2015). 

Xanthones are a relevant class of O-heterocycles in Medicinal Chemistry, with several 

representatives in clinical research (Gomes et al., 2016). Herein, we report the xanthonic 

derivative LEM2, as a new TAp73 activator with potent antitumor activity. In p53-null and 

mutp53-expressing tumor cells, LEM2 displayed pronounced TAp73-dependent 

antiproliferative effect through cell cycle arrest and apoptosis. Moreover, it inhibited the 

growth of tumor cell spheroids, with no genotoxicity. Interestingly, in these cells, LEM2 

downregulated the angiogenesis-inducing factor VEGF, suggesting a potential 

antiangiogenic activity. 

In an attempt to further understand its mechanism of TAp73 activation, LEM2 was 

shown to disrupt the TAp73 interaction with MDM2 and mutp53, both in yeast and in human 

tumor cells. The peculiar ability of LEM2 to inhibit both the TAp73-MDM2 and TAp73-

mutp53 interactions may be explained by its possible interference with TAp73, as evidenced 

by LEM2-induced TAp73 thermal stabilization. This dual LEM2 activity allows to predict 

promising therapeutic applications in a wide variety of cancer types. Additionally, since 

normal cells typically express low TAp73 levels, its activation by release of inhibitory 

interactions has been proposed as a selective anticancer therapeutic strategy, with minimal 

toxicity on normal cells (Maas et al., 2013). 

In conclusion, despite the relevance of TAp73 in anticancer therapy, effective TAp73-

activating agents are still mostly unavailable. In this work, we report the TAp73-activating 

agent LEM2 capable of inhibiting the TAp73 interaction with both MDM2 and mutp53. 
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Chapter 4. SLMP53-2 restores wild-type-like function to 

mutant p53 through Hsp70: promising activity in 

hepatocellular carcinoma 
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M. I., Gomes, C., Reis, F., Fersht, A. R., Inga, A., Santos, M. M. M., Saraiva, L. 

(Work submitted for publication) 
 

x Saraiva L., Santos, M. M. M., Pereira, N. A. L., Pereira, C., Gomes, S., Leão, M., 

Monteiro, A., Soares, J. Tryptophanol-derived oxazoloisoindolinones: small-

molecule p53 activators. European patent nº EP3013833; US patent nº 
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In this chapter, a tryptophanol-derived oxazoloisoindolinone, SLMP53-2, is identified 

as a new mutp53 reactivator with encouraging anticancer activity, particularly against 

hepatocellular carcinoma (HCC). 

 

4.1. Results 

 SLMP53-2 displays mutp53-dependent growth inhibitory effect in human tumor cells, 

leading to cell cycle arrest, apoptosis, and ER stress 

In our previous work, the tryptophanol-derived oxazoloisoindolinone SLMP53-1 was 

identified as a reactivator of mutp53-R280K with in vivo p53-dependent anti-tumor activity 

(Soares et al., 2016). In order to search for new mutp53 reactivators, a small library of 

SLMP53-1 derivatives was synthesized. The activity of the compounds as potential mutp53 

reactivators was investigated by analysis of their anti-proliferative effect on p53-null NCI-

H1299 tumor cells ectopically expressing four of the most prevalent mutp53. By SRB assay, 

the compound SLMP53-2 (Figure 4.1A) was selected based on its marked reduction of the 

IC50 values in NCI-H1299 cells expressing mutp53-R175H, -Y220C, or -G245S, compared 

to cells transfected with the empty vector (Figure 4.1B). 

 

 

 
 

Figure 4.1 Growth inhibitory effect of SLMP53-2 in human tumour cells is dependent on 
structural mutp53. (A) Chemical structure of SLMP53-2. (B) IC50 values of SLMP53-2, in p53-
null H1299 cells transfected with pcDNA3 expressing different mutp53 or empty vector, were 
determined by SRB assay after 48 h treatment with 3.12-50 µM SLMP53-2; data are mean±SEM 
(n=5); values significantly different from pcDNA3-Empty: *p<0.05, one-way ANOVA with 
Dunnett’s multiple comparison test. Mutp53 expression was confirmed by western blot; GAPDH 
was used as loading control. Immunoblots represent one of three independent experiments. 
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For in-depth analysis of the molecular mechanism of SLMP53-2, we focused on 

mutp53-Y220C, known to have a druggable hydrophobic pocket (Boeckler et al., 2008). 

First, the growth inhibitory effect of SLMP53-2 against HuH-7 and HCC1419 cells 

endogenously expressing mutp53-Y220C was evaluated by SRB assay. As expected, 

SLMP53-2 inhibited the growth of both tumor cells with similar IC50 values (Figure 4.2A), 

and higher potency than APR-246 (Figure 4.2B). Notably, the growth inhibitory activity of 

SLMP53-2 against non-tumoral HFF-1 cells (IC50 of 50 µM) was significantly lower 

compared to tumor cells (Figure 4.2A). In HuH-7 cells, SLMP53-2 displayed a 

concentration-dependent growth inhibitory effect on colony formation (Figure 4.2C). We 

next assessed whether the growth inhibitory effect of SLMP53-2 in HuH-7 cells was 

associated with DNA damage. However, unlike the positive control (50 µM etoposide, PC), 

no induction of H2AX phosphorylation (γH2AX) was detected after 14, 28, or 42 µM 

SLMP53-2 treatments (Figure 4.2D).  

 

 

 
 

Figure 4.2 SLMP53-2 inhibits the growth of mutp53-Y220C-expressing tumor cells with no 
genotoxicity. (A) Concentration-response curves for SLMP53-2 in human non-tumoral HFF-1 and 
tumor mutp53-Y220C-expressing HuH-7 and HCC1419 cells, analyzed by SRB assay after 48 h 
treatment with 3.12-50 µM SLMP53-2. Data are mean±SEM (n=5); p<0.05, extra sum-of-squares F 
test. (B) IC50 values of SLMP53-2 and APR-246 in HuH-7 and HCC1419 cells were determined by 
SRB assay after 48 h treatment with 3.12-50 µM SLMP53-2 or APR-246. Data are mean±SEM (n=5); 
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*p<0.05, two-way ANOVA with Sidak’s multiple comparison test. (C) Effect of SLMP53-2 in HuH-7 
cell colony formation, analyzed after 14 days incubation with SLMP53-2. Data are mean±SEM (n=5); 
values significantly different from DMSO: *p<0.05, one-way ANOVA with Dunnett’s multiple 
comparison test. (D) Levels of γH2AX in HuH-7 cells treated with SLMP53-2; 50 µM etoposide was 
used as a positive control (PC). Immunoblots represent one of three independent experiments; 
GAPDH was used as a loading control. 

 

A microarray analysis (GEO: GSE124021) indicated that 28 and 42 µM SLMP53-2 

led to the differential expression of more than 700 genes (adjusted p value <0.05, log2 fold 

change >0.6 and <-0.6) in HuH-7 cells (Figure 4.3A, B; Figure C.2). Pathway and upstream 

regulator analyses (Ingenuity Pathway, Metascape and Enrichr) identified signatures 

consistent with downregulation of cell cycle progression, upregulation of lipid metabolism 

and cell death, and ER stress induction (Figure 4.3C-E; Figure C.1; Figure C.2). In 

SLMP53-2-treated HuH-7 cells, NUPR1, TP53 and ATF4 were among the top scoring 

upstream regulators inferred from the gene expression dataset. NUPR1 is an ATF4 target 

and can contribute to ER stress responses, cell proliferation and apoptosis (Niessner et al., 

2017).  

 

 
 

Figure 4.3 SLMP53-2 induces differential expression of genes involved in cell cycle and death, 
lipid metabolism, and ER stress. (A, B) Venn Diagram presenting the number of DEGs (adj p value 
<0.05) for 28 or 42 µM SLMP53-2 and the overlap. For upregulated (A) and downregulated (B) genes 
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there is a dose dependency on the number of DEGs with a large common core of genes. Besides 
the p value cut-off, a log2 fold change greater or equal to 0.6 or less than -0.6 was used. Number in 
parenthesis are relative to a more stringent cut-off (log2 fold change cut off >1 or <-1). (C) Top 
enriched biological pathways grouped by broad categories based on IPA starting from the dataset of 
DEGs from HuH-7 cells treated with 28 µM SLMP53-2. The number of features for each functional 
annotation is given in parenthesis. The score combines the log10 p-value and predicted pathway 
activation or repression status of the corresponding pathway/process, respectively for positive and 
negative score. The different colours correspond to the different functional annotation categories. (D) 
Top scoring upstream regulators inferred from the same gene expression dataset. The score is the 
log10 p-value of the predicted activation status. (E) Gene expression changes of NUPR1 (blue) and 
ATF4 (yellow) target genes in SLMP53-2-treated HuH-7 cells.     

 

 

 

Gene expression changes showed that most ATF4 target genes were upregulated, 

while the majority of NUPR1 targets were downregulated (Figure 4.3E). This was expected 

as several NUPR1 targets are involved in cell cycle and proliferation. Interestingly, 

downregulated genes were enriched for targets of miR-34a, a well-established p53-

inducible microRNA (Raver-Shapira et al., 2007), (Figure C.2). Gene expression changes 

identified by microarray analysis were confirmed by qPCR for selected genes (Figure C.2). 

The gene expression signature had similarities with molecules inducing apoptosis, 

autophagy or inhibiting the proteasome, based on Connectivity Map (Figure C.3). In 

addition, cytotoxic chemotherapeutics are not present in the top scoring molecules, 

consistent with the results showing SLMP53-2 is not activating an overt DNA damage 

response (Figure 4.2D).  
In accordance with microarray data, 14 and 28 µM SLMP53-2 induced G0/G1-phase 

cell cycle arrest (Figure 4.4A) and apoptosis (Figure 4.4B), in HuH-7 cells. Moreover, 

consistently with the induction of an ER stress response, 28 µM SLMP53-2 increased the 

levels of XBP1 nuclear protein (Figure 4.4C, D), spliced XBP1 (sXBP1) mRNA (Figure 
4.4E), and phosphorylated eIF2α  (Figure 4.4F).  
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Figure 4.4 Growth inhibitory effect of SLMP53-2 in HCC cells is associated with cell cycle 
arrest, apoptosis, and ER stress. (A) Effect of SLMP53-2 on cell cycle progression of HuH-7 cells 
after 48 h treatment. Data are mean±SEM (n=5); values significantly different from DMSO: *p<0.05, 
two-way ANOVA with Dunnett’s multiple comparison test. (B) Effect of SLMP53-2 on apoptosis of 
HuH-7 cells, after 72 h treatment. Data are mean±SEM (n=5); values significantly different from 
DMSO: *p<0.05, one-way ANOVA with Dunnett’s multiple comparison test. (C) Quantification of 
nuclear fluorescence intensity of XBP1 in HuH-7 cells after 24 h treatment with 28µM SLMP53-2. 
Data are mean±SEM (n=3); values significantly different from DMSO: *p<0.05, unpaired Student’s t-
test. (D) Representative images of XBP1 immunofluorescence in HuH-7 cells treated with 28 µM 
SLMP53-2 or DMSO for 24 h (scale bar = 10 µm). (E) mRNA levels of spliced (sXBP1), unspliced 
(uXBP1), and total (tXBP1) XBP1 in HuH-7 cells after 24 h treatment with 28 µM SLMP53-2, 
determined by RT-qPCR; fold of induction is relative to DMSO. Data are mean±SEM (n=3); values 
significantly different from DMSO: *p<0.05, two-way ANOVA with Dunnett’s multiple comparison test. 
(F) Protein levels of phosphorylated and total eIF2α in HuH-7 cells, after 24 h treatment with 28 µM 
SLMP53-2. Immunoblots represent one of three independent experiments; α-actinin was used as a 
loading control. 

 

 SLMP53-2 restores wt-like conformation and transcriptional activity to mutp53-Y220C 

in HCC cells 

We next evaluated the effect of SLMP53-2 on the expression levels of several p53 

target genes. By western blot, it was observed that 14 µM SLMP53-2 increased the protein 

levels of MDM2, p21, GADD45, BAX, and KILLER, while downregulating survivin and 

VEGF, an effect abolished in HuH-7 p53KO cells (Figure 4.5A). The regulation of p53 target 

genes by 14 and 28 µM SLMP53-2 in HuH-7 cells was further confirmed at mRNA level with 



CHAPTER 4. SLMP53-2 RESTORES WILD-TYPE-LIKE FUNCTION TO MUTANT P53 THROUGH HSP70: PROMISING 
ACTIVITY IN HEPATOCELLULAR CARCINOMA 

88 

the upregulation of BAX, GADD45, CDKN1A (p21), and TNFRSF10B (KILLER), and the 

downregulation of BIRC5 (survivin) (Figure 4.5B). Consistently with the microarray 

analysis, 28 µM SLMP53-2 also upregulated miR-34a in HuH-7, but not in HuH-7-p53KO 

cells (Figure 4.5C). Moreover, 28 µM SLMP53-2 significantly enhanced the expression of 

p53 target genes involved in the ER stress response, namely CHOP and DDIT4, and of 

TRB3 (a CHOP target gene (Ohoka et al., 2005; Liu et al., 2007; Riley et al., 2008)) in HuH-

7, but not in HuH-7-p53KO cells (Figure 4.5D). The reestablishment of mutp53-Y220C 

transcriptional activity was further supported by ChIP. In fact, 28 µM SLMP53-2 significantly 

increased mutp53-Y220C occupancy at the p21 promoter (Figure 4.5E), reflecting the 

restoration of p53 DNA-binding ability.   
 

 

 
 

Figure 4.5 SLMP53-2 induces p53 transcriptional targets, including miR-34a and genes 
involved in ER stress response, and restores DNA-binding ability to mutp53-Y220C in HCC 
cells. (A) Protein levels of p53 target genes in parental and p53KO HuH-7 cells, after 16 h (p21), 24 
h (survivin, VEGF) or 48 h (MDM2, GADD45, BAX, KILLER) treatment with 14 µM SLMP53-2. 
Immunoblots represent one of three independent experiments; GAPDH was used as a loading 
control. (B) mRNA levels of p53 target genes, in HuH-7 cells, after 24 h treatment with 14 and 28 µM 
SLMP53-2, determined by RT-qPCR; fold of induction is relative to DMSO. (C) miR-34a levels in 
parental and p53KO HuH-7 cells, after 24 h treatment with 28 µM SLMP53-2, determined by RT-
qPCR; fold of induction is relative to DMSO. (D) mRNA levels of genes involved in the ER stress 
response, in parental and p53KO HuH-7 cells, after 24 h treatment with 28 µM SLMP53-2, 
determined by RT-qPCR; fold of induction is relative to DMSO. (E) Analysis of the occupancy of 
mutp53-Y220C on the p21 promoter in HuH-7 cells, determined by ChIP, after 24 h treatment with 
28 µM SLMP53-2 or DMSO; immunoprecipitation was performed with an anti-p53 antibody (p53) or 
an anti-mouse IgG as a negative control (IgG); the enrichment of DNA fragments was analysed by 
RT-qPCR using site-specific primers. In B-E, data are mean±SEM (n=3); values significantly different 
from DMSO (B-E): *p<0.05, two-way ANOVA with Dunnett’s (B, E) or Sidak’s (D) multiple comparison 
test; *p<0.05, unpaired Student’s t-test (C). 
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As a structural mutp53, we investigated the ability of SLMP53-2 to restore wt-like 

folding to mutp53-Y220C, through IP using PAb1620 (wt/folded) and PAb240 

(mut/unfolded) conformation-specific antibodies. The results showed that 28 and 42 µM 

SLMP53-2 visibly increased the amount of p53 precipitated with PAb1620, while decreasing 

the amount of p53 precipitated with PAb240 (Figure 4.6A). Consistently, SLMP53-2 visibly 

increased PAb1620 and decreased PAb240 immunofluorescence staining in HuH-7 cells 

(Figure 4.6B). 

 

 
Figure 4.6 SLMP53-2 restores wt-like folding to mutp53 Y220C. (A) Immunoprecipitation of p53 
in HuH-7 cells treated with 28 and 42 µM SLMP53-2 for 36 h, using the conformation-specific 
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antibodies PAb240 (mut/unfolded) and PAb1620 (wt/folded), followed by immunoblotting with anti-
p53 antibody (DO-1); whole cell lysate (input). Immunoblots represent one of three independent 
experiments; GAPDH was used as a loading control. (B) Representative images of p53 
immunofluorescence staining of HuH-7 cells treated with 42 µM SLMP53-2 or DMSO for 36 h. Cells 
were labelled with conformation-specific antibodies PAb240 (unfolded/mutant) and PAb1620 
(folded/wild-type), or with DO-1 (total p53) (scale bar = 20 µm). 
 
 
 

 Hsp70 is a potential mediator of mutp53-Y220C reactivation by SLMP53-2  

To determine the mechanism by which SLMP53-2 would affect mutp53-Y220C 

function, we checked whether SLMP53-2 could bind to this mutp53. To this end, the 

recombinant human mutp53-Y220C DBD was produced and purified from Escherichia coli 
and used to carry out the HSQC-NMR experiments. However, despite the presence of a 

druggable hydrophobic pocket in mutp53-Y220C, no binding of SLMP53-2 to recombinant 

mutp53-Y220C DBD was detected (Figure 4.7).  

 

 

 
 

Figure 4.7 Overlay of 1H/15N-HSQC NMR spectra of T-p53C-Y220C with varying concentrations 
of SLMP53-2, showing no significant chemical shift. 

 

 

Chaperones from the Hsp40, Hsp70, and Hsp90 families have long been recognized 

as mutp53-binding partners capable of folding mutp53 to the wt-like conformation (Hainaut 

and Milner, 1992; Walerych et al., 2009; Wawrzynow et al., 2018). Therefore, we 

interrogated whether SLMP53-2 could reactivate mutp53-Y220C by promoting its 

interaction with these chaperones. To investigate potential interactions between mutp53-

Y220C and Hsp40/Hsp70/Hsp90, co-IP experiments were performed in HuH-7 cells. 
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Conversely to that observed with Hsp40 and Hsp90, 28 and 42 µM SLMP53-2 visibly 

increased the amount of Hsp70 precipitated with p53 (Figure 4.8A), indicating an 

enhancement of Hsp70 binding to p53. This was further supported by IP of p53 with the 

mutp53-conformation-specific PAb240 antibody, showing the increased interaction 

between Hsp70 and mutp53-Y220C (Figure 4.8B). Moreover, in Hsp70 siRNA silenced 

HuH-7 cells (Figure 4.8C), the inhibitory effect of SLMP53-2 on colony formation was 

significantly reduced (Figure 4.8D). Therefore, SLMP53-2 may restore wt-like conformation 

to mutp53-Y220C through enhancement of its interaction with Hsp70. 

 

 

 

 
 
Figure 4.8 SLMP53-2 promotes mutp53-Y220C interaction with Hsp70. (A) Co-
immunoprecipitation of Hsp40, Hsp70, and Hsp90 with p53 in HuH-7 cells treated with 28 and 42 µM 
SLMP53-2 or DMSO for 36 h, using anti-p53 antibody (DO-1), followed by immunoblotting with anti-
Hsp40, anti-Hsp70, anti-Hsp90, and anti-p53 antibodies. (B) Co-immunoprecipitation of Hsp70 with 
p53 in HuH-7 cells treated with 28 and 42 µM SLMP53-2 or DMSO for 36 h, using anti-p53 antibody 
(Pab240), followed by immunoblotting with anti-Hsp70 and anti-p53 antibodies. (C) Western blot 
analysis of Hsp70 protein levels in HuH7 cells transfected with siRNA against Hsp70 (siHsp70) or 
control siRNA (siCTRL). (D) Effect of SLMP53-2 in the cell colony formation of HuH-7 cells 
transfected with siHsp70 or siCTRL, analyzed after 14 days incubation with SLMP53-2; data are 
mean±SEM (n=5); values significantly different from siCTRL: *p<0.05, one-way ANOVA with 
Dunnett’s multiple comparison test. In A-C, immunoblots represent one of three independent 
experiments; whole cell lysate (input); GAPDH was used as a loading control. 
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SLMP53-2 sensitizes HCC cells to sorafenib  

A potential synergistic association between SLMP53-2 and sorafenib was assessed 

by SRB assay, in HuH-7 cells. When combined with 1.5 µM SLMP53-2, sorafenib displayed 

significantly higher growth inhibitory effect compared to its effect as a single agent (Figure 
4.9A). Consistently, a synergistic effect (CI<1) was obtained for all tested sorafenib 

concentrations in combination with 1.5 µM SLMP53-2 (Figure 4.9B).  
 

 

 

 
 

Figure 4.9 SLMP53-2 synergizes with sorafenib in HCC cells. HuH-7 cells were treated with 
increasing concentrations of sorafenib, alone and in combination with 1.5 µM SLMP53-2. (A) Cell 
growth was measured by SRB assay after 48 h treatment; data are mean±SEM (n=4); values 
significantly different from chemotherapeutic alone: *p<0.05, two-way ANOVA. (B) Combination 
index (CI) values calculated using the CompuSyn software for each combined treatment. CI<1, 
synergy; 1<CI<1.1, additive effect; CI>1.1, antagonism. CI values were calculated using a mean 
value effect (n=4). 

 

SLMP53-2 displays in vivo anti-tumor activity in HCC xenograft mouse models, with 

no apparent toxic side effects 

The toxicity profile of SLMP53-2 was evaluated in rats subjected to five intraperitoneal 

administrations of 50 mg/kg SLMP53-2 or vehicle, followed by analysis of hematological 

and biochemical parameters from blood samples (Table 4.1). Although a slight reduction of 

the red cell distribution width and mean platelet volume was observed upon SLMP53-2 

treatment, these values were within the reference range (Giknis and Clifford, 2008). 

Therefore, no undesirable hematological and biochemical toxicity was induced by SLMP53-

2 in vivo. 
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Table 4.1 Biochemical and hematological data of SLMP53-2 in Wistar rats. 

Data from blood samples were analysed for saline (control), and 50mg/kg SLMP53-2 (treated) rat 
groups, after five intraperitoneal administrations (twice a week). Results are shown as mean±SEM 
(n=5; values significantly different from control: *p<0.05; unpaired Student’s t-test). ALT, alanine 
aminotransferase; AST, aspartate aminotransferase; HCT, hematocrit; HGB, Hemoglobin 
concentration; IRF, immature reticulocyte fraction; MCH, mean corpuscular hemoglobin; MCHC, 
mean corpuscular hemoglobin concentration; MCV, mean corpuscular volume; MPV, mean platelet 
volume; PLT, platelet; RBC, red blood cell count; RDW, red cell distribution width; RET, reticulocytes; 
WBC, white blood cells. 
 

 

 Control Treated 
Biochemical data   

Blood glucose (mg/dL) 165.83 ± 8.91 193.33 ± 19.63 
Urea (mg/dL) 18.38 ± 0.45 19.07 ± 0.62 
Creatinine (mg/dL) 0.32 ± 0.01 0.32 ± 0.01 
Uric Acid (mg/dL) 2.8 ± 0.33 1.9 ± 0.15 
Total protein (g/dL) 6.68 ± 0.24 6.43 ± 0.03 
Albumin (g/dL) 3.25 ± 0.08 3.4 ± 0.06 
Sodium (mmol/L) 146.83 ± 0.83 148.33 ± 1.33 
Potassium (mmol/L) 5.98 ± 0.23 5.83 ± 0.67 
Osmolality (mOSM/Kg) 296.6 ± 1.97 302.67 ± 1.76 
Phosphorous (mg/dL) 7.83 ± 0.47 8.43 ± 0.17 
ALT (U/L) 38.67 ± 2.5 34.33 ± 3.84 
AST (U/L) 73.83 ± 8.68 67.67 ± 5.46 
Total cholesterol (mg/dL) 65.33 ± 7.44 68.67 ± 2.96 
Cholesterol-HDL (mg/dL) 42.33 ± 4.78 44 ± 2.08 
Cholesterol-LDL (mg/dL) 20.83 ± 2.79 19.67 ± 1.45 
Triglycerides (mg/dL) 153.33 ± 27.72 183 ± 10.07 
Atherogenic index 1.53 ± 0.04 1.57 ± 0.03 
Hematological data 
WBC (⨉103/µL) 1.78 ± 0.42 2.33 ± 0.87 
RBC (⨉106/µL) 8.5 ± 0.32 8.14 ± 0.49 
HGB (g/dL) 14.72 ± 0.55 14.9 ± 0.15 
HCT (%) 44.07 ± 1.69 44.7 ± 0.61 
MCV (fL) 51.85 ± 0.58 55.23 ± 3.47 
MCH (pg) 17.3 ± 0.21 18.4 ± 1.11 
MCHC (g/dL) 33.38 ± 0.3 33.33 ± 0.15 
RDW (%) 14.73 ± 0.31 13.3 ± 0.55* 
PLT (⨉103/µL) 552.98 ± 152.92 781.67 ± 29.04 
MPV (fL) 7.92 ± 0.02 6.23 ± 0.83* 
RET (%) 3.09 ± 0.31 3.66 ± 0.16 
IRF 0.7 ± 0.03 0.71 ± 0.01 
Lymphocytes (%) 77.3 ± 1.03 81 ± 3.91 
Lymphocytes (⨉103/µL)) 1.4 ± 0.32 1.83 ± 0.61 
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To evaluate the in vivo anti-tumor activity of SLMP53-2, five intraperitoneal 

administrations of 50 mg/kg SLMP53-2 or vehicle were performed in nude mice carrying 

HuH-7 xenografts. A pronounced reduction of tumor volume (Figure 4.10A) and weight 

(Figure 4.10B) was observed in SLMP53-2-treated mice compared to vehicle. Moreover, 

nude mice showed no significant variation of body weight throughout the experiment 

(Figure 4.10C), and no significant differences were observed between the weight of spleen, 

liver, heart, and kidneys of SLMP53-2-treated mice and vehicle (Figure 4.10D). These 

results further supported a favorable therapeutic index of SLMP53-2 in vivo.  

 

 

 

 
 
Figure 4.10 In vivo anti-tumor activity of SLMP53-2. Swiss nude mice carrying HuH-7 
xenografts were treated with 50 mg/kg SLMP53-2 or vehicle, by intraperitoneal injection twice 
a week, for a total of five administrations. (A) Tumor volume curves of mice carrying HuH-7 
xenografts treated with SLMP53-2 or vehicle; image of vehicle and SLMP53-2-treated tumors; values 
significantly different from vehicle: *p<0.05, two-way ANOVA with Sidak’s multiple comparison test. 
(B) Tumor weights measured at the end of the experiment; value significantly different from vehicle: 
*p<0.05, unpaired Student’s t-test. (C) Mice body weight during treatment with SLMP53-2 or vehicle. 
(D) Weight of spleen, liver, heart and kidneys, relative to animal weight, in animals treated with 
SLMP53-2 or vehicle. In A-D data are mean±SEM (n=5). In C and D, values not significantly different 
from vehicle: p>0.05, two-way ANOVA with Sidak’s multiple comparison test. 
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Additionally, the IHC staining of tumor sections revealed that SLMP53-2 decreased 

Ki-67 and VEGF, and increased BAX staining (Figure 4.11A-C), compared to vehicle. 

Altogether, these results unveiled a potent in vivo anti-tumor activity of SLMP53-2 through 

induction of apoptosis and inhibition of cell proliferation and angiogenesis. 

 

 

 
 

Figure 4.11 Immunohistochemical analysis of xenograft tumor tissue. (A) Representative 
images of Ki-67, BAX, and VEGF detection in tumor tissues of HuH-7 xenografts treated with 
SLMP53-2 or vehicle, collected at the end of treatment (scale bar = 20 μm; magnification = 200×); 
hematoxylin and eosin (H&E). (B, C) Quantification of immunohistochemistry of HuH-7 xenograft 
tumor tissues treated with SLMP53-2 or vehicle; in B, quantification of the number of Ki-67 positive 
and negative cells (n=5); values significantly different from vehicle: *p<0.05, two-way ANOVA with 
Sidak’s multiple comparison test; in C, BAX and VEGF staining were quantified by evaluation of DAB 
intensity (n=5); values significantly different from vehicle: *p<0.05, unpaired Student’s t-test.  
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4.2.Discussion 

In this chapter, the identification of SLMP53-2 as a novel reactivator of structural 

mutp53 is reported. Interestingly, unlike SLMP53-1 (Soares et al., 2016), SLMP53-2 did not 

significantly interfere with the activity of contact mutp53-R280K. In fact, the results 

evidenced the selectivity of SLMP53-2 to reactivate multiple structural mutp53. SLMP53-2 

shows p53-dependent growth inhibitory effect on human tumor cells through induction of 

cell cycle arrest and apoptosis. In addition, it stimulates the ER stress response by inducing 

the expression of several ER stress markers, including the p53 target gene CHOP, which 

triggers ER stress-related cell death (Kim et al., 2008). ER stress occurs when the tightly-

regulated protein folding environment of the ER is disrupted, causing accumulation of 

unfolded proteins. This triggers the UPR, a mechanism intended to re-establish ER 

homeostasis. When the UPR fails to restore ER homeostasis, cell death is triggered (Kim 

et al., 2008). In fact, ER stress exacerbation for cell death induction has been proposed as 

a relevant anticancer therapeutic strategy, specifically against HCC (Gorrini et al., 2013).  

Herein, SLMP53-2 is also shown to restore wt-like folding and DNA-binding ability to 

mutp53-Y220C. In fact, SLMP53-2 reactivates p53 transcriptional activity, regulating the 

expression of several p53 transcriptional targets involved in cell cycle arrest (p21, 

GADD45), apoptosis (BAX, KILLER, survivin), ER stress response (CHOP, DDIT4), and 

angiogenesis (VEGF). Interestingly, SLMP53-2 causes p53-dependent reduction of the 

expression levels of survivin, which is frequently overexpressed in HCC, correlating with 

increased invasion and metastasis, and decreased overall and relapse-free survival (Liu et 

al., 2013a; Jin et al., 2014; Su, 2016). Additionally, SLMP53-2 upregulates miR-34a, a p53 

transcriptional target. Consistently, the microarray data revealed that SLMP53-2 leads to 

downregulation of several miR-34a targets. miR-34a is a crucial tumor suppressor that 

controls cellular processes including proliferation, apoptosis, senescence, and stemness 

(Slabakova et al., 2017). This is of particular interest in HCC, in which miR-34a 

downregulation is commonly associated with invasion and metastasis (Li et al., 2009). 

Consistently, MRX34, a liposomal miR-34a mimic, has displayed promising anti-tumor 

activity in orthotopic HCC models (Daige et al., 2014), having recently completed phase I 

clinical trials for advanced solid tumors, including HCC (Beg et al., 2017). 

Despite its inability to bind to mutp53-Y220C, SLMP53-2 enhances the mutp53-

Y220C interaction with chaperone Hsp70, known to bind to mutp53, leading to its refolding 

and protein stabilization, with subsequent restoration of DNA-binding and transcriptional 

activity (Hainaut and Milner, 1992; Walerych et al., 2009; Wawrzynow et al., 2018). A similar 

mutp53 reactivation mechanism was recently reported for CTM, which restores wt-like 

function to mutp53-R175H by enhancing its interaction with Hsp40 (Hiraki et al., 2015). 
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Interestingly, the requirement of Hsp70 for mutp53-R175H stabilization, and its contribution 

to the pancreatic cells malignant transformation have been recently reported (Polireddy et 

al., 2019). However, these results were obtained in non-tumoral cells, which might justify 

the distinct observations made in the current work. 

Considering the relevance of mutp53 in the HCC pathogenesis and the lack of 

therapeutic alternatives (Bevant and Coulouarn, 2017), this work also paves the way to a 

potential application of SLMP53-2 (alone or in combination therapy) in HCC treatment. It is 

worth to note that SLMP53-2 also shows antitumor activity against wtp53-expressing HCC 

cells, namely HepG2 cells (IC50 of 12.5±0.8 µM). This is consistent with the proposed 

mechanism of action of SLMP53-2, since the stabilization of wtp53 by Hsp70 has also been 

reported (Walerych et al., 2009). Moreover, besides its growth inhibitory activity against 

HCC cells [superior to that of APR-246, currently in phase Ib/II clinical trials (Bykov et al., 

2018)], SLMP53-2 also sensitizes HCC cells to sorafenib, the only drug currently approved 

for the treatment of advanced HCC (Lin et al., 2012a; Vogel et al., 2018). Importantly, in the 

HCC xenograft mouse model, SLMP53-2 displays pronounced antitumor activity associated 

with induction of apoptosis and inhibition of cell proliferation and angiogenesis. Interestingly, 

the crucial role of angiogenesis in HCC development and dissemination has been widely 

explored for the development of targeted therapies (Raoul et al., 2017). In fact, 

antiangiogenic agents, like sorafenib, have been the only effective targeted drugs in clinical 

trials for HCC (Raoul et al., 2017). Notably, SLMP53-2 also displays a favorable 

toxicological profile in vivo, with no significant alteration of toxicological parameters related 

to liver function. This is of particular importance in HCC, as patients often display liver 

cirrhosis that can lead to impaired liver function and consequently increased drug toxicity 

(Kudo, 2017). 

As a whole, this work unveils SLMP53-2 as a new mutp53 reactivator with great 

potential as an anticancer drug, particularly in HCC treatment, or as astarting material for 

the development of improved anticancer mutp53-targeting therapeutic alternatives.   
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It is widely accepted that the development of new targeted anticancer drugs is of the 

utmost importance in personalized cancer treatment. The majority of conventional 

chemotherapeutic drugs target rapidly dividing cells by interfering with cell cycle or DNA 

synthesis. While tumor cells display increased susceptibility towards these 

chemotherapeutic agents, rapidly dividing normal cells are also affected, justifying the 

frequent severe side effects experienced by patients subjected to these therapeutic 

approaches (Baudino, 2015). In contrast, targeted anticancer agents interfere with proteins 

or pathways that are specifically altered in tumors, minimizing the effect on normal cells, 

and consequently, their adverse side effects (Baudino, 2015). This is the basis of 

personalized cancer treatment, through which each patient would be treated with targeted 

agents suited to the particular molecular and genetic features of their tumor, maximizing 

antitumor response while limiting undesirable toxicity (Huang et al., 2014). In this context, 

p53 family proteins arise as highly attractive therapeutic targets. In fact, the therapeutic 

targeting of p53 family proteins produces antitumor effects through interference with 

multiple hallmarks of cancer. In addition, p53 family proteins are often inactivated in human 

cancers, either by mutation, or by overexpression of negative regulators. Since these 

cellular alterations are highly specific of tumor cells, p53 family-targeting agents are 

expected to display selective growth inhibitory activity towards cancer cells, with limited 

undesirable effects on non-tumoral cells. It is also important to note that many of the 

chemotherapeutics currently available for cancer treatment rely on the presence of a 

functional p53-pathway to elicit antitumor response. Considering this, p53 family-activating 

drugs are expected to be valuable in combination therapy, by sensitizing p53-impaired 

tumors to currently available chemotherapeutic drugs.  

Based on the exposed above, the present thesis focused on the identification of small 

molecules with antitumor activity in p53-impaired tumors, by targeting TAp73 and mutp53 

(Figure 5.1). 
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Figure 5.1 Schematic representation of the major outcomes achieved in the present thesis. 
(Chapter 3) LEM2 displays p53-independent antitumor activity in both p53-null and mutp53-
expressing cells. The growth inhibitory effect of LEM2 is TAp73-dependent, and associated with cell 
cycle arrest, apoptosis, and induction of TAp73 target genes, but not with genotoxicity. LEM2 is an 
activator of TAp73 through disruption of its interaction with MDM2 and mutp53, and TAp73 
stabilization. A new yeast phenotypic assay to search for inhibitors of the TAp73-mutp53 interaction 
was developped. The potential application of LEM2 for colorectal cancer (CRC) and neuroblatoma 
(NBL) treatment was evidenced. (Chapter 4) SLMP53-2 was selected from a small library of 
synthetized SLMP53-1 derivatives, based on its mutp53-dependent growth inhibitory effect. The 
antitumor activity of SLMP53-2 in mutp53-expressing cells was studied, and molecular pathways 
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altered by SLMP53-2 were assessed by microarray analysis. SLMP53-2 growth inhibitory effect is 
associated with cell cycle arrest, apoptosis, ER stress, and regulation of wtp53 target genes, but not 
with genotoxicity. SLMP53 does not bind to mutp53, instead promoting its interaction with Hsp70, 
which results in refolding and re-estabishment of wt-like DNA binding. The potential of SLMP53-2 for 
clinical application, in particular for HCC treatment, was evidenced; SLMP53-2 sensitizes HCC cells 
to sorafenib, and displays in vivo antitumor activity with no apparent undesirable toxicity. 

 
 

The work developed in Chapter 3 allowed the identification of 1-carbaldehyde-3,4-

dimethoxyxanthone (LEM2) as a new activator of TAp73, through inhibition of its interaction 

with both MDM2 and mutp53. This compound enhances TAp73 transcriptional activity, 

triggering cell cycle arrest and apoptosis in both p53-null and mutp53-expressing tumor 

cells. It is important to note that another relevant outcome arising from this work was the 

development of a new yeast phenotypic assay that mimics the GOF of mutp53 through its 

inhibitory effect on TAp73. In fact, this work supports the suitability of the yeast model to 

screen for small molecule inhibitors of the TAp73-mutp53 interaction. While the present 

work focused on mutp53-R273H, this assay may be easily extended to other mutp53 forms. 

Notably, a remarkable antitumor activity of LEM2 against patient-derived neuroblastoma 

cells, consistent with the activation of a TAp73 pathway was demonstrated in a work 

complementary to this thesis (Gomes et al., 2019b). In fact, TAp73 has been proposed as 

a promising therapeutic target in neuroblastoma (Wolter et al., 2010). In these tumors, p53 

is often sequestered in the cytoplasm, and therefore inactivated, while TAp73 retains normal 

nuclear location, allowing it to execute normal transcriptional functions (Nikolaev et al., 

2003). Despite this, MDM2 amplification has been reported in neuroblastoma (Slack et al., 

2005), constituting one of the mechanisms of TAp73 inactivation in this type of cancer. In 

addition, while p53 mutations are rare in primary neuroblastoma (Vogan et al., 1993), they 

have been observed in relapsed tumors, and are thought to occur as a mechanism of 

therapeutic resistance (Carr et al., 2006). Considering this, the ability of LEM2 to release 

TAp73 from inhibitory interactions with both MDM2 and mutp53 arises as a promising 

strategy against neuroblastoma. Furthermore, besides compensating for the lack of a 

functional p53 pathway, TAp73 has been reported to induce p53 nuclear translocation and 

downregulate N-myc in neuroblastoma (Goldschneider et al., 2004; Horvilleur et al., 2008). 

Importantly, the ability of LEM2 to sensitize patient-derived neuroblastoma cells to 

doxorubicin and cisplatin was also shown (Gomes et al., 2019b), which is of particular 

relevance in neuroblastoma treatment. Both doxorubicin and cisplatin are included in 

chemotherapy regimens for neuroblastoma therapy, with significant toxic side effects and 

high relapse rates. Interestingly, both these molecules have been reported to downregulate 

ΔNp73, which is frequently overexpressed in neuroblastoma, leading to TAp73 inactivation. 

Therefore, the synergistic association observed between LEM2 and cisplatin/doxorubicin 
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may be due to the downregulation of distinct negative regulators of TAp73. As a whole, 

besides its potential as an anticancer drug, LEM2 may also be a promising starting point for 

the development of improved TAp73-activating agents for anticancer therapy, particularly 

against neuroblastoma.  

 The work developed in Chapter 4 led to the identification of the tryptophanol-derived 

oxazoloisoindolinone SLMP53-2 as a new mutp53-reactivating compound. SLMP53-2 

induces cell cycle arrest, apoptosis, and ER stress in mutp53-expressing HCC cells. ER 

stress inducing compounds have been reported as potential anticancer agents. Particularly, 

the prodrug of thapsigargin, mipsagargin (a known ER stress inducer through interference 

with ER calcium levels) was tested in patients with solid tumors, including HCC 

(Mahalingam et al., 2016). Moreover, zebularine (a DNA methyltransferase inhibitor) has 

been reported to induce p53-dependent ER stress-mediated cell death in colorectal cancer 

(Yang et al., 2013). Interestingly, the mutp53 reactivators APR-246 and PK11007 have also 

been reported to induce ER stress-mediated cell death in mutp53-expressing tumor cells 

(Lambert et al., 2009b; Bauer et al., 2016). Furthermore, SLMP53-2 restores wt-like 

conformation and transcriptional activity to mutp53-Y220C, through enhancement of its 

interaction with the chaperone Hsp70. This work also highlighted the antitumor potential of 

SLMP53-2 against HCC, for which therapeutic alternatives are insufficient. HCC, the most 

common histologic type of primary liver cancer, is associated with unfavorable prognosis, 

mainly due to high chemoresistance and recurrence rates (Lin et al., 2012a; Vogel et al., 

2018). The majority of patients are diagnosed at advanced- or terminal-stage, and available 

therapeutic options are restricted to symptomatic treatment (for terminal HCC) or sorafenib, 

a multi-target kinase inhibitor (Lin et al., 2012a; Vogel et al., 2018) (for advanced-stage 

HCC). Nonetheless, the increase of median overall survival of HCC patients treated with 

sorafenib is only 2.8 months (Vogel et al., 2018), making the identification of effective 

therapeutic alternatives a high priority. About 30% of HCC harbor p53 mutations, correlating 

with increased invasiveness, recurrence, and lower survival rates (Bevant and Coulouarn, 

2017). This makes mutp53 a privileged therapeutic target in HCC. Consistently, SLMP53-2 

sensitizes HCC cells to sorafenib. Most importantly, SLMP53-2 demonstrates potent in vivo 

antitumor activity in a human HCC xenograft mouse model. As a whole, SLMP53-2 

represents a new mutp53-reactivating agent with a mechanism of action different from those 

reported to date. It may also represent a new effective anticancer therapeutic option, 

particularly against HCC, or it may be the basis for new derivatives with increased efficacy.   

In conclusion, the work developed under the scope of this thesis provides a significant 

contribution to p53 family pharmacology and personalized cancer treatment, with the 

identification of new TAp73- and mutp53-activating agents and with promising anticancer 

properties.   



 CHAPTER 5. GENERAL DISCUSSION AND FUTURE PERSPECTIVES 

105 

In spite of the potential of LEM2 and SLMP53-2 as anticancer drug candidates, further 

research will be relevant to their successful translation to a clinical setting. In particular, 

although the mechanism of action of both compounds has been deeply explored in this 

thesis, it would be important to validate the molecular target to which the compounds bind 

to exert their antitumor effects. In fact, the characterization of the binding mode to their 

molecular targets would enable the rational design of SLMP53-2 and LEM2 derivatives with 

improved antitumor activity and selectivity towards tumor cells. In addition, considering the 

wide diversity of TP53 mutations in human tumors, it would be relevant to study the impact 

of both SLMP53-2 and LEM2 on tumor cells expressing mutp53 forms beyond those 

addressed in this thesis. In fact, since both compounds interfere with mutp53-interacting 

proteins, it is plausible that they may target tumor cells expressing different forms of mutp53. 

This is of particular interest considering the concept of tumor heterogeneity, based on which 

the same tumor may express more than one mutp53 form. Taking this into consideration, it 

would also be valuable to assess the antitumor activity of SLMP53-2 against more 

physiologically-relevant model systems that account for tumor heterogeneity, namely in 

patient-derived xenograft (PDX) models. Regarding LEM2, despite its promising effect on 

patient-derived tumor cells, it would be crucial to analyze its antitumor effect in in vivo 
models, in view of a clinical application. However, its low aqueous solubility has hindered 

the assessment of LEM2 in vivo antitumor activity, a limitation that might be circumvented 

through the design of derivatives with improved solubility or through the development of 

nanotechnology-based formulations for LEM2 delivery. 

Finally, since the successful clinical translation of any drug requires appropriate 

characterization of absorption, distribution, metabolism, and elimination (ADME) 

characterization, these pharmacokinetic properties should also be assessed for both LEM2 

and SLMP53-2. In addition, although neither of the compounds displayed apparent 

unspecific toxicity in the model systems tested, an in-depth toxicological assessment of 

LEM2 and SLMP53-2 would be required.  
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Appendix A. Synthesis of LEM2 and putative metabolites 

 

 
Figure A.1 Synthetic pathway and reaction conditions to obtain 1-carbaldehyde-3,4-
dimethoxyxanthone (LEM2) and putative metabolites LEMred and LEMox. 

 

Synthesis of 1-carbaldehyde-3,4-dimethoxy-9H-xanthen-9-one (LEM2): 2-

Methoxybenzoyl chloride (3.6 g, 27 mmol), 1,2,3-trimethoxybenzene (5.0 g, 30 mmol), and 

AlCl3 (15.0 g, 110 mmol) in dry diethyl ether (250 mL) were stirred at room temperature for 

24 h. The solvent was evaporated to dryness and the crude solid poured on to ice. The 

aqueous suspension was acidified with 10% HCl and extracted with chloroform (3×200 mL). 

The organic layers were collected and dried (Na2SO4) and the solvent was evaporated to 

dryness. The crude product (2.6 g, 9 mmol) in piperidine (30 mL, 32 mmol) and water (50 

mL) was heated under reflux for 48 h. After this period, the mixture was cooled and poured 

into 4 M HCl (300 mL). The mixture was extracted with dichloromethane (3×200 mL) and 

dried (Na2SO4) The solvent was evaporated to dryness and the product thus obtained was 

purified by column chromatography [petroleum ether (40-60 ºC)-ethyl acetate] yielding 1.7 

g of 4-hydroxy-3-methoxyxanthone (m.p. 194-196 ºC) in 38%. To a solution of 1-

carbaldehyde-4-hydroxy-3-methoxyxanthone (0.67 mmol), obtained by a Duff reaction from 

4-hydroxy-3-methoxyxanthone according to a previously described procedure (Cruz et al., 

2017) in acetone (10 mL), potassium carbonate (1.2 mmol) was added, followed by methyl 

sulfate (0.12 mL). This was heated at reflux, with magnetic stirring, for 6 h. After the reaction, 

the suspension was filtered, the residue was washed with acetone and the solvent was 

evaporated. The residue obtained was dissolved in ethyl ether (20 mL) and washed several 
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times with sodium hydroxide 5% (3×15 mL) and water (2×15 mL). After dehydration with 

anhydrous Na2SO4, the solvent was evaporated giving a brown oily residue. The residue 

was crystallized from ethyl acetate: n-hexane, giving light brown crystals of 1-carbaldehyde-

3,4-dimetoxyxanthone (80%). IR νmax(cm-1) (KBr): 3433, 2927, 1684, 1649, 1580, 1464, 

1320, 1132, 758; 1H NMR (CDCl3): δ11.20 (s, 1H, CHO), 8.30 (dd, 1H, J= 8.0 Hz and J= 

1.6 Hz, H-8), 7.76 (ddd, 1H, J= 8.5 Hz, J= 7.5 Hz and J= 1.6 Hz, H-6), 7.59 (d, 1H, J= 8.5 

Hz, H-5), 7.54 (s, 1H, H-2), 7.42 (dd, 1H, J= 7.5 Hz and J= 7.5 Hz, H-7), 4.10 (s, 3H, OCH3), 

4.04 (s, 3H, OCH3) ppm; 13C NMR (CDCl3): δ 192.7 (CHO); 177.8 (C-9), 156.3 (C-3), 155.4 

(C-4b), 150.8 (C-4a), 140.6 (C-4), 134.7 (C-6), 133.5 (C-1), 126.7 (C-8), 124.4 (C-7), 122.0 

(C-8b), 117.8 (C-5), 116.1 (C-8a), 108.4 (C-2) ppm; MS (EI): 284 (100), 299 (45), 342 (35) 

m/z; HRMS/ESI (+) m/z: Anal. calc. for C16H12O5 [M+H]+: 285.06847; found: 285.07627. 

 
Synthesis of 1-(hydroxymethyl)-3,4-dimethoxy-9H-xanthen-9-one (LEMred): 

LEM2 (40 mg, 0.141 mmol) was dissolved/suspended in methanol and 4.0 equimolar 

quantity of Biotage® MP-Borohydride (MP-BH4, 225.2 mg, 0,563 mmol, loading 2,5 mmol/g) 

was added. The resulting mixture was stirred at room temperature for 48 h. After the solution 

was concentrated under reduced pressure, a solid phase extraction using a cation 

exchange cartridge Discovery® DSC-SCX was applied to purify the crude product. Initially, 

an activation of the cartridge with methanol (100 mL) was carried out followed by loading 

the cartridge with the sample. Then, the elution was performed with the following 

solvents/solutions: (i) dichloromethane/methanol (5:5) and (ii) methanol. The fractions 

obtained from the elution with (i) were gathered and the solvent was evaporated under 

reduced pressure. A flash cartridge chromatography with hexane/ethyl acetate in gradient 

was carried out to obtain 1-(hydroxymethyl)-3,4-dimethoxy-xanthone (LEMred, 21 mg, 

52%) as a white solid. m.p. 187-189 °C; IR υmax(cm-1) (KBr): 3496, 2938, 1638, 1618, 

1584, 1510, 1466, 1405, 1327, 1132, 1093, 1053, 993, 755; 1H-NMR (CDCl3, 300.13 MHz): 

δ = 8.32 (1H, dd, J = 8.0 and 1.7 Hz, H-8), 7.75 (1H, ddd, J = 8.5, 7.0, and 1.7 Hz, H-6), 

7.59 (1H, dd, J = 8.4 and 0.9 Hz, H-5), 7.41 (1H, ddd, J = 8.0, 7.1 and 0.9 Hz, H-7), 6.98 

(1H, s, H-2), 4.95 (2H, s, H-1’); 4.03 (3H, s, 4-OCH3), 4.01 (3H, s, 3-OCH3) ppm; 13C-NMR 

(CDCl3, 75.47 MHz): δ = 179.0 (C-9), 156.7 (C-3), 155.4 (C-10a), 152.3 (C-4a), 139.3 (C-

1), 136.1 (C-1), 134.9 (C-6), 126.7 (C-8), 124.2 (C-7), 121.9 (C-8a), 117.7 (C-5), 114.8 (C-

9a), 110.3 (C-2), 65.7 (C-1’), 61.6 (4-OCH3), 56.4 (3-OCH3) ppm. HRMS/ESI (+) m/z: Anal. 

calc. for [C16H15O5]: 287.09140; found: 287.09122. 

 

Synthesis of 3,4-dimethoxy-9-oxo-9H-xanthene-1-carboxylic acid (LEMox): 
LEM2 (50 mg, 0.176 mmol) was dissolved in DMF (1.759 ml). Oxone (108.1 mg, 0.176 

mmol) was added in one portion and stirred at room temperature for 24 h. The crude was 
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dissolved with 1N HCl and after cooling, a precipitate was formed. The solid was filtered 

and crystallized from methanol giving a white solid corresponding to 3,4-dimethoxy-9-oxo-

xanthone-1-carboxylic acid (LEMox, 60%). m.p. >  330 °C (ethyl acetate); 1H NMR (CDCl3, 

300.13 MHz): δ = 8.43 (1H, dd, J = 8.0 and 1.6 Hz, H-8), 8.39 (1H, s, H2), 7.88 (1H, ddd, J 

= 8.6, 7.1, and 1.6 Hz, H-6), 7.66 (1H, dd, J = 8.1 and 1.6 Hz, H-5), 7.50 (1H, ddd, J = 8.6, 

7.1 and 1.6 Hz, H-7), 4.13 (3H, s, H-4), 4.11 (3H, s, H-3) ppm; 13CNMR (CDCl3, 75.47 MHz): 

δ = 178.1 (C-9), 157.1 (C-3), 155.4 (C-10a), 149.6 (C-4a), 139.5 (C-4), 137.0 (C-6), 130.4 

(C-1), 127.9 (C-8), 125.5 (C-7), 120.4 (C-8a), 117.9 (C-5 and C-9a), 107.3 (C-2), 62.1 (C-

4’’), 51.3 (C-3’’) ppm. HRMS/ESI (+) m/z: Anal. calc. for C16H12O6 [M+H]+: 301.07066; found: 

301.07053. 

 

References 
Cruz, I., Puthongking, P., Cravo, S., Palmeira, A., Cidade, H., Pinto, M., et al., 2017, Xanthone 

and flavone derivatives as dual agents with acetylcholinesterase inhibition and 
antioxidant activity as potential anti-alzheimer agents. Journal of Chemistry 2017: 16. 
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Appendix B. NMR spectra of SLMP53-2 

 

 

 

 
 

Figure B.1 1H NMR and 13C NMR data for SLMP53-2 
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Appendix C. Supplemental microarray data 

 

 
Figure C.1 Clustering analysis of the microarray data. The microarray experiment was performed 
in quadruplicate for 2×IC50 (28 µM) or 3×IC50 (42 µM) SLMP53-2 and control (DMSO). The overall 
result of the clustering analysis performed expression matrix of the genes with standard deviation 
higher than 0.3 (n=7530) indicates high level of reproducibility among the replicates. The microarray 
data has been deposited in GEO (GSE124021). 
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G
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DMSO Treated
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Figure C.2 Microarray data analysis related to Figure 4.3. (A) qPCR validation of the 
responsiveness of 10 DEGs for 28 µM SLMP53-2. Two of the ten genes (AURKA and BIRC5) were 
repressed by SLMP53-2 according to the microarray results. In all cases except AURKA, for which 
the difference is consistent but not significant, SLMP53-2 led to significant modulation of the genes 
(p<0.05, t-test). The highest fold change was seen for DDIT4 that along with SESN2 and TRIB3 were 
included because of their involvement in the unfolded protein response. Presented are the average 
fold of induction relative to the DMSO treatment and the standard deviation of three replicates. B2M 
was used as reference genes. (B, C) Metascape was used to perform Gene Ontology analysis and 
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comparison of enriched pathways and molecular functions derived from the lists of DEGs in common 
between the two treatments. (B) Modulation of mTORC1 signalling, cholesterol homeostasis and 
unfolded protein response are the most significant enriched features from the up-regulated gene 
group, consistent with the results obtained by Ingenuity Pathway (Figure C.1). (C) Cell cycle, 
proliferation and cell division pathways are strongly enriched considering the repressed, differentially 
expressed genes. (D) SLMP53-2 repressed genes are enriched for mir-34a and mir-193b targets 
according to Enrichr. Presented are the results from miRTarBase-2017 starting from the list of 169 
down-regulated, genes that are downregulated in the treatment with both SLMP53-2. The number of 
targets for each of the two microRNAs and the statistical analysis is provided.  
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Figure C.3 Connectivity map results. Summary graph of the connectivity map results obtained 
using the gene expression results from the HuH-7 cells treated with 28 µM SLMP53-2. Results were 
filtered for p value and are ordered for decreasing enrichment score. As expected, given the strong 
cell cycle arrest and apoptosis phenotype induced by SLMP53-2, high enrichment score was 
observed with several drugs, although specificity was generally low. Interestingly, among the top 
scorer are molecules involved in autophagy and proteasome functions.  
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