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Unraveling the molecular targets of new ruthenium-based 
anticancer drugs 

Abstract 

Colorectal cancer (CRC) is one of the most commonly diagnosed cancers worldwide. 

Nowadays, there are limited chemotherapeutic agents available for the treatment of CRC, which 

is frequently accompanied by severe side effects and acquisition of resistance. Moreover, CRC 

that harbor mutations in KRAS or BRAF and/or PIK3CA associated with EGFR overexpression do 

not respond to EGFR inhibitors available. This constitutes a clinical relevant problem that needs 

to be overcome. 

Ruthenium (Ru) drugs had arisen as one of the most promising metallodrugs with 

characteristics that increase their specificity and selectivity toward cancer cells. For these 

reasons, three new multifunctional polymer-metal conjugates of ruthenium (RuPMC) were 

synthesized, one taking advantage of Ru anticancer properties (PMC79) and two resulting from 

Ru functionalization to improve the targeting approach (PMC78 and PMC85). 

Here, we aimed to assess the effect of the newly synthesized Ru compounds in CRC cells 

with different genetic background and unravel their mechanisms of action and molecular targets. 

For that matter, we studied the effect of Ru compounds on cell proliferation, cell cycle and cell 

death. Further, we evaluated the effect of Ru compounds on the expression of proteins associated 

to different signaling pathways and of GLUT1. We also analyzed their effect on actin filaments of 

the cytoskeleton. 

The results showed that our compounds induce apoptosis but do not interfere with cell 

cycle. Moreover, the Ru compounds influence differently the expression of AKT and ERK. The 

most interesting result was observed with PMC79 in SW480 cells, which decreased the 

expression levels of p-AKT and p-ERK proteins. We also observed that the RuPMCs affect the 

actin cytoskeleton and β-actin expression. Additionally, we could observe that PMC79 

upregulated the expression of GLUT1 in SW480 cells, and the combination of PMC79 with STF-

31 results in a synergistic effect which potentiate the Ru compound effect. 

Our compounds seem to affect differently the two cell lines, being SW480 the most 

sensitive cell line, mainly to the compound PMC79, however, PMC78 and PMC85 also showed 

very promising results. In this work, the first steps were taken toward the discovery of the 

molecular targets and mechanism of action of new Ru compounds in CRC cells, that might be 

promising agents for CRC therapy.  

Keywords: Colorectal cancer; ruthenium; apoptosis; KRAS mutations; actin cytoskeleton; GLUT1. 
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Descobrir os alvos moleculares de novos agentes 
anticancerígenos derivados do ruténio 

Sumário 

O cancro colorretal (CCR) é um dos cancros mais diagnosticados em todo o mundo. 

Atualmente, existem poucas drogas disponíveis para o tratamento de CCR, que é 

frequentemente acompanhado de efeitos secundários e aquisição de resistência. CCR com 

mutações em KRAS ou BRAF e/ou PIK3CA associado à sobre expressão de EGFR não 

respondem aos inibidores de EGFR disponíveis. O que constitui um grave problema clínico que 

precisa de ser resolvido. As drogas de ruténio (Ru) surgiram como opções promissoras, com 

características que aumentam a sua especificidade e seletividade para as células cancerígenas. 

Por estas razões, três novos conjugados multifuncionais polímero-ruténio foram sintetizados, um 

juntando as propriedades anticancerígenas do Ru (PMC79), e dois resultantes da 

funcionalização do Ru, a fim de melhorar a abordagem ao alvo (PMC78 e PMC85). 

Neste trabalho pretendemos avaliar o efeito de compostos de Ru recentemente 

sintetizados em células de CCR com diferentes características genéticas e descobrir os seus 

mecanismos de ação e alvos moleculares. Para isso, foi estudado o efeito dos compostos na 

proliferação celular, ciclo celular e morte celular. Também avaliamos o efeito dos compostos na 

expressão de proteínas associadas a diferentes vias de sinalização e do GLUT1, e o seu efeito 

nos filamentos de actina do citoesqueleto. 

Os resultados mostraram que os compostos induzem apoptose, mas não interferem com 

o ciclo celular. Para além disso, influenciam de forma diferente a expressão de AKT e ERK. O 

resultado mais interessante foi observado com o composto PMC79 na linha celular SW480, que 

diminuiu os níveis de expressão de AKT e ERK. Observamos também que os compostos afetam 

o citoesqueleto e a expressão de β-actina. Adicionalmente, o composto PMC79 induziu um 

aumento da expressão de GLUT1 na linha celular SW480 e a combinação de PMC79 com STF-

31 resultou num efeito sinergístico que potenciou o efeito do composto de Ru. 

Os nossos compostos parecem afetar as duas linhas celulares de forma diferente, sendo 

a linha celular SW480 mais sensível, principalmente ao composto PMC79, no entanto os 

compostos PMC78 e PMC85 também mostraram resultados muito promissores. Neste trabalho 

foram dados os primeiros passos em direção à descoberta dos alvos moleculares e mecanismo 

de ação destes novos compostos de Ru em células de CCR, que podem vir a ser drogas 

promissores para a terapia de CCR.  

Palavras-chave: cancro colorretal; ruténio; apoptose; mutações em KRAS; citoesqueleto de actina; GLUT1. 
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1. Introduction 

1.1. Cancer: an overview 

Cancer is a generic term for a large group of diseases, characterized by the rapid and 

uncontrolled growth of abnormal cells. It can be classified as benign, if restricted to a region of 

the body, or malignant, if it spreads to adjacent parts of the body and, consequently, to other 

organs, creating thus metastases, which are the leading cause of cancer death. 

Nowadays, more than 100 different types of cancer are known, and this disease is one of 

the leading causes of death worldwide, affecting people of all age groups and social conditions. 

A recent study revealed that in 2012, there were 14.1 million new cancer cases and, in 2015, 

cancer was responsible for 8.8 million cancer deaths worldwide. The most common types of 

cancer diagnosed were breast, prostate, lung, colorectal and cervix uteri (Torre et al., 2015). 

The continued growth and ageing of the world population significantly affect the incidence 

of cancer, as well as, exposure to common risk factors, such as tobacco, alcohol consumption, 

unhealthy diet with high sugar and fat content, physical inactivity, overweight and stress (Anand 

et al., 2008; Torre et al., 2015). Genetic predisposition, certain types of infections and 

environmental exposure to different sort of chemicals and radiation are also other causes of this 

illness (Irigaray et al., 2007). 

Although the increase in cancer cases is a consequence of modern life and increased 

longevity, it is known that it is not a disease exclusive of modern times, since there are 

archaeological records that prove their existence in ancient times (Binder, Roberts, Spencer, 

Antoine, & Cartwright, 2014). 

Cancer can be prevented by modifying or avoiding key risk factors mentioned above. 

However, cancer mortality can also be reduced if cases are detected and treated early. There 

are several treatment options known such as surgery, chemotherapy, radiotherapy, 

immunotherapy and palliative care, which may be used alone or in combination depending on 

the type of cancer, its localization and its grade of progression (World Health Organization, 2015). 

The transformation of a normal cell into a cancer cell requires few molecular, biochemical 

and cellular changes, despite all potential causes of cancer and carcinogenic pathways (Argyle 

& Blacking, 2008). In general, these changes occur due to the accumulation of genetic mutations 

in normal cells affecting their proliferation, differentiation, and development (Knowles & Selby, 

2005).  
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There are two broad classes of genes that play a key role in inducing cancer, oncogenes 

and tumor suppressor genes. These genes are involved in processes of cell growth, survival and 

proliferation. Oncogenes are genes that undergo gain of function mutations which are 

advantageous for tumor progression. These mutations are acquired and permanently activate 

the oncogenic protein, leading to uncontrolled cell growth (Lodish, Berk, Zipursky, & et al, 2000). 

Oncogenes usually give rise to proteins involved in the process of cell proliferation and apoptosis, 

acting as transcription factors, growth factors, growth factors receptors, chromatin remodelers, 

signal transducers or apoptosis regulators (Argyle & Blacking, 2008; Croce & D. M., 1995). 

Tumor suppressor genes are genes that, in their normal state, encode proteins involved in the 

regulation of cell proliferation, repair deoxyribonucleic acid (DNA) mistakes or trigger apoptosis. 

In these genes, mutations lead to their inactivation and consequently to a loss of function (Argyle 

& Blacking, 2008; Lodish et al., 2000). 

Carcinogenesis (the process of cancer development) is a multistage process (Knowles & 

Selby, 2005). Each stage reflects genetic changes in the cell with a selective advantage that 

drives the progression towards a highly malignant cell (Argyle & Blacking, 2008). During 

carcinogenesis, cells acquire the capability to sustain growth signals, evade growth suppressors, 

resist to cell death (apoptosis), replicate limitless and be immortal through the reactivation of 

telomerase, attract and sustain angiogenesis for nutrient supply, invade other tissues and create 

metastasis, avoid the destruction by the immune system and promote tumor inflammation 

(Figure 1). In addition, tumor cells have high genomic instability and also a deregulation of 

cellular metabolism (Argyle & Blacking, 2008; Hanahan & Weinberg, 2000, 2011). Together, 

these characteristics are known as the “Hallmarks of Cancer” and are shared by all cancers 

(Hanahan & Weinberg, 2000). 

The tumor microenvironment also plays a key role in tumor progression. It provides 

favorable conditions for the survival and growth of cancer cells. The environment of solid tumors 

is an organ-like structure that is heterogeneous and structurally complex (Trédan, Galmarini, 

Patel, & Tannock, 2007). It is constituted by cancer cells and cancer stem cells, but also by 

normal cells like fibroblasts, inflammatory cells and cells of the immune system that are 

embedded in an extracellular matrix and nourished by a vascular network (Hanahan & Weinberg, 

2011; Tomida & Tsuruo, 1999; Trédan et al., 2007). 

The microenvironment of cancer cells is conditioned by insufficient and aberrant 

vascularization leading to a low concentration of oxygen (hypoxia), low pH and decreased supply 
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of nutrients such as glucose and essential amino acids (Tomida & Tsuruo, 1999; Trédan et al., 

2007). These are very particular characteristics that distinguish tumor microenvironment from 

the environment of normal cells. It is known that the tumor microenvironment might be 

associated with drug resistance by solid tumors (Trédan et al., 2007). 

Considerable efforts have been made in cancer research areas, in order to address the 

high incidence and mortality levels and, thus, better understand this disease, discover more 

effective forms of diagnosis and therapy. 

Recently, polymer-metal complexes of ruthenium arise as promising candidates for the 

drug-delivery application and cancer treatment. In the following sections, a review of the literature 

on colorectal cancer and therapies used today, focusing on its advantages and disadvantages 

will be carried out. Finally, the features which make these novel ruthenium-based compounds 

promising candidates for cancer therapy will be also referred. 

 

 

 

 

 

 

 

 

Figure 1. The ten hallmarks of cancer: acquired capabilities of cancer cells during carcinogenesis. Adapted 

from: Hanahan and Weinberg, 2011. 
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1.2. Colorectal cancer 

1.2.1. From epidemiology to risk factors 

Colorectal cancer (CRC) is an important cause of global morbidity and mortality (Figure 

2), being the third most commonly diagnosed cancer in males and the second in females. In 

2012, were estimated 1.4 million cases and 693.900 deaths worldwide (Torre et al., 2015), with 

almost 55% of the cases occurring in more developed countries (Ferlay, Soerjomataram, et al., 

2013).  

In Portugal, CRC is also a frequent disease being the second type of cancer most 

diagnosed as well as the second leading cause of cancer death (J. Ferlay, Steliarova-Foucher, et 

al., 2013). 

Nowadays several risk factors associated with CRC are known. A diet rich in meat and fat, 

and poor in fiber, folate, and calcium, and tobacco and alcohol consumption are some of the 

environmental factors associated with this disease (Potter, 1999). Additionally, there are other 

conditions associated with a sedentary lifestyle, namely, obesity and diabetes mellitus, which are 

other factors related to CRC development (Weitz et al., 2005). 

Although several studies suggest that the male sex, with older age, is the most propitious 

to develop this type of cancer, it is known that CRC affects equally the opposite sex. In women, 

Figure 2. Worldwide distribution of colorectal cancer mortality in both sexes, according to the age-

standardized rate per 100.000. Source: GLOBOCAN 2012 (International Agency for Research on Cancer 2017). 

Available from: http://gco.iarc.fr/today, accessed on 21/08/2017. 



5 
 

the onset of this cancer is closely related to hormonal factors, such as nulliparity, late-age at first 

pregnancy and early menopause (Weitz et al., 2005). 

The best way to prevent this disease is always to avoid risk factors and maintain a healthy 

diet by ingesting more vegetables, fruits, micronutrients and foods rich in fiber and calcium, and 

avoiding the consumption of processed and red meat, alcohol and tobacco (Huxley et al., 2009). 

Furthermore, maintaining a healthy body weight and regular physical activity are critical to the 

proper functioning of the body. 

Screening can also prevent cancer through the detection and removal of precancerous 

growths, as well as detect cancer at an early stage, when treatment is more successful. Some 

screening methods used today are colonoscopy, flexible sigmoidoscopy, double-contrast barium 

enema (DCBE), computed tomographic colonography (CTC), high-sensitivity guaiac-based fecal 

occult blood test (FOBT), fecal immunochemical test (FIT) and stool DNA test (American Cancer 

Society, 2014). 

Depending on the stage of cancer, as well as other factors, different types of treatment 

may be used combined and at the same time or used one after another. There are several types 

of treatment for colorectal cancer, such as surgery (the type of surgery depends on the location 

of cancer, in the colon or rectum), radiation therapy, chemotherapy, and targeted therapy that 

will be further discussed (American Cancer Society, 2014). 

1.2.2. Anatomy and histophysiology of the colon and rectum 

In order to better understand the carcinogenic mechanisms of CRC, in this section, a little 

of the anatomy, histology, and physiology of the major component of the large intestine will be 

addressed. 

With variable length, which can go from 90 cm to 150 cm, the colon is constituted by 

ascending colon, transverse colon, descending colon, sigmoid colon and rectum (Figure 3). Its 

main function is the absorption of water, electrolytes, and minerals by the mucosa, and the 

storage and secretion of residues resulting from digestion (feces) (Kararli, 1995; Levine & 

Haggitt, 1989). 

 

 

 

 



6 
 

 

 

 

 

 

 

 

 

In this portion of the digestive system are located between 500 to 1000 different 

microorganisms that metabolize carbohydrates and dietary fiber with the production of short-

chain fatty acids (SCFA), flatus and water. The SCFA produced can then be absorbed by the 

mucosal epithelial cells and serve as a source of dietary calories (Levine & Haggitt, 1989; 

Sherwood, 2010). Several authors have already proposed the potential of SCFA in the prevention 

and therapy of colorectal cancer (Ferro et al., 2016; Marques et al., 2013; C. S. F. Oliveira et 

al., 2015). 

Despite the metabolism of carbohydrates and dietary fibers by microorganisms, in the 

colon, there is no digestion by enzymes (Sherwood, 2010). This function is restricted to the small 

intestine. 

Regarding the histology of the colon and rectum, these are composed of four layers: 

mucosa, submucosa, muscular and serosa. In the colon, the mucosa (innermost layer) is 

composed by epithelial cells, lamina propria (rich in lymphocytes) and muscular mucosa (with 

lymph nodes) (Levine & Haggitt, 1989; Sherwood, 2010). Almost all CRC derive from the 

epithelial cells of the colon and rectum. In contrast to the small intestine, the colon does not 

have villi, however, it has the Lieberkühn Crypt which is longer than those in the small intestine, 

and is constituted by goblet cells, endocrine cells, Paneth cells (important in defense against 

pathogens), and stem cells (Clevers, 2013). The mucosa layer of the rectum is characterized by 

a large number of goblet cells. These cells are responsible for the production of mucus that helps 

to protect the mucosa during the secretion of feces (Levine & Haggitt, 1989). 

After this brief overview of the anatomy and histophysiology of the final part of the digestive 

system, in the next section some of the genetic aspects of colorectal cancer will be addressed. 

Figure 3. Anatomy of the large intestine. Source: Medical News Today. Available from: 

https://www.medicalnewstoday.com/articles/155598.php, accessed on 05/01/2018. 
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1.2.3. The genetics of colorectal cancer 

Colorectal cancer is divided into sporadic, and familial or hereditary syndromes (Móran et 

al., 2010). CRCs occur sporadically in most of the cases (75%–80%) and are only related to 

hereditary factors in 10%–30% of the total incidence (Cruz-Bustillo Clarens, 2004; Móran et al., 

2010). However, up to 25% of patients have a family history of CRC, suggesting a specific 

contribution by genes that are yet to be identified (Nosho et al., 2008). 

Familial or hereditary CRC syndromes result from germline mutations in genes involved 

in DNA replication and repair mechanisms (Al-Sohaily, Biankin, Leong, Kohonen-Corish, & 

Warusavitarne, 2012). They can be divided into adenomatous polyps, which include Lynch 

syndrome (also called hereditary nonpolyposis colorectal cancer (HNPCC)), familial 

adenomatous polyposis (FAP), attenuated FAP, and MUTYH-associated polyposis. 

Hamartomatous polyps are the second type of hereditary CRC and include Peutz-Jeghers 

syndrome and juvenile polyposis syndrome. The third type is the hyperplastic polyposis, an 

unusual condition that has a substantial cancer risk and must be distinguished from the other 

conditions (Jasperson, Tuohy, Neklason, & Burt, 2010). 

The most common hereditary CRCs disorders are Lynch syndrome and FAP, which are 

inherited, autosomal-dominant syndromes (Al-Sohaily et al., 2012; Jasperson et al., 2010; Van 

Wezel, Middeldorp, Wijnen, & Morreau, 2012). The Lynch syndrome belongs to the microsatellite 

instability (MSI) pathway, which is known to be related with germ-line mutations in mismatch 

repair genes (MMR), such as MutL homolog 1 (MLH1) (32% of cases), MutS homolog 2 (MSH2) 

(39%), postmeiotic segregation increased 2 (PMS2) (15%), and MSH6 (14%) (Palomaki, McClain, 

Melillo, Hampel, & Thibodeau, 2009). However, MSI pathway is also involved in sporadic CRC 

as it will be explained later. Patients with Lynch syndrome present an increased risk of developing 

other cancers, including ovary, stomach, pancreas, and brain, and normally they arise earlier in 

life than in the general population (Al-Sukhni, Aronson, & Gallinger, 2008). 

Familial adenomatous polyposis is characterized by over a hundred colonic adenomas, 

and a high penetrance of colorectal cancer with an average age of cancer presentation of 39 

years (Clevers, 2006). FAP is caused by mutation of the adenomatous polyposis coli 

(APC), tumor suppressor gene which activates the Wnt pathway. In normal cells, APC regulates 

β-catenin intracellular levels, targeting it for ubiquitination (Rao & Kuhl, 2010). These proteins 

are involved in the Wnt signaling pathway and regulate processes such as cell communication, 



8 
 

growth, and controlled destruction. However, mutations in APC inhibit its binding to β-catenin, 

leading to the accumulation of that protein within the cell. Increased β-catenin levels can initiate 

transcriptional activation of c-myc, which lead to uncontrolled proliferation (Kaldis & Pagano, 

2009). APC mutations also have an important role in the tumorigenesis of sporadic CRCs. 

Sporadic CRC is defined as occurring in an individual with no known familial history of a 

hereditary CRC syndrome and no personal history of a condition associated with an increased 

CRC risk, namely inflammatory bowel disease (Arvelo, Sojo, & Cotte, 2015; Rosa et al., 2015). 

Genetically, sporadic CRCs develop by the accumulation of a series of abnormalities in tumor 

suppressor genes and oncogenes and are divided into three phenotypes (sometimes shared with 

hereditary CRC), as it will be discussed below. Several authors have suggested the theory of 

adenoma-carcinoma sequence as the tumorigenic model of sporadic CRC (Fearon & Vogelstein, 

1990; Polakis, 2000). The adenoma-carcinoma sequence states that at least seven different 

events are required for CRC pathogenesis and is initiated by mutation of the APC tumor 

suppressor gene, followed by successive mutations in other genes, as Kirsten RAS (KRAS), loss 

of 18q, Sma- and Mad-related protein 4 (SMAD4), and tumor protein p53 (TP53) (Figure 4). 

However, other investigators have described another route to colorectal carcinogenesis through 

serrated polyps (Bettington et al., 2013). 

The chromosomal instability (CIN) pathway is the most common phenotype to sporadic 

CRC (The Cancer Genome Atlas Network, 2012; Yamagishi, Kuroda, Imai, & Hiraishi, 2016). It 

accounts for 65–70% of sporadic CRC (Al-sohaily, Biankin, Leong, Kohonen-corish, & 

Figure 4. Multistep genetic model of colorectal carcinogenesis. The initial step of colorectal tumorigenesis 

is the mutation in APC, which leads to the activation of the Wnt signaling pathway. Progression to larger adenomas 

and early carcinomas requires activating mutations of the proto-oncogene KRAS, mutations in TP53, and loss of 

heterozygosity at chromosome 18q. Mutational activation of PIK3CA occurs late in the adenoma–carcinoma 

sequence in a small proportion of colorectal cancers. Adapted from: Pino & Chung, 2010. 
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Warusavitarne, 2012; Yamagishi et al., 2016). These tumors are characterized by the 

accumulation of numerical or structural chromosomal abnormalities, resulting in aneuploidy 

karyotype, frequent loss-of-heterozygosity (LOH) at tumor suppressor gene loci, and 

chromosomal rearrangements (Grady & Carethers, 2008; Pino & Chung, 2010). Moreover, CIN 

tumors are distinguished by the accumulation of mutations in specific oncogenes and tumor 

suppressor genes (e.g., APC, KRAS, phosphatidylinositol-4,5-bisphosphate 3-kinase, catalytic 

subunit alpha (PIK3CA), B-RAF proto-oncogene serine/threonine kinase (BRAF), SMAD4, and 

TP53), thereby activating pathways critical for carcinogenesis (Grady & Carethers, 2008). 

CpG Island Methylator Phenotype (CIMP) pathway is described as an epigenetic instability. 

It refers to the presence of concomitant hypermethylation of multiple genes (DNA methylation 

occurs commonly at the 5฀-CG-3฀ (CpG) dinucleotide) (Al-sohaily et al., 2012; Samowitz et al., 

2005). Methylation of gene promoter region results in gene silencing, hence providing an 

alternative mechanism for loss of function of tumor suppressor genes. Genes involved in 

colorectal carcinogenesis that are silenced by DNA hypermethylation include APC, MCC, MLH1, 

MGMT, and several others genes (J. J. L. Wong, Hawkins, & Ward, 2007). CIMP is commonly 

associated with BRAF mutations (found in approximately 80% of tumors with epigenetics 

abnormalities) (Nosho et al., 2008). 

Microsatellite instability phenotype is caused by DNA MMR deficiency and is characterized 

by frequent mutations in simple nucleotide repeat sequences (Horvat & Stabuc, 2011; Rosa et 

al., 2015). MSI tumors lose MMR function early in the cancer progression sequence. Sporadic 

tumors almost uniformly lose MMR function due to hypermethylation of the promoter of hMLH1. 

In the milieu of MMR absence, a hypermutable phenotype develops in which multiple mutations 

occur in DNA. Although most mutations occur in noncoding sequences such as intronic DNA 

microsatellites, certain genes such as TGFBR2, ACVR2, BAX, hMSH3, hMSH6, and others that 

have coding microsatellite sequences become frameshifted in the absence of DNA MMR. These 

mutations help drive the progression of the tumor (Grady & Carethers, 2008). BRAF mutations 

are principally found in sporadic tumors with MSI (Thiel & Ristimäki, 2013). This phenotype 

accounts for approximately 15% of sporadic CRCs and is divided in MSI-high (MSI-H) and MSI-

low (MSI-L) depending on the number of microsatellite panel markers modified (Yamagishi et al., 

2016).  
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1.2.4. Colorectal cancer: main mutations and signaling pathways 

involved 

Although often viewed as a single disease, CRC more accurately represents a group of 

heterogeneous subtypes that result from different combinations of genetic events and epigenetic 

alterations, and lead to different therapeutics outcomes (Samadder et al., 2013). As reported 

above, several tumor suppressor genes and oncogenes are involved in this pathology and the 

most frequent mutations are observed in the APC, KRAS, BRAF, PIK3CA, TP53, SMAD4, 

phosphatase and tensin homolog (PTEN), MMR genes (MLH1, MSH2, MSH6, PMS2), TGFBR2 

and MUTYH. 

Despite the occurrence of these mutations in different subtypes of colon cancer and at 

different stages of carcinogenesis, those that are important effectors in key signaling pathways 

involved in the progression of colorectal cancer stand out, namely KRAS, BRAF, PIK3CA, and 

PTEN. 

Concerning KRAS (40%) and BRAF (15%) mutations in sporadic CRC, they occur 

alternatively in CRC (Laurent-Puig et al., 2009). These mutations, activate the RAS/RAF/MAPK 

pathway and are the most frequent oncogenic events in sporadic CRC (C. Oliveira et al., 2003; 

Rajagopalan et al., 2002; Yuen et al., 2002). Mitogen-activated protein kinase (MAPK) pathway 

is responsible for a variety of fundamental cellular processes such as proliferation, differentiation, 

motility, stress response, apoptosis, and survival. This pathway is activated by an extracellular 

signal that binds to epidermal growth factor receptor (EGFR) (tyrosine kinase receptor). Then the 

downstream effectors of this pathway (RAS, RAF, mitogen-activated protein kinase kinase (MEK) 

and mitogen-activated protein kinase (MAPK but hereafter referred as ERK)) are sequentially 

activated by phosphorylation (Figure 5). 

The high frequency of activating mutations in KRAS and BRAF suggests that they are the 

regulatory hotspot of the MAPK pathway (Orton et al., 2005). This may indicate that RAF is a 

major effector pathway of RAS in human carcinogenesis (Dhillon, Hagan, Rath, & Kolch, 2007). 

Another hypothesis may be that KRAS and BRAF mutations may be synthetic lethal (Orton et al., 

2005). Previous studies have analyzed KRAS mutations distribution which indicated that G12D, 

G12V, and G13D, G13C are the most frequent mutations subtype in codons 12 and 13, 

respectively (Neumann, Zeindl-Eberhart, Kirchner, & Jung, 2009; Shen et al., 2013).  In BRAF, 

the V600E mutation, in exon 15, is the most frequent subtype followed by V600M mutation, and 
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R461K and G465E are the most common mutations, in exon 11 (Shen et al., 2013). BRAF 

mutations are associated with an extremely aggressive phenotype and poor prognosis. Currently, 

patients with BRAF mutation in metastatic CRCs do not respond to any current chemotherapy 

(Popovici et al., 2012). Little is known about this CRC subtype since the number of patients with 

tumors with mutated BRAF decreases in later lines of therapy, and the median overall survival 

of this patients is less than 1 year (E Van Cutsem et al., 2010; Eric Van Cutsem et al., 2011). 

Beyond the role of MAPK pathway, the PI3K pathway also plays an essential role in 

colorectal carcinogenesis. PI3K signaling pathway regulates a broad spectrum of cellular 

mechanisms including survival, proliferation, growth, metabolism, angiogenesis, and metastasis 

(Fruman & Rommel, 2014). This pathway is also activated by a tyrosine kinase receptor which 

phosphorylates PI3K protein, which in turn activates the protein kinase B (PKB) (hereafter 

referred as AKT) (Figure 5). Activated AKT leads to the activation of mTOR. The PI3K pathway 

could be antagonized by a tumor suppressor gene, PTEN (Wyatt, Filbin, & Keirstead, 2014). In 

CRC, 20% of patients carry a PIK3CA mutation (Laurent-Puig et al., 2009). 

The MAPK and PI3K signaling cascades are pathways that co-regulate each other. AKT 

directly phosphorylates and inactivates RAF, KRAS activates PI3K through direct interaction with 

its catalytic subunit, while MEK suppresses PI3K signaling by promoting membrane localization 

of PTEN (S. K. Hong, Jeong, Chan, & Park, 2013). 

Therapies for this type of cancer remain limited and colorectal patients that harbor 

mutations in KRAS or BRAF and/or PIK3CA do not respond to available treatments, thus this 

disease is considered a subset equivalent to the triple negative form of breast cancer (Berg & 

Soreide, 2012; S. Hong et al., 2016; Janku et al., 2011). 
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1.3. Chemotherapy in colorectal cancer treatment 

The choice of treatment method for CRC is very important because each tumor responds 

to different methods differentially. It is selected according to many factors including tumor type, 

stage of the disease, patient’s age, patient’s level of health, and attitude toward life (Gulbake, 

Jain, Jain, Jain, & Jain, 2016; Millan et al., 2015). 

Currently, four approaches are used in the treatment of CRC (surgery, chemotherapy, 

radiotherapy and targeted therapies) being surgery the mainstay. In early-stage disease (stage I 

or II), surgical excision can be used without the need for further treatment options. In stage III of 

the disease, surgery followed by adjuvant chemotherapy is commonly used. At this stage, the 

CRC is already metastasized (Marshall, 2008). Patients with stage IV disease require 

Figure 5. MAPK and PI3K signaling pathways. Ligand binds to the extracellular domain of the receptor and 

results in receptor dimerization and phosphorylation of the intracellular domains. Activated EGFR leads to activation 

of the KRAS, which in turn activates the BRAF protein, MEK, and ERK (MAPK), and leads to the expression of growth-

promoting genes. In addition to activation of KRAS, EGFR activates the PI3K which phosphorylates 

phosphatidylinositol-2-phosphate (PIP2) to phosphatidylinositol-3-phosphate (PIP3), which in turn activates AKT and 

several downstream effectors, leading to protein synthesis, cell growth and survival, proliferation, migration, 

and angiogenesis. Adapted from: Berg & Soreide, 2012. 
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chemotherapy or targeted therapies combined with surgery (Yasuhiro Matsumura, 2008; 

Schmoll et al., 2012). 

The most widely used chemotherapy agent in the world to treat CRC is fluoropyrimidine, 

5-fluorouracil (5-FU). However, 5-FU possesses success rates as low as 10%–15% because of its 

severe side effects and resistance (Pardini et al., 2011; Provenzale et al., 2015; Eric Van Cutsem 

et al., 2016). 5-FU is an anti-metabolic drug, similar to uracil (with a fluorine atom at the C-5 

position instead of hydrogen), which inhibits essential biosynthetic processes and is incorporated 

into DNA and RNA, inhibiting their normal function. 5-FU was developed in the 1950s and enters 

the cell by the same transport mechanism as uracil (Longley, Harkin, & Johnston, 2003). 

Nowadays, it is known that its mechanism of action varies according to dosage, route, and 

method of administration. 

When 5-FU enters the cells, it is transformed into fluorodeoxyuridine monophosphate 

(FdUMP). This nucleotide metabolite reacts with thymidylate synthase (TS) enzyme inhibiting its 

action. Fluorodeoxyuridine triphosphate (FdUTP) appears then, after several enzymatic steps of 

FdUMP phosphorylation and is incorporated into DNA leading to blockade of DNA synthesis and 

function. Due to the inhibition of the TS enzyme, an accumulation of deoxyuridine triphosphate 

(dUTP) occurs, which can then be incorporated into the DNA, resulting in single and double DNA 

strand breaks (Longley et al., 2003; Rose, Farrell, & Schmitz, 2002). Damage to DNA that occurs 

during this process leads to cell death by apoptosis (Nita et al., 1998). 

Beyond this pathway of action, sometimes 5-FU has a cytotoxic effect directed to RNA, 

which result in the production of fluorouridine triphosphate (FUTP) metabolite. In these cases, 

FUTP is incorporated into RNA, causing problems in critical steps of RNA processing and mRNA 

translation (Aschele, Sobrero, Faderan, & Bertino, 1992; Sobrero, Aschele, & Bertino, 1997). 

5-FU has been the backbone of systemic combination chemotherapy for the treatment of 

CRC and other gastrointestinal cancers, breast cancer, and head and neck cancer (Lee, Beumer, 

& Chu, 2016; Wilhelm et al., 2016). This drug is normally used in combination with other 

chemotherapeutic agents, such as irinotecan, oxaliplatin and leucovorin (folinic acid), in CRC, 

either to maximize their therapeutic effects or to mitigate adverse effects. The most well-known 

combinations of these drugs are folinic acid/5-FU/oxaliplatin (FOLFOX), capecitabine/oxaliplatin 

(XELOX), folinic acid/5-FU/irinotecan (FOLFIRI), and capecitabine/irinotecan (XELIRI). More 

recently, tas-102 and the combination of trifluridine and tipiracil were approved as new 

chemotherapeutic agents for the treatment of CRC (Lee & Sun, 2016; Zaniboni, 2015). 
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As mentioned above, there are other chemotherapeutic agents which are used in 

combination with 5-FU in the treatment of CRC. One of them is irinotecan, a chemotherapeutic 

drug found in the 1990s that was synthesized from camptothecin. Its mechanism of action 

involves the inhibition of topoisomerase I activity through the formation of a ternary complex 

between irinotecan, DNA and topoisomerase I. This complex block DNA uncoiling and cause 

breaks in the double-strand DNA, leading to DNA damage and cell death (Goldberg et al., 2004; 

Hsiang, Hertzberg, Hecht, & Liu, 1985). The combination of 5-FU with either irinotecan or 

oxaliplatin has been widely accepted as standard cytotoxic chemotherapy for metastatic CRC 

(Colucci et al., 2005; Goldberg et al., 2004). 

Leucovorin is another drug belonging to the set of compounds used to treat CRC. Known 

to potentiate the effect of 5-FU, this drug is metabolized within the cell to the reduced folate 5,10-

methylenetetrahydrofolate and forms a ternary complex with FdUMP metabolite and TS, 

maintaining the enzyme in an inhibited state (Buyse et al., 2000; Rose et al., 2002). The 

combination of 5-FU/Leucovorin was considered a standard therapy for patients with advanced 

CRC for many years (Buyse et al., 2000). Although the combination with 5-FU is the most 

classical in the CRC treatment, leucovorin is also combined with oxaliplatin and irinotecan (De 

Gramont et al., 1997; Goldberg et al., 2004). 

Another drug involved in this process is oxaliplatin. This compound belongs to the group 

of one of the great success stories in the field of medicinal inorganic chemistry. Platinum 

anticancer agents are approved worldwide, for over 30 years, to treat several types of cancer in 

humans. Included in this group are cisplatin, carboplatin, and oxaliplatin, which have DNA as 

their main target. 

Cisplatin was the first to be discovered and is the most commonly used agent of the set. 

In its mechanism of action, the drug interacts with DNA to form inter-/intra-strand cross-links, as 

well as DNA-protein cross-links (Kelland, 2007). These adducts cause DNA distortions, including 

unwinding and flexing, which lead to the activation of DNA repair mechanisms, G2 cell cycle 

arrest, and apoptotic cell death. It also inhibits DNA replication, RNA transcription and is 

implicated in signaling pathways that control growth, differentiation and stress responses 

(Chaney et al., 2004; Kelland, 2007; Siddik, 2003). 

Despite the clinical success of cisplatin, it has many disadvantages associated, as the 

resistance which can be inherent or acquired. In CRC case, the resistance to cisplatin is 

associated with mechanisms of DNA repair and removal of DNA adducts in the nucleus, and 
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nonspecific inactivation and efflux at the cytoplasmic level (Raymond, Faivre, Chaney, 

Woynarowski, & Cvitkovic, 2002). Thus, the second and third generation of platinum-drugs was 

created to overcome these limitations of cisplatin. 

Carboplatin and oxaliplatin entail less pronounced side effects and show significant activity 

in cisplatin-resistant cancer types (E. Wong & Giandomenico, 1999). These platinum (II and III) 

complexes kill cancer cells by modification of DNA and subsequent induction of apoptosis 

(Johnstone, Wilson, & Lippard, 2013). Carboplatin is used for the same spectrum of cancers as 

cisplatin, but with the advantage of fewer side effects, whereas oxaliplatin responds to a different 

spectrum of cancers (usually resistant to cisplatin and carboplatin) and has found a major 

applicability in CRC (Kelland, 2007). The mechanism of action is the same of cisplatin however, 

oxaliplatin forms a greater number of intra-strand adducts which, if not repaired, block the DNA 

replication and transcription (Seetharam, Sood, & Goel, 2009). 

Oxaliplatin belongs to 1,2-diaminocyclohexane (DACH) carrier ligand family. This type of 

ligands on the DNA adducts differs from cisplatin and carboplatin (which have cis-diamine 

ligands) and are responsible for the activity of oxaliplatin in colon cancer cells, since the DNA 

adducts formed by it cannot be recognized by mismatch repair proteins, DNA damage-

recognition proteins and trans-lesion DNA polymerases, which in turn recognize the DNA adducts 

ligands formed by cisplatin and carboplatin and eliminate the drug, repairing the DNA (Chaney, 

Campbell, Bassett, & Wu, 2005; Xu et al., 2009). 

Several studies have demonstrated the efficacy of this drug in the therapy, as a front-line 

agent, and also combined with 5-FU, leucovorin, and irinotecan in the treatment of advanced 

colorectal cancer (Giacchetti et al., 2006; Goldberg et al., 2004; Rothenberg et al., 2003). 

However, chemotherapy with platinum-based compounds is frequently accompanied by severe 

side effects and their activity is limited to a small spectrum of tumors due to acquired and intrinsic 

resistance to treatments (A. Bergamo, Gaiddon, Schellens, Beijnen, & Sava, 2012; Morais, 

Valente, Tomaz, Marques, & Garcia, 2016). 

In addition to the aforementioned drugs, other metal-based drugs are used, such as gold, 

iron, ruthenium, copper, palladium and silver  (Antunovic et al., 2015; Milacic, Fregona, & Dou, 

2008; Morais et al., 2016; Samie et al., 2016; Tan, Yan, Lee, & Lim, 2010). 

Beyond these chemotherapeutic agents and the different possible combinations between 

them, sometimes they are also used in conjunction with targeted therapies such as bevacizumab, 

cetuximab, and panitumumab (Zaniboni, 2015). The use of these therapies targets the two major 
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growth factor pathways in CRC, the vascular endothelial growth factor receptor (VEGFR) pathway 

and the EGFR pathway (Lee & Sun, 2016). Cetuximab and panitumumab are monoclonal 

antibodies that target EGF receptors. Cetuximab was approved in 2004 and is a chimeric 

immunoglobulin G1 (IgG1) monoclonal antibody which targets the external cell surface domain 

of EGFR (Lee & Sun, 2016). The receptor-antibody complex is internalized in the cell and 

degraded, which results in a down-regulation of the EGFR expression by the cells (Dequanter, 

Shahla, Paulos, & Lothaire, 2010). Panitumumab is a fully human anti-EGFR antibody and was 

approved in 2006. This IgG2 monoclonal antibody binds to the extracellular domain of the EGFR 

with high affinity and inhibits downstream signaling (Ciardiello & Tortora, 2008). Although, recent 

works have demonstrated that tumors with mutations in key downstream effectors of EGFR-

signaling pathways, as KRAS, BRAF, PIK3CA, do not correspond to EGFR antibodies (S. Hong et 

al., 2016; Temraz, Mukherji, & Shamseddine, 2015). This is a clinical relevant problem that 

needs to be overcome. In this way, novel targeted therapies are being extensively tested with the 

purpose to target downstream effectors of these important pathways (Roock, Vriendt, Normanno, 

Ciardiello, & Tejpar, 2011). Bevacizumab is another monoclonal antibody used in targeted 

therapy, approved in 2004. It is a humanized IgG1 antibody that blocks the action of VEGF 

(Kelland, 2007). This antibody targets specifically VEGF-A isoform and prevents its binding to 

similar receptors, inhibiting its activity (Ferrara, Hillan, & Novotny, 2005). 

Despite recent progress in cancer therapy, much remains to be done with regard to 

available drugs and their side effects. In this way, the first goal of researchers working in this 

area is to try to discover new anticancer drugs with higher efficacy, reduced toxicity, lack of cross-

resistance or improved pharmacological characteristics as compared with the parent compound. 

With this objective in mind, in the following section, some characteristics of ruthenium complexes 

and the advantages of polymer-metal complexes of ruthenium comparing with the free drug will 

be deepened. 
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1.4. New metal-drugs under development 

Because of the severe side effects of the available therapies and acquisition of resistance 

of some tumors, research has been directed toward the development of compounds based on 

other metals. Among the several metal complexes explored so far, ruthenium (hereafter also 

referred by its chemical symbol - Ru) compounds appear as some of the most promising 

metallodrugs. The low toxicity, the different mechanisms of action, the spectrums of activity and 

the potential to overcome platinum-resistance are some of the characteristics that will be 

deepened in the next section and make these drugs so attractive in future therapies (Antonarakis 

& Emadi, 2010; A. Bergamo et al., 2012). 

1.4.1. Ruthenium-drugs  

Ruthenium is now a clear candidate for the search for new chemotherapeutics, since 

complexes bearing this metal core present several properties that make them attractive within 

this area. Ruthenium is a transition metal belonging to the group 8 of the periodic table with 

important differences from platinum-drugs. Firstly, Ru(III) drugs may accumulate preferentially 

in cancer cells compared to normal tissues, possibly by using transferrin to enter in the tumors 

(Guo et al., 2013). Transferrin is an iron-binding blood plasma glycoprotein, which transports 

iron and delivery it into the cell through transferrin receptor 1. This receptor is reported to be 

overexpressed in cancer cells because of the role of iron in several enzymatic reactions critical 

for DNA replication and cellular respiration (Daniels et al., 2012; Jr., 2007). Ru(III) might mimic 

iron binding to serum protein, thereby reducing the concentration of free plasma ruthenium and 

increasing the concentration that reaches the cancer cells compared to healthy cells (Allardyce 

& Dyson, 2016). Transferrin receptors in the cell-surface bind to ruthenium-loaded transferrin 

and the complexes are endocytosed and transferred to acidic non-lysosomal compartments 

where ruthenium is released. This creates an indirect drug targeting mechanism as the 

ruthenium drugs are selectively accumulated in cancerous cells (Kostova, 2006). Beyond 

transferrin-dependent transport mechanism, ruthenium complexes can also enter cells by 

passive diffusion (Webb & Walsby, 2015). The high affinity of ruthenium to transferrin makes 

these compounds one of the least toxic metallic complexes (Allardyce & Dyson, 2016). 
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Secondly, ruthenium drugs possess multiple oxidation states (II, III, IV) accessible under 

physiological conditions. Ru compounds may remain in its relatively inactive Ru(III) oxidation 

state until reaches the tumor (Figure 6). The characteristics of the tumor microenvironment, 

as low O2 concentrations and acidic pH, leads to the reduction of Ru(III) to Ru(II), in the 

bloodstream or within the cells, by a mechanism of “activation-by-reduction” (Gianni Sava & 

Bergamo, 2000). This feature, in some way, makes the complexes more selective to target 

cancer cells. 

Another property of Ru complexes is the favorable ligand-exchange kinetics with low 

toxicity. This characteristic is shared with cisplatin and is correlated with the capacity of changing 

some ligands by other molecules found under physiological conditions, activating the compound 

(Antonarakis & Emadi, 2010). Both drugs have slow metal-ligand exchange rates, comparable 

to those of cell division processes, which give them high kinetic stability, minimizing side 

reactions, and make them highly active in killing cancer cells (Wang & Lippard, 2005). This 

property allows the Ru compounds to remain intact until they reach the cancer cells and gives 

more control over the stability of the complexes modifying the variation of the ligands (Bruijnincx 

& Sadler, 2009). 

Taking into account the particular characteristics stated above, currently, three Ru(III) 

complexes went into clinical trials. The first one, NAMI-A is an antimetastatic drug with anti-

angiogenic and anti-invasive properties (Figure 7A) (Alberta Bergamo & Sava, 2011; Dyson & 

Figure 6. “Activation-by-reduction” mechanism of ruthenium(III) complexes. Ruthenium complexes 

circulate in the bloodstream in their inactive state until reach the reducing environment of the tumors. In the tumor

microenvironment, due to the lower pH and the lower concentration of oxygen, Ru agents are reduced and become 

in its active state. This characteristic allows ruthenium drugs to be more specific in targeting cancer cells. Adapted 

from: Antonarakis & Emadi, 2010. 
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Sava, 2006). It is the most stable Ru drug remaining in its inactive state at physiological pH of 

7.4 until reaches the reducing microenvironment of the tumor (Amin & Buratovich, 2009; 

Antonarakis & Emadi, 2010). It enters the cells by passive diffusion and active transportation, 

through human serum albumin and transferrin (Cetinbas, Webb, Dubland, & Walsby, 2010). 

NAMI-A cytotoxicity induces G2/M cell cycle arrest when the compound enters the nucleus, 

however, its mechanism of action involves other targets because this drug preferentially 

accumulates in the cell walls (Wang & Lippard, 2005; Webb & Walsby, 2013). This complex also 

interacts with the cytoskeleton and actin-dependent adhesion (G Sava et al., 2004). In vivo 

studies, showed that NAMI-A distributes to the whole body and concentrates on collagen-rich 

tissues and in kidney and liver (G Sava et al., 2004). Recently, NAMI-A entered in phase I/II 

clinical trials, where the Ru compound was applied together with gemcitabine in patients with 

non-small cell lung cancer (Leijen et al., 2015). Although the combination of the two drugs was 

only moderately tolerated. The results also showed that NAMI-A was less active than gemcitabine 

alone, and also have more side effects. Unfortunately, NAMI-A is not designed to be applied in 

this type of cancer and the set of results obtained call into question a possible resumption of 

clinical trials with this complex (Allardyce & Dyson, 2016). 

The second Ru(III) agent entering clinical trials was KP1019 (Figure 7B). This drug is 

active against primary tumors and is endowed with interesting properties against CRC (A. 

Bergamo et al., 2012; Alberta Bergamo & Sava, 2011; G Sava et al., 2004). KP1019 was 

developed to treat solid tumors (Alberta Bergamo & Sava, 2011). Concerning its mode of action, 

KP1019 binds to transferrin and enters the cell by endocytosis of transferrin receptors, where it 

becomes active (Pongratz et al., 2004). KP1019 also induces apoptosis via the mitochondrial 

pathway and lead to reactive oxygen species (ROS) overproduction (Hartinger et al., 2006; 

Scolaro, Hartinger, Allardyce, Keppler, & Dyson, 2008). This drug also accumulates preferentially 

in the cytoplasm which suggests that its main targets are in the cytosolic fraction (Heffeter et al., 

2010; Webb & Walsby, 2013). KP1019 entered in phase I clinical trials in which five out of six 

evaluated patients experienced disease stabilization with no severe side effects (Hartinger et al., 

2008). Although, higher doses of this compound are insoluble in the bloodstream, which impairs 

the progress of clinical trials. In this way, NKP-1339, a more soluble compound derived from 

KP1019, was developed (Figure 7B) (Hartinger et al., 2006). This compound entered in clinical 

trials and showed promising results in several types of cancer, with no severe side effects (Trondl 

et al., 2014). 
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1.4.2. Polymer-ruthenium conjugates in cancer treatment 

The principal disadvantages of chemotherapy are related to the fact that it has strong side 

effects and lack of selectivity. One way of overcoming this issue would be the development of a 

drug that would act only in tumor cells without triggering responses in healthy cells. To this end, 

the controlled delivery of the drug would be a more effective way of treating cancer. 

Polymer-metal conjugates (PMCs) arise as a polymeric controlled drug delivery that 

constitutes a promising alternative to the conventional drug delivery approaches in cancer 

therapy (H. Maeda, Bharate, & Daruwalla, 2009; Park et al., 2008; Parveen, Misra, & Sahoo, 

2012). PMCs are generated from the combination of the chemical coordination with a controlled 

polymerization (Andres & Schubert, 2004; Fraser, C & Smith, 2000). These macromolecules 

have high molecular weight and can more readily accumulate in cancer cells by the “enhanced 

permeation and retention (EPR) effect” (Figure 8) (Hiroshi Maeda, 2001; Y Matsumura & 

Maeda, 1986). EPR effect states that macromolecules selectively accumulate in tumors relative 

to healthy tissues, due to their defective vessel vascular structure, as an irregular shape with 

random and large fenestration, and decrease lymphatic drainage. This passive targeting results, 

thus, in the passive accumulation of macromolecules in solid tumors, increasing the therapeutic 

index, while preventing the undesirable side effects generated by free drugs (Kopecek, 

Kopecková, Minko, & Lu, 2000). This phenomenon can increase the drug concentration in tumor 

compared to that of the blood, as high as 10–100 times, and is recognized to overcome the 

multi-drug resistance (Antonarakis & Emadi, 2010; Süss-Fink, 2010). 

Figure 7. Structures of NAMI-A (A) and KP1019/NKP-1339 (B). Adapted from: Trondl et al.,2014. 
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Polymer-drug conjugates present some advantages compared to the parent free drugs like 

passive tumor targeting by the EPR effect, decreased toxicity, capability of solubilization in 

biological fluids of insoluble low molecular weight compounds, ability to overpass some 

mechanisms of drug resistance, ability to elicit immunostimulatory effects and stabilization, and 

prolongation of the plasma half-life of the low molecular weight drugs or proteins (Greco & Vicent, 

2009). In these complexes, the drug is covalently bound to a polymeric carrier, usually through 

a biodegradable linker, which allows the release of the drug under specific conditions (acidic pH 

in lysosomal/endosomal compartments). 

As noted above, Ru agents have emerged as a very effective alternative to platinum-based 

complexes to possess characteristics that make them very versatile and attractive compounds. 

In addition to the ruthenium (III) agents, new organometallic complexes of ruthenium (II) begun 

undergoing preclinical evaluation, especially those with “piano stool” geometry (A. Bergamo et 

al., 2012; Peacock & Sadler, 2008). This appears to be somewhat contradictory since the 

complex is in its active state, which may result in increased systemic toxicity. However, some 

studies reported that the coordination of an arene ligand to the Ru(II) afforded to the complex 

greater stability and allowed the compound to be modified in a rational functionalization way 

(Figure 9). Beyond this important feature, the arene ligand also increases the degree of 

selectivity of the compound to biomolecular targets, while its geometry allows the exchange of 

Figure 8. Enhanced permeation and retention effect. Macromolecules are more likely to accumulate and 

subsequently be retained in tumor tissue, because of increased permeability and lack of a lymphatic drainage 

system. Due to this, polymer-metal conjugates are retained in solid tumors, increasing de efficacy of the drug and 

decreasing the side effects of the treatment. Adapted from: Blunden & Stenzel, 2015. 
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ligands (in the legs of the stool) in order to modulate the pharmacological properties of 

ruthenium(II)-arene compounds (Nazarov, Hartinger, & Dyson, 2014). 

Over the last few years, our group has been dedicated to a family of “piano stool” 

compounds, Ru(II)-cyclopentadienyl complexes (RuCp), and its functionalization, as potential 

anticancer drugs for chemotherapy (Morais et al., 2016). The structure of the first RuCp complex 

(also designated as TM34) synthesized by our group comprises the central core of Ru(II) and the 

different ligands to which it is attached, specifically the cyclopentadienyl group (η5-C5H5) (arene), 

the triphenylphosphine group (PPh3) and the bidentate N,N’-heteroaromatic ligands, and which 

form the “piano stool” structure (Figure 10) (Moreno et al., 2011; Tomaz et al., 2012). 

 

 

 

 

 

 

 

 

 

Figure 9. Ruthenium(II)-arene structure. Piano stool geometry of a complex and the different ways in which 

the central structural motif can be altered in order to increase the pharmacological properties of the compound. 

Adapted from: Nazarov, Hartinger, & Dyson, 2014. 

Figure 10. TM34 structure. Adapted from: Valente et al., 2013. 
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Based on the characteristics of TM34, such as adequate solubility and exceptional 

stability, high cytotoxicity against several types of cancer cell lines with half-maximal inhibitory 

concentration (IC50) values in the sub-micromolar range, apoptosis as the dominant cell death 

mechanism and the fact that this complex surpasses cisplatin in efficiency and spectrum of 

action/range of activity, the second generation of RuCp compounds was designed (Valente et 

al., 2013). This new family was structurally based on TM34, with an appended macromolecule 

in the bipyridine ligand (herein referred as ‘bipyridine macroligand’), thus leading to polymer–

metal conjugates of ruthenium, or RuPMCs. In addition, the polymer was further functionalized 

to incorporate a moiety suitable for active targeting, the bipyridine macroligand that comprises a 

polylactide chain end capped with a glucose derivative as the tumor-targeting moiety (Figure 

11) (Valente et al., 2013). 

 

RuPMC exhibits a pH-dependent hydrolysis which is important for drug delivery, since the 

measured pH in most solid tumors range from 5.7–7.2, while in blood it remains well-buffered 

and constant at pH 7.4 (Tannock & Rotin, 1989). This characteristic discards the need for a 

biodegradable linker and provides the opportunity for site-specific drug delivery, mainly within 

endosomal/lysosomal compartments, where the pH approaches 4.5–6.0 (Ruth Duncan, 2003). 

This conjugate should also have a different mechanism of action from TM34 due to the high 

molecular weight introduced by the polymeric chains (Côrte-Real et al., 2013; Valente et al., 

2013). Regarding for cytotoxicity, comparing the IC50 values between TM34 and RuPMC reveals 

a slight decrease in the cytotoxicity, it might be expected that the prolonged plasma half-life of 

the RuPMC can considerably improve the chemotherapeutic efficacy, and thus, decrease the 

Figure 11. D-Glucose end-capped polylactide ruthenium-cyclopentadienyl (RuPMC). Adapted from:

Valente et al., 2013. 
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necessary dose for treatment, allowing a positive final outcome, as it has been described for 

many platinum-related compounds (Uchino et al. 2005; Nishiyama & Kataoka 2001; Cabral et 

al. 2005; Kim et al. 2008). The RuPMC also triggers a mechanism of cell death by apoptosis 

verified by mitochondrial changes and accumulation of ROS in cancer cells (Matos et al., 2018). 

Importantly, this conjugate is also more active than other reported polymer-metal complexes of 

cisplatin and ruthenium. All these characteristics together with the EPR effect (which allow a 

better internalization), make RuPMC a good candidate for the drug-delivery application. Taking 

into account all the mentioned, a rationale for the synthesis of the three new compounds studied 

in this work was created. 

The first compound was PMC79, also designated as the parental compound, and is 

endowed with promising characteristics for cancer therapy (Figure 12). PMC79 showed a great 

stability in dimethyl sulfoxide (DMSO): Dulbecco’s Modified Eagle’s Medium (DMEM), even after 

being about 24 hours in solution, and in relation to its cytotoxicity, it had low IC50 values in several 

cell lines, when compared to cisplatin (unpublished data). In view of its structure, it has also 

been noted that the presence of the PPh3 ligand influences the cytotoxicity of the compound 

since when substituted by other molecules (DMSO and carbon monoxide), the cytotoxicity of the 

compound decreases (Côrte-Real et al., 2015). 

Figure 12. Polymer-metal complexes of ruthenium. The structure of our compounds,

evidencing the typical piano stool geometry in PMC79, the addition of the polylactide polymer in PMC78,

and the addition of the polylactide polymer with the sugar-derivative in PMC85. 
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The second compound, PMC78, was designed based on the knowledge of the existence 

of a biological phenomenon associated with cancer, the EPR effect, which leads to the selective 

accumulation of the macromolecules in the malignant tissues. This compound was designed 

from the parent compound, PMC79, considering its promising features. In this way, to the 

bipyridine ligand of PMC79, a polylactide polymer was added to increase its molecular weight 

(Figure 12). 

The rationale for the last compound, also known as PMC85, was thought to further 

increase its target approach. The glucose transporters (GLUTs) are known to be overexpressed 

in cancer cells, in particular, GLUT1, which is the principal glucose transporter in several types 

of cancer (Amann et al., 2009; Yang et al., 2016). In this way, a glucose derivative was included 

to the end-chain of the polylactide polymer, so that it might be recognized by the glucose 

receptors present on the cell surface thus allowing specific targeting (Figure 12). Overall, our 

compounds bring together several characteristics that make them very promising, taking 

advantage of ruthenium's anticancer properties (PMC79) as well as its functionalization in order 

to improve the targeting approach (PMC78 and PMC85). 

Previous results of our group have already shown some effects of this three new Ru 

compounds in different cell lines. The study began with breast cancer cell model MCF7 (Garcia, 

Valente, Morais, & Tomaz, 2016; unpublished data). The results showed that the compounds 

induced changes in the cytoskeleton, interfering with filamentous actin (F-actin) polymerization. 

In addition, the type of cell death induced by our compounds was proven to be apoptosis (Garcia, 

Valente, Morais, & Tomaz, 2016; unpublished data). More recently, the evaluation of the 

anticancer properties of our compounds started in a triple negative breast cancer cell model 

MDA-MB-231 (Moreira, 2016). In this cell line, cytoskeleton alterations were again observed. The 

results also showed the three Ru compounds affected the clonogenic ability of the cells and in 

the case of the PMC85 compound, it also affected the migration of the cells in a manner similar 

to cisplatin, which was used as a comparison model. PMC85 demonstrated to be the most 

efficient compound in this cell line. 

The effects of the three compounds were evaluated in colorectal cancer cells. The work of 

Tiago Moreira showed the IC50 values, at 48 h, were in the micromolar range, for RKO and SW480 

cell lines (Moreira, 2016). The results also demonstrated that the compounds affect the cell lines 

in different ways. Regarding the effect in the clonogenic ability, in RKO cell line, the compounds 

decreased the ability to form colonies and the more pronounced effect was observed with the 
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PMC85 compound. In the case of SW480 cells, the compounds did not affect the clonogenic 

ability. The effect of the different compounds in the migration of cells was also assessed however, 

the results showed the compounds did not affect the migration in both cell lines. 

The exact mechanism of action and targets of Ru complexes are still not well understood. 

In addition, the type of cell death and its mechanism remain unknown, as well as other anticancer 

properties of these compounds. Thus, all conditions are fulfilled for the continuation of this work, 

using as a model of colorectal cancer the RKO and SW480 cell lines, as well as, using cisplatin 

as a comparison model in order to find out if our compounds are more appropriate than this 

platinum drug for CRC therapy.  
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2. Rationale and aims 

CRC is an important cause of global morbidity and mortality, being in Portugal the second 

leading reason of cancer death (J. Ferlay, Steliarova-Foucher, et al., 2013; Torre et al., 2015). 

The risks associated with this type of cancer are mainly due to lifestyle, however, it could also 

have hereditary causes (Potter, 1999; Weitz et al., 2005). Several genetic alterations have been 

associated with colorectal carcinogenesis, being KRAS and BRAF genes mutations the most 

frequent related to sporadic CRC (Ahmed et al., 2013; Móran et al., 2010). 

There are few chemotherapeutic agents available for the treatment of CRC, being 5-FU 

the chemotherapy agent more frequently used in CRC treatment, however 5-FU possesses low 

success rates due to undesirable side effects and resistance (Pardini et al., 2011; Provenzale et 

al., 2015; Eric Van Cutsem et al., 2016). Cisplatin is a classical drug used in the clinics, although 

it is not used in CRC therapy due to severe side effects and to the fact that the majority of CRC 

are resistant to cisplatin treatment (Morais et al., 2016). Despite the chemotherapeutic drugs 

available, colorectal patients harboring mutations in KRAS or BRAF and/or PIK3CA do not 

respond to EGFR antibodies, which creates a relevant clinical problem that needs to be overcome 

(S. Hong et al., 2016; Temraz et al., 2015). 

Because of the lack of specific anticancer agents in colorectal cancer therapy, there is an 

increased need to find new drugs that could rise the efficacy and specificity of treatment, 

overcoming the resistance mechanisms of the agents currently used, and reducing the range of 

side effects. In this way, a new family of multifunctional polymer-ruthenium conjugates has been 

synthesized and tested as anticancer agents (Garcia et al., 2016; Valente et al., 2013). These 

conjugates comprise a RuCp molecule, a biodegradable polymer, and a sugar-like molecule. The 

conjugation of these characteristics allows the accumulation of the drug by EPR effect and make 

these conjugates more specific, efficient and selective to target cancer cells. Thus, RuPMCs arise 

as a promising candidate for the drug-delivery application and cancer treatment. 

 

Our general aim is to determine the potential use of the new ruthenium agents 

(RuPMCs) as novel anticancer drugs to use in colorectal cancer therapy. 

 

 



28 
 

 

Specifically, we aim to answer the following questions: 

1. What are the effects of ruthenium-cyclopentadienyl derived compounds in 

colorectal cancer cells survival? 

2. What are the mechanisms of action of these ruthenium compounds? 

3. What are the possible molecular targets of these ruthenium compounds? 
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3. Materials and methods 

3.1. Cell lines and culture conditions 

The cell lines used in this work SW480 and RKO are colorectal cancer-derived cell lines 

obtained from American Type Culture Collection (ATCC). SW480 cells harbor mutations in 

KRASG12V and TP53R273H/P309S and RKO cells harbor BRAFV600E and PIK3CAH1047R mutations. 

Initially, one vial of frozen cells from each cell line, stored either in liquid nitrogen or at -

80 °C, was thawed and the content, cells blended with freezing mixture (DMSO and fetal bovine 

serum (FBS), 1:4 (v/v), respectively), was transferred to a 15 ml falcon tube where it was, 

carefully, resuspended in 9 ml of complete medium. The cell suspension was then centrifuged 

at 1200 rpm for 5 minutes and the pellet resuspended in 5 ml of fresh complete medium, which 

was transferred into a sterile culture plate. 

All cell lines were maintained at 37 °C under a humidified atmosphere containing 5% CO2. 

SW480 cells grew in Roswell Park Memorial Institute (RPMI) 1640 medium (Biowest®) and RKO 

cells in Dulbecco’s Modified Eagle’s Medium (DMEM) High Glucose (Biowest®). Both 

supplemented with 10% FBS (v/v) (Biowest®) and 1% penicillin/streptomycin (v/v) (Biowest®). 

Cells were subcultured once a week when at least 80% of confluence was reached at a 

dilution of 1:10 and 1:20 for SW480 and RKO cell lines, respectively.  

In order to maintain the stock of the cell lines used, during the first subcultures some of 

the unused cell suspension was centrifuged at 2000 rpm for 10 minutes. The pellet was 

resuspended in 1 ml of freezing mixture and transferred to a cryotube which was then stored in 

liquid nitrogen or at -80 °C. 

3.2. Mycoplasma detection 

Contamination with Mycoplasma is one of the main contaminations found in cell culture, 

essentially due to improper handling. It is difficult to detect and causes changes in several cellular 

characteristics that may interfere with the results. 

In order to test for mycoplasma contamination, 200 μl of cell supernatant was collected 

from culture plates with almost 100% confluence for a 1.5 ml microtube, which was heated in a 

dry bath at 95 °C for 10 minutes. After that the samples were stored at -20 °C. 
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The test was performed by polymerase chain reaction (PCR) using VenorTMGeM 

Mycoplasma Detection Kit (Sigma-Aldrich®). Cells that showed positive results for Mycoplasma 

contamination were discarded. 

3.3. RuPMC compounds and cisplatin: dilution, storage and IC50 

The ruthenium compounds used throughout this work were synthesized by Doctor Andreia 

Valente and her team, in the Department of Chemistry and Biochemistry of the Faculty of 

Sciences of the University of Lisbon. 

The RuPMC compounds were dissolved in DMSO and the aliquots stored at -20 °C, 

protected from light, and discharged after one month, at which time new samples were prepared. 

Each aliquot could only be thawed once. 

Cisplatin was dissolved in a sterile filtered solution of sodium chloride (NaCl) 0.9% (w/v) 

in deionized water and stored at -20 °C, protected from light. 

The IC50 values for PMC78, PMC79, PMC85 and cisplatin were previously determined for 

the two cell lines by our group, through Sulphorhodamine B (SRB) assay, and are showed in 

Table 1. 

Table 1. IC50 values of PMC78, PMC79, PMC85 and cisplatin for RKO and SW480 cell lines. 

 

 

 

 

 

 

 

 

3.4. Cell cycle analysis 

In order to determine if the compounds induce cell cycle arrest, we performed cell cycle 

analysis by flow cytometry using propidium iodide (PI) to stain the DNA content. 

Both cell lines, SW480 and RKO, were seeded at a concentration of 2×105 cells/ml and 

8×104 cells/ml, respectively, in 6-well plates. For each cell line, two wells per condition were 

 SW480 RKO 

Compound IC50 (µM) IC50 (µM) 

Cisplatin 7 12.5 

PMC78 6 4 

PMC79 40 3 

PMC85 4 3.5 
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used, except for the negative control, where only one well was used. To evaluate the 

autofluorescence of the compounds, the cell lines were also seeded in 60 mm petri dishes, at a 

final concentration of 2.5×105 cells/ml for RKO and 6.3×105 cells/ml for SW480, one per 

condition. After 24 hours, cells were exposed to the IC50 values of cisplatin, PMC78, PMC79, and 

PMC85. The negative control cells were treated with DMSO 0.1% (vehicle). Cells were incubated 

48 hours with the treatment, after which the medium was collected to 15 ml tube, cells were 

washed with phosphate buffered saline (PBS) 1× and harvested with trypsin- ethylendiamine 

tetraacetic acid (EDTA) 0.05% (v/v). All solutions used for washing cells were collected for the 

respective falcon to collect dead and living cells of the same condition. The suspension was then 

centrifuged at 500 g for 3 minutes, the pellet was resuspended and washed with PBS, and kept 

on ice for 15 minutes. After incubation on ice, 1.5 ml of ice-cold 96% ethanol was added and 

mixed until air bubbles formed in the suspension, to a final concentration of 70% of ethanol, and 

the cell suspension was kept on ice for further 15 minutes. Thereafter, 4 ml of PBS were added, 

and the cells were centrifuged at 500 g for 3 minutes, three times. Between centrifuges, the 

cells were washed with PBS 1×. After the last wash, 50 µl of RNase A at 200 µg/ml in sodium 

citrate (1% w/v) were added, vortexed and incubated at 37 °C for 15 minutes. Prior to analysis 

on the COULTER® EPICS® XL™ Flow Cytometer (Beckman Coulter©), it was added 30 µl of 

propidium iodide staining solution at 0.5 mg/ml in sodium citrate (1% w/v), vortexed and 

incubated at room temperature (RT) for 30 minutes. The autofluorescence conditions were only 

incubated with RNase A. 

The analysis of the results was made using FlowJo 7.6 software. Values represent mean 

± standard deviation (SD) of at least three independent experiments. Statistical analysis was 

performed using two-way ANOVA followed by Tukey’s multiple comparisons test with GraphPad 

Prism version 6.01 for Windows, GraphPad Software, La Jolla California USA, 

www.graphpad.com. 

3.5. Apoptosis assay 

To determine if the compounds induce apoptosis we performed the Terminal transferase 

dUTP nick end labeling (TUNEL) assay using In Situ Cell Death Detection Kit, Fluorescein 

(Roche©). 

The cell lines SW480 and RKO were seeded, in 6-well plates, at a concentration of 1×105 

cells/ml and 4×104 cells/ml, respectively. For each cell line, two wells per condition were used 
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except for the negative control where only one well was used. Cisplatin was used as positive 

control since it is known to induce apoptosis. 

Cells were exposed 24 hours after seeding, to the IC50 values of cisplatin, PMC78, PMC79, 

and PMC85. The negative control cells were treated with DMSO 0.1% (vehicle). After 48 hours, 

the medium was collected to 15 ml tube, cells were washed with PBS 1× and harvested with 

trypsin-EDTA 0.05% (v/v). After detachment, the wells were washed again with PBS 1×. All 

solutions used for washing cells were collected to the respective falcon, in order to gather both 

dead and live cells from the same condition. 

The suspension was then centrifuged at 2000 rpm for 10 minutes, the pellet was 

resuspended and washed with PBS 1×, and centrifuged again under the same conditions. To the 

resuspended pellet was added paraformaldehyde 4%, for 15 minutes to fix the cells, which were 

then washed with PBS and centrifuged for 10 minutes, at 2000 rpm. The pellet was resuspended 

in 500 µl of supernatant, transferred to 1.5 ml microtubes and storage at 4°C where it could be 

stored for several weeks. 

Cytospins were obtained in the Cytospin™ 4 Cytocentrifuge (Thermo Fisher Scientific©), 

using 250 µl of cell suspension after centrifugation for 5 minutes, at 500 rpm. After 

centrifugation, the cytospin was demarcated using a hydrophobic pen. The slides were washed 

3 times in PBS 1×, for 5 minutes each wash, and then placed on ice to incubate with 50 µl of 

permeation solution (0.1% Triton X-100 in 0.1% sodium citrate), for 2 minutes. After that, the 

slides were washed again. 

The TUNEL reaction mixture was prepared in a ratio of 10:9:1 (dilution buffer, label 

solution and enzyme solution, respectively). 20 µl of this mixture were added to each slide which 

were then incubated, for 1 hour, at 37 °C, in a box wrapped in aluminum foil with wet paper 

inside to prevent dehydration of the slides. 

Following incubation, the slides were washed 3 times in PBS 1×, for 5 minutes each wash, 

in an immunohistochemical box wrapped in aluminum foil. 2 µl of VECTASHIELD Antifade 

Mounting Medium with 4',6-diamidino-2-phenylindole (DAPI) (Vector Laboratories®) were used 

to mount with a coverslip on the top. The slides were storage at -20 °C to preserve the 

fluorescence until visualization. Representative images were obtained in a Confocal Microscope 

Olympus FluoViewTMFV1000 (Olympus©) at a magnification of 600×. 
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The results were obtained from at least three independent experiments and expressed as 

mean ± SD. For each condition were counted at least 500 cells using ImageJ 1.50i software 

(Schneider, Rasband, & Eliceiri, 2012). 

One-way ANOVA followed by Dunnett’s multiple comparisons test was performed using 

GraphPad Prism version 6.01 for Windows, GraphPad Software, La Jolla California USA, 

www.graphpad.com. 

3.6. Protein extraction 

 RKO and SW480 cell lines were seeded, in 60 mm petri dishes, two per condition, at a 

final concentration of 2.5×105 cells/ml and 6.3×105 cells/ml, respectively. 24 hours later, cells 

were treated with the IC50 of each ruthenium compound and cisplatin, and in the negative control 

cells were treated with DMSO 0.1% (vehicle).  

After 48 hours of incubation, the medium was collected to 15 ml tube and cells were 

washed with PBS 1×, at 37 °C. To collect both live and dead cells from each condition, 300 µl 

of trypsin-EDTA 0.05% (v/v) was added to each petri dish. After detachment, the petri dishes 

were washed with PBS 1×, at 4 °C. The cell suspension was centrifuged at 2000 rpm for 10 

minutes, at 4 °C, and the supernatant discarded. 

The pellet was then resuspended, transferred to 1.5 ml microtubes, washed with 500 µl 

PBS, at 4 °C, and centrifuged at 1200 rpm for 5 minutes, at 4 °C. The supernatant was 

discarded, and the pellet resuspended in RIPA buffer (tris(hydroxymethyl)aminomethane (Tris) 

hydrochloric acid (HCl) 50 mM pH 7.5, NaCl 150 mM, EDTA 2 mM, NP-40 1% (v/v)) 

supplemented with inhibitors (sodium fluoride (NaF) 20 mM, sodium orthovanadate (Na3VO4) 20 

mM, phenylmethylsulfonyl fluoride (PMSF) 1 mM, cOmplete™, Mini, EDTA-free, protease cocktail 

inhibitor (Roche©) (4%)) and incubated on ice for 20 minutes. Samples were then centrifuged at 

14000 rpm, for 10 minutes, at 4 °C, and the supernatant containing the protein extract were 

transferred to new 1.5 ml microtubes and stored at -20 °C. 

Protein quantification of the samples was performed using DC™ Protein Assay kit (Bio-

Rad©). In order to know the protein quantification of each sample, a bovine serum albumin 

(BSA) standard curve with 0.25 mg/ml, 0.50 mg/ml, 1.0 mg/ml, 2.0 mg/ml, 3.0 mg/ml and 

5.0 mg/ml concentrations was performed. The protein content of each sample was calculated 

by the equation of the standard curve obtained. The validity of the results was assumed for an 

R2 > 0.98 of the standard curve. 
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3.7. Western blotting analysis 

Expression of several proteins was assessed by Western blot analysis. Protein samples 

were prepared using 25 µg of protein extract, deionized water and loading buffer 6× (0.5 M Tris 

HCl pH 6.8, 30% (v/v) glycerol, 10% (w/v) sodium dodecylsulfate (SDS), β-mercaptoethanol 6.8% 

(v/v), bromophenol blue 12% (w/v)) in a final volume of sample to be loaded onto the gel of 25 

µl. To denature the proteins, the samples were heated at 95 °C, for 5 minutes. Before being 

loaded onto the gel a short spin was performed to concentrate the samples at the bottom of the 

microtubes. 

Protein samples were separated by 10% acrylamide SDS/polyacrylamide gel 

electrophoresis (PAGE) (resolving gel 10%: 40% acrylamide, 1.5 M Tris HCl pH 8.8, 10% SDS, 

10% ammonium persulfate (APS) and 1% tetramethylethylenediamine (TEMED); separating gel 

5%: 40% acrylamide, 0.5 M Tris HCl pH 6.8, 10% SDS, 10% APS and 1% TEMED). In each gel, 3 

µL of molecular marker (BioRad® Precision Plus™ Protein Standards Dual Color) was loaded. 

Gels were emerged in running buffer 1× prepared from a stock solution of 10× (0.25 M Tris 

base, 1.92 M glycine, 1% (w/v) SDS), and run for 90 minutes at 100 volts. After proteins 

separation in the gel, they were transferred to a polyvinylidene fluoride (PVDF) membrane 

(previously activated in methanol for 10 seconds) emerged in transfer buffer 1×, prepared from 

a stock solution of 10× (0.25 M Tris base, 1.92 M glycine) and 100% methanol, at 100 volts for 

1 hour with a Bio-Ice cooling unit. 

When the transfer was complete, membranes were washed in PBS with 0.05% Tween 20 

(PBS-T) and blocked in 5.0% BSA for 1 hour at RT. The membranes were further incubated for 

1 hour at RT or overnight at 4 °C with primary antibody (Table 2). After incubation, the 

membranes were washed twice with PBS-T, for 5 minutes and 15 minutes. Then the membranes 

were incubated with the secondary antibody conjugated with IgG horseradish peroxidase, for 1 

hour at RT (Table 2). Before the immunoreactive visualization the membranes were washed 

twice for 5 minutes and 15 minutes with PBS-T. Protein detection was performed using a 

commercial kit (Milipore® Immobilon™ Western Chemiluminescense Detection HRP Substrate) 

using the BioRad® ChemiDOC™ XRS imaging system. 

The antibodies used, their characteristics and dilutions used are summarized in Table 2.  

To visualize proteins of the same molecular weight it was performed a stripping protocol. 

After protein detection, the membranes were washed twice for 10 minutes with stripping solution 
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pH 2.2 (1.5% (w/v) glycine, 0.1% (w/v) SDS, 1% (v/v) Tween 20), then the membranes were 

washed twice, for 10 minutes with PBS 1×, and twice, for 5 minutes, with PBS-T. At the end, to 

confirm if the stripping worked well, the procedure to visualize proteins was performed again. 

To determine the volume intensity of which band was used Image Lab software version 

3.0. The results were obtained from at least three independent experiments and expressed as 

mean ± SD. 

One-way ANOVA followed by Dunnett’s multiple comparisons test was performed using 

GraphPad Prism version 6.01 for Windows, GraphPad Software, La Jolla California USA, 

www.graphpad.com. 

Table 2. List of antibodies used, target size and incubation conditions. 

Antibody Host 

Protein 

Molecular 

Weight 

(kDa) 

Dilution 
Temperature 

(°C) 

Incubation 

time 

Manufacturer 

(Reference) 

Anti-β-Actin Mouse 42 1:5000 RT 1 hour 
Sigma-Aldrich® 

(A5441) 

Anti-GAPDH Rabbit 36 1:10000 RT 1 hour 
Gene Tex® 

(GTX100118) 

Anti-GLUT1 Rabbit 55 1:500 4 Overnight 
abcam® 

(ab15309) 

p44/42 MAPK 

(ERK1/2) 
Rabbit 42/44 1:1000 4 Overnight 

Cell signaling® 

(#4695) 

Phospho-p44/42 

MAPK 

(ERK1/2) 

(Thr202/Tyr204) 

Rabbit 42/44 1:2000 4 Overnight 
Cell signaling® 

(#4370) 

AKT (pan) Rabbit 60 1:1000 4 Overnight 
Cell signaling® 

(#4691) 

Phospho-AKT 

(Ser473) 
Rabbit 60 1:2000 4 Overnight 

Cell signaling® 

(#4060) 

Anti-Rabbit IgG Goat - 1:5000 RT 1 hour 
Sigma-Aldrich® 

(A9169) 

Anti-Mouse IgG Rabbit - 1:5000 RT 1 hour 

Vector 

Laboratories® 

(PI-2000) 



36 
 

3.8. F-actin staining with Phalloidin 

To study the effect of the different compounds on the cytoskeleton of cells, namely on 

actin, a F-actin staining assay was made. In this assay, RKO and SW480 cell lines were seeded 

at a concentration of 8×104 cells/ml and 1×105 cells/ml, respectively, in 12-well plates with one 

coverslip per well. Two wells per condition were used, for each cell line. After 24 hours, cells 

were exposed to the IC50 values of cisplatin, PMC78, PMC79, and PMC85, and the cells of 

negative control were treated with DMSO 0.1%. 

After 48 hours of incubation, cells were washed twice with PBS 1×, for 5 minutes, and 

fixed with paraformaldehyde 4% (w/v) for 10 minutes. Then cells were washed three times with 

PBS 1×, for 5 minutes. After fixation, cells were incubated, for 10 minutes, with ammonium 

chloride (NH4Cl) 50 mM (to block the aldehyde groups left by paraformaldehyde), and washed 

twice with PBS 1×, for 5 minutes. Cells were permeabilized with Triton X-100 0.2%, for 5 minutes, 

washed twice with PBS 1×, for 5 minutes, and blocked with PBS 1× - BSA 3% for 20 minutes. 

Then cells were incubated with Alexa Fluor™ 568 Phalloidin (ThermoFisher Scientific®), which 

is a high-affinity F-actin probe conjugated to the red-fluorescent Alexa Fluor™ 568 dye, diluted in 

PBS 1× (1:40), for 1 hour in the dark and washed twice with PBS 1×. To finalize coverslips were 

mounted using, 5 µL of VECTASHIELD Antifade Mounting Medium with DAPI (Vector 

Laboratories®) in microscope slides. The slides were reserved at -20 ºC, protected from light 

until needed. 

The results were obtained from at least three independent experiments. Representative 

images were obtained in a Confocal Microscope Olympus FluoViewTMFV1000 (Olympus©) at a 

magnification of 600×. 

3.9.  Sulphorhodamine B assay 

3.9.1. Determination of STF-31 IC50 

In order to determine the IC50 of 4-[[[[4-(1,1-dimethylethyl)phenyl]sulfonyl]amino]methyl]-

N-3-pyridinyl-benzamide (STF-31) (Sigma-Aldrich®), a well-known inhibitor of GLUT1 it was 

performed a Sulphorhodamine B (SRB) assay. STF-31 was dissolved in DMSO and stored at -20 

°C, protected from light. 
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Both RKO and SW480 cell lines were seeded, in 24-well test plates, three wells per 

condition, at a concentration of 1×105 cells/ml and 4×104 cells/ml for SW480 and RKO, 

respectively. After 24 hours of seeding, cells were incubated with different concentrations of STF-

31, for 48 hours. For each cell line, two negative controls were used: one control in which cells 

were incubated only with growth medium and the second control, to discard any influence of the 

DMSO in the results, in which the cells were exposed to the concentration of DMSO 

corresponding to the highest concentration at which the compound was dissolved (maximum of 

0.1% of DMSO per well (v/v)). 

After 48 hours of treatment, cells were washed once with PBS 1× and fixed in ice-cold 

methanol containing 1% acetic acid (v/v) for at least 90 minutes at -20 °C. Fixing solution was 

then removed, and the plate was left air-dry at RT, then the fixed cells were incubated with 0.5% 

(w/v) SRB dissolved in 1% acetic acid (v/v) for 90 minutes at 37 °C protected from light. Then 

SRB was removed and the plate was washed with 1% acetic acid (v/v), to remove excess of SRB 

that was not bound to proteins, and air-drying at RT. SRB was solubilized with 10 mM Tris pH 

10, in agitation and protected from light. The samples of each well were transferred into a 96-

well microplate and absorbance was read at 540 nm in SpectraMax® Plus 384 Microplate 

Reader (Molecular Devices©). 

The results were obtained from at least three independent experiments and expressed as 

mean ± SD. One-way ANOVA followed by Dunnett’s multiple comparisons test was performed 

using GraphPad Prism version 6.01 for Windows, GraphPad Software, La Jolla California USA, 

www.graphpad.com. The IC50 was determined applying a dose vs response (variable slope) non-

linear regression using GraphPad Prism version 6.01 for Windows, GraphPad Software, La Jolla 

California USA, www.graphpad.com. 

3.9.2. Study the effects on cell proliferation of the combination 

of PMC79 and STF-31 

SW480 cell line was seeded, in 24-well test plates, three wells per condition, at a 

concentration of 1×105 cells/ml. 24 hours after seeding, cells were incubated with different 

concentrations of PMC79 and STF-31, for 48 hours, using the same negative controls and the 

SRB protocol described previously. 

The results were obtained from at least three independent experiments and expressed as 

mean ± SD. One-way ANOVA followed by Tukey’s multiple comparisons test was performed using 
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GraphPad Prism version 6.01 for Windows, GraphPad Software, La Jolla California USA, 

www.graphpad.com. 

3.10.  Statistical analysis 

The results were obtained from at least three independent experiments and expressed as 

mean ± SD. All different statistical analyses were performed using GraphPad Prism version 6.01 

for Windows, GraphPad Software, La Jolla California USA, www.graphpad.com. 
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4. Results 

4.1. RuPMC compounds induce apoptosis without affecting cell 

cycle in colorectal cancer cells 

To evaluate the effect on cellular proliferation of RuPMC compounds in colorectal cancer 

cell lines, RKOBRAFV600E/ PIK3CAH1047R and SW480KRASG12V/ TP53R273H/P309S, we performed cell cycle analysis by flow 

cytometry. For this purpose, we used the IC50 values of PMC78 (4 µM for RKO and 6 µM for 

SW480), PMC79 (3 µM for RKO and 40 µM for SW480), and PMC85 (3.5 µM for RKO and 4 

µM for SW480), previously determined by our group using the SRB assay (Moreira, 2016). 

Cisplatin, a classical chemotherapy drug used in the clinics, was also used as a model of 

comparison. The IC50 values of cisplatin (12.5 µM for RKO and 7 µM for SW480), were also 

previously determined using the SRB assay (Moreira, 2016). 

In RKO cell line, the results showed that the IC50 values of Ru compounds PMC78, PMC79 

and PMC85 have no effect on the cell cycle phases when compared to the negative control 

(Figure 13). However, cisplatin induced an increase in the percentage of cells in G2/M phase 

of the cell cycle (44%) comparing with the negative control (24%) what is in accordance with a 

cell cycle arrest at that phase. Cisplatin showed an increase in the number of cells in hypodiploid 

sub-G1 cell-cycle phase, which is associated with cell death. These changes consequently led to 

a decrease in the percentage of cells in G0/G1 and S cell cycle phases. 

In the case of SW480 cell line, PMC78 compound decreased the percentage of cells in 

the G0/G1 cell cycle phase (35%) compared to the negative control (Figure 14). Relatively to 

PMC79 there was a decrease in the percentage of cells in G0/G1 (29%) and G2/M (25%) cell 

cycle phases and a significant increase in the hypodiploid sub-G1 cell-cycle phase (35%) when 

compared to the negative control (G0/G1 - 44%; G2/M – 43%; sub-G1 – 1%). As to compound 

PMC85, this had no effect on the cell cycle distribution, which is common to both cell lines. 

Contrary to what happens in RKO cell line with cisplatin, in SW480 cell line, there was a decrease 

in the percentage of cells in G2/M cell cycle phase. 

To assess the effect on cell death of RuPMC compounds in colorectal cancer cell lines, 

we performed TUNEL assay, after 48 h of incubation with the IC50 values of each compound. In 

both cell lines, in all conditions treated with Ru compounds or cisplatin, we could observe the 

presence of apoptotic bodies, phenotypic alterations typical of apoptosis (O’Brien & Brown, 
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2006; Velma, Dasari, & Tchounwou, 2016) (Figure 15A). This phenotypic alteration is one of 

the hallmarks of apoptosis and the evidence of being apoptosis the cell death induced by these 

compounds. 

In RKO cell line, there was an increase in the levels of TUNEL positive cells after the 

incubation with the IC50 values of PMC78 (3.7%), PMC79 (4.2%) and PMC85 (5.8%) compared 

with negative control (0.4%) (Figure 15). Cisplatin presented the highest percentage of 

apoptosis in this cell line (9.3%). 

In SW480 cell line, PMC78 (10.7%), PMC79 (17.0%) and PMC85 (12.5%) demonstrated 

to induce high apoptosis levels comparing with the negative control (0.5%) (Figure 16). PMC79 

showed the highest percentage of apoptotic cell death in this cell line. Cisplatin (11.6%) also 

induced a high percentage of apoptotic cell death compared with the negative control. 

Ru compounds showed to be more efficient in SW480 cell line than in the RKO because 

they induced higher percentages of apoptosis determined by TUNEL assay. 
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Figure 13. RuPMC compounds do not affect cell cycle in RKO colorectal cancer cell line. Cell cycle assay in RKO cells were performed by flow cytometry, after incubation 

with IC50 concentrations for 48 h. (A) Representative graphs were obtained using FlowJo 7.6 software. (B) Analysis of cell cycle in RKO cells. Values represent mean ± SD of at least 

three independent experiments. ** P≤ 0.01; *** P≤ 0.001; **** P≤ 0.0001 compared with negative control. 
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Figure 14. RuPMC compounds do not affect cell cycle in SW480 colorectal cancer cell line. Cell cycle assay in SW480 cells were performed by flow cytometry, after 

incubation with IC50 concentrations for 48 h. (A) Representative graphs were obtained using FlowJo 7.6 software. (B) Analysis of cell cycle in SW480 cells. Values represent mean ± SD

of at least three independent experiments. * P≤ 0.05; ** P≤ 0.01; **** P≤ 0.0001 compared with negative control. 

SW480 

A 
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Figure 15. RuPMC compounds induce apoptosis in colorectal cancer cell lines. RKO cells were analyzed by TUNEL assay, after incubation with IC50 concentrations for 48 h. (A) Representative 

images (×600) of DAPI (4’,6diamidino-2-phenylindole), FITC (fluorescein isothiocyanate) and merged were obtained by confocal microscopy. (B) Analysis of TUNEL assay in RKO cells. Values represent mean 

± SD of at least three independent experiments. ** P≤ 0.01; *** P≤ 0.001; **** P≤ 0.0001 compared with negative control. 
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Figure 16. RuPMC compounds induce apoptosis in colorectal cancer cell lines. SW480 cells were analyzed by TUNEL assay, after incubation with IC50 concentrations for 48 h. (A) Representative 

images (×600) of DAPI (4’,6diamidino-2-phenylindole), FITC (fluorescein isothiocyanate) and merged were obtained by confocal microscopy. (B) Analysis of TUNEL assay in SW480 cells. Values represent 

mean ± SD of at least three independent experiments. *** P≤ 0.001; **** P≤ 0.0001 compared with negative control. 

SW480 
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4.2. RuPMC compounds induce changes in AKT and ERK1/2 

expression levels in colorectal cancer cells 

SW480 and RKO cell lines used in this work harbor mutations in KRASG12V, and BRAFV600E 

genes, the most common mutations in CRC (Laurent-Puig et al., 2009). KRAS and BRAF 

downstream signaling pathways, PI3K and MAPK, are involved in survival and proliferative 

processes that influence the progression of the disease (Fruman & Rommel, 2014). PI3K-AKT and 

MAPK-ERK signaling pathways are the two most important pathways implicated in CRC (Ersahin, 

Tuncbag, & Cetin-Atalay, 2015; S. Hong et al., 2016; Porta, Paglino, & Mosca, 2014; Temraz et 

al., 2015). 

Here we wanted to understand whether the Ru compounds might affect KRAS and/ or BRAF 

signaling pathways by analyzing the expression of the downstream regulators AKT and ERK1/2, 

proteins involved in PI3K and MAPK pathways respectively. We performed a Western blot assay 

using protein extracts of RKO and SW480 CRC cell lines treated with RuPMC’s IC50 values. 

Our results showed that in RKO cell line harboring BRAFV600E and PIK3CAH1047R mutations there 

was a significant increase in the expression of phosphorylated-AKT (p-AKT) with PMC85 and also 

an increase in the expression of total AKT (tAKT) with PMC78 and PMC79 (Figure 17A). These 

changes were not significant on the p-AKT/tAKT quantification but only when the quantification of 

the two proteins was performed normalized for the levels of GAPDH. In the case of ERK proteins, 

the Ru compounds did not induce significative changes in the expression of these proteins (Figure 

17B). 

Interestingly, in the SW480 cell line harboring KRASG12V and TP53R273H/P309S mutations there was 

a significant decrease in the levels of both p-AKT, tAKT and phosphorylated-ERK (p-ERK), total ERK 

(tERK) proteins when treated with PMC79 (Figure 18). PMC78 and PMC85 do not affect the 

levels of p-AKT, tAKT and p-ERK, but showed a statistical decrease in the expression of tERK protein 

when normalizing it expression for GAPDH (Figure 18B). 
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Figure 17. RuPMC compounds modify the levels of AKT and ERK1/2 expression in RKO cancer cell line. Western blot analysis 

of RKO cell line after 48 h of exposure with the IC50 concentrations. (A) Blots of AKT proteins and analysis of quantification. Values represent 

mean ± SD of at least three independent experiments. * P≤ 0.05 compared with negative control. (B) Blots of ERK1/2 proteins and analysis 

of quantification. Values represent mean ± SD of at least three independent experiments. 
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Figure 18. RuPMC compounds modify the levels of AKT and ERK1/2 expression in SW480 cancer cell line. Western 

blot analysis of SW480 cell line after 48 h of exposure with the IC50 concentrations. (A) Blots of AKT proteins and analysis of 

quantification. Values represent mean ± SD of at least three independent experiments. ** P≤ 0.01 compared with negative control. (B) 

Blots of ERK1/2 proteins and analysis of quantification. Values represent mean ± SD of at least three independent experiments. * P≤ 

0.05; ** P≤ 0.01; *** P≤ 0.001 compared with negative control. 
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4.3. RuPMC compounds affect the actin cytoskeleton of colorectal 

cancer cells 

 Previous results of our group showed that the different ruthenium-derived compounds 

seem to have a direct effect on the cytoskeleton (Moreira, 2016; unpublished data). With the 

purpose to evaluate if the Ru compounds also induced changes in the cytoskeleton structure of 

RKO and SW480 colorectal cancer cell lines, we analyzed F-actin organization in the cell using 

phalloidin. Cells were treated with IC50 concentrations of RuPMC compounds, for 48 h, and then 

were stained with Phalloidin-AlexaFluor® 568 and DAPI (for staining the nucleic acids at the 

nucleus). 

 In RKO cells, the IC50 values of cisplatin seemed to influence cell number and cell size 

without changes in F-actin organization (Figure 19). Treatments with the PMC78 and PMC85 

compounds did not seem to affect cell-cell adhesion and cell junction establishment. Nevertheless, 

PMC79 appeared to affect cell cytoskeleton organization with cell dispersion and evident filopodia-

like protrusions (Figure 19). 

 In SW480 cells, cisplatin IC50 had the same effect as in RKO cells,  

influencing the number of cells (Figure 21). However, contrary to what happened in RKO cells, 

treatments with cisplatin, PMC78, and PMC79 appeared to affect cell-cell adhesion and 

intercellular contacts establishment, accompanied by alterations in cell phenotype and roundness. 

PMC79 also seem to induce filopodia-like protrusions although less evident when comparing with 

RKO (Figure 21). While treatment with PMC85 did not seem to affect cell-cell contact and 

intercellular contacts establishment, it affected cell actin cytoskeleton organization, with gaining of 

evident actin belts at the cell periphery and with formation of lamellipodia. 

 Since Ru compounds induced alterations in the cell cytoskeleton (F-actin) we decided to 

assess the expression levels of β-actin, by Western blot analysis, using the same conditions. In 

contrast to what happens in the F-actin staining assay, in RKO cells, Western blots did not show 

any significant variation in β-actin protein levels, even in cisplatin and PMC79 conditions (Figure 

20). 

On the other hand, SW480 cells showed a decreased in the levels of expression of β-actin 

only in PMC79 treatment (Figure 22). The remaining conditions showed no effect on β-actin levels 

compared to the negative control.
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RKO 

Figure 19. RuPMC compounds affect the cytoskeleton of RKO cancer cells. The analysis of F-actin staining was performed using the IC50 values of each 

compound, for 48 h. Representative images (×600) of DAPI (4’,6diamidino-2-phenylindole), Phalloidin-AlexaFluor® 568 and merged were obtained by confocal 

microscopy. The results were obtained from at least three independent experiments. 
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Figure 20. RuPMC compounds do not affect the levels of β-actin in RKO cells. Western blot analysis of RKO cell line after 

48 h of exposure with the IC50 concentrations. Blots of β-actin expression and analysis of quantification. Values represent mean ± SD 

of at least three independent experiments. 

RKO 
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Figure 21. RuPMC compounds affect the cytoskeleton of SW480 cancer cells. The analysis of F-actin staining was performed using the IC50 values of each 

compound, for 48 h. Representative images (×600) of DAPI (4’,6diamidino-2-phenylindole), Phalloidin-AlexaFluor® 568 and merged were obtained by confocal 

microscopy. The results were obtained from at least three independent experiments. 

SW480 
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SW480 

Figure 22. PMC79 affects the levels of β-actin in SW480 cells. Western blot analysis of SW480 cell line after 48 h of 

exposure with the IC50 concentrations. Blots of β-actin expression and analysis of quantification. Values represent mean ± SD of at 

least three independent experiments. *** P≤ 0.001 compared with negative control. 
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4.4. PMC79 induces overexpression of GLUT1 in SW480 cells 

 Previous results of molecular docking have shown that a model of PMC85 structure is 

capable to be identified by GLUT1 receptor (Antunes, 2016). This interaction is dependent on 

the size of the polymer chain of PMC85. It is also known that this protein is overexpressed in 

CRC, being one of the main transporters of glucose in this type of cancer. In order to study this 

correlation, we assessed if the compounds interfere with the expression levels of GLUT1 by 

Western blotting analysis. 

The results showed that, in RKO cell line, treatment with the IC50 values of cisplatin and 

with the different ruthenium compounds, during 48 h, did not lead to significant changes in the 

expression of this receptor (Figure 23). 

In the case of SW480 cell line, the PMC79 compound induced an increase in GLUT1 

expression (Figure 24). 

 In order to understand if the effect of PMC79 compound might be correlated with GLUT1 

protein we decided to test the effect of STF-31, a well-known GLUT1 inhibitor (Chan et al., 2011; 

Granchi, Fortunato, & Minutolo, 2016). In order to determine the IC50 values of STF-31, 

concentrations in the micromolar range were tested for both cell lines, using SRB assay. The IC50 

concentrations determined after 48 h of exposure to STF-31 were 17.0 µM and 29.0 µM, 

respectively for RKO and SW480 cells (Figure 25). 

We assessed the co-incubation of PMC79 and STF-31 in SW480 cells, which showed that 

the combination of PMC79 and STF-31 was more efficient than the two compounds alone 

(Figure 26). These results suggest that inhibition of GLUT1 receptor might potentiate the effect 

of PMC79 thus the two compounds appeared to have a synergistic effect. 
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  RKO 

SW480 

Figure 24. PMC79 induces overexpression of GLUT1 in SW480 cell line. Western blot analysis of SW480 cell line 

after 48 h of exposure with the IC50 concentrations. Blots of GLUT1 expression and analysis of quantification. Values represent 

mean ± SD of at least three independent experiments. ** P≤ 0.01 compared with negative control. 

Figure 23. Ru compounds did not affect the levels of GLUT1 in RKO cells. Western blot analysis of RKO cell 

line after 48 h of exposure with the IC50 concentrations. Blots of GLUT1 expression and analysis of quantification. Values 

represent mean ± SD of at least three independent experiments. 
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Figure 25. Effect of STF-31 on cell proliferation of RKO and SW480 colorectal cancer cell lines, determined by 

SRB assay. RKO and SW480 cell lines were incubated, for 48 h, with increasing concentrations of STF-31. (A) The percentage 

of cell growth relatively to the negative control was determined after the period of incubation and is expressed as a mean ± SD for 

each treatment, from at least three independent experiments. (B) IC50 values determined using GraphPad Prism 6 software, 

applying a dose vs response non-linear regression (n=3). 

Figure 26. PMC79 and STF-31 have a synergistic effect in SW480 colorectal cancer cell line. SW480 cell line were 

incubated, for 48 h, with PMC79 and STF-31. The percentage of cell growth relatively to the negative control was determined after 

the period of incubation and is expressed as a mean ± SD for each treatment, from at least three independent experiments. * P≤ 

0.05; ** P≤ 0.01; **** P≤ 0.0001 compared with 40 µMPMC79. #### P≤ 0.0001 compared with negative control w/ DMSO. 

A 

B 
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5. Discussion 

CRC is one of the main causes of cancer-related morbidity and mortality being of extreme 

importance to understand its biology with the purpose of trying to find more targeted therapies 

(Fitzmaurice et al., 2015). Nowadays, there are few chemotherapeutic agents available for the 

treatment of CRC. Despite the chemotherapeutic drugs available, the percentage of patients with 

metastatic CRC who responds to available targeted drugs when used as monotherapy is as low 

as 20% (S. Hong et al., 2016; Temraz et al., 2015). Moreover, colorectal patients harboring 

mutations in KRAS or BRAF and/or PIK3CA do not respond to EGFR antibodies, which creates 

a relevant clinical problem that needs to be overcome (S. Hong et al., 2016; Temraz et al., 

2015). 5-FU is the standard chemotherapy treatment for CRC, however, the success rates are 

as low as 10%–15% because of their severe side effects and resistance (Pardini et al., 2011; 

Provenzale et al., 2015; Eric Van Cutsem et al., 2016). Cisplatin, a classical chemotherapy drug 

used in the clinics, also present severe side effects and intrinsically resistance in most cancers, 

and because of that, and contrarily to what happens with 5-FU, is not used in the treatment of 

colorectal cancer (Raymond et al., 2002). 

Recently, three new multifunctional polymer-ruthenium conjugates were synthesized and 

tested as anticancer agents in an attempt to produce new specific drugs for cancer (Garcia et 

al., 2016; Valente et al., 2013). These compounds bring together several characteristics that 

make them very promising, taking advantage of ruthenium's anticancer properties (PMC79) as 

well as its functionalization in order to improve the targeting approach (PMC78 and PMC85). An 

earlier study with the first polymer ruthenium-cyclopentadienyl complex (RuPMC) had already 

shown the potential of these compounds (Valente et al., 2013). More recently, we performed 

another study with a new ruthenium methylcyclopentadienyl complex (Ru2) highlighting again 

the anticancer properties of Ru compounds. In that work, the complex exhibits lower IC50 values 

than cisplatin for CRC RKO and SW480 cell lines, and greater cytotoxicity in cancer cells 

compared to noncancerous cell line, NCM460 (Teixeira et al., 2018). The effect of the Ru 

compounds used in our study (PMC78, PMC79 and PMC85) was already determined by the 

group in MCF7 and MDA-MB-231 breast cancer cell lines and in RKO and SW480 colorectal 

cancer cell lines, in which the IC50 values of the compounds were determined (Garcia, Valente, 

Morais, & Tomaz, 2016; Moreira, 2016; unpublished data). Cisplatin was used as a comparison, 

to understand if the ruthenium compounds are more appropriated than this platinum-based 
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drug. All Ru compounds showed IC50 doses lower than IC50 values determined for cisplatin, in 

each cell line, except the compound PMC79 in SW480 cells, which IC50 was higher than cisplatin. 

It has been shown that the IC50 values for 5-FU, determined for SW480 and RKO cell lines, 

respectively, were 360 µM and 5 µM (Thant et al., 2008; Zhao et al., 2017). It is important to 

note that the IC50 of 5-FU (360 µM) is 9-fold higher than the IC50 of PMC79 in SW480 cells (40 

µM), determined by the group (Moreira, 2016), which in turn was greater than the IC50 value of 

cisplatin (7 µM) and also the highest concentration determined for all cell lines used in our work. 

It should also be noted that all values were in the micromolar range, which increases the potential 

interest in exploring the use of the Ru compounds in cancer therapy. 

Here, we wanted to uncover the mechanism of action of these ruthenium-cyclopentadienyl 

derived compounds and their effects in proliferation and cell death of colorectal cancer cells. We 

started by assessing the effects of the three Ru compounds (PMC78, PMC79 and PMC85), 

comparing with cisplatin, in the cell cycle. The results showed that RuPMCs did not induce cell 

cycle arrest, in any of the cell lines tested. Only cisplatin induced a cell cycle arrest in G2/M 

phase, in RKO cells. This result is consistent with previous work, that showed the treatment of 

HL-60 human leukemic cells with low doses of cisplatin resulted in a significant impact on cell 

viability through modulation of gene expression, cell cycle arrest at G2/M phase and apoptosis 

(Velma et al., 2016). Moreover, another work showed that cisplatin cytotoxic effect is primarily 

due to its well-described formation of adducts with DNA which leads to replication arrest, cell 

cycle checkpoint activation and sustained G2 arrest and, if the damage is too severe, cell death 

(O’Brien & Brown, 2006). Concerning our results, there was also an increase in the percentage 

of cells in sub-G1 under conditions treated with cisplatin in RKO, and PMC79 in SW480 cells. In 

the remaining conditions, it is possible to observe a slight increase not reaching statistical 

significance in the percentage of cells in sub-G1 compared to the negative control, in both cell 

lines what indicates that the cells may be undergoing apoptosis/necrosis. These results are in 

accordance with our previous report showing that a new ruthenium methylcyclopentadienyl 

compound (Ru2) also induce a slight tendency to increase the number of cells in the sub-G1 

phase relative to the negative control, and the 2×IC50 value induced a cell cycle arrest in G0/G1 

phase, in RKO cells (Teixeira et al., 2018). Moreover, a proteomic study in breast cancer cells, 

MDA-MB-231, showed that PMC78 is able to induce a cell cycle arrest at the beginning of mitosis 

(maybe in G2/M cell cycle phase) because there were several proteins involved in the 

subsequent stages that were under-expressed (our unpublished data). 
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The anticancer effect of a compound is largely based on the ability of the drug to induce 

apoptotic cell death in cancer cells. This ability is correlated with good results in most preclinical 

and clinical studies (R. Kim, 2005). Therefore, due to the importance of the type of cell death 

induced by an anticancer drug, we evaluated whether our compounds induce apoptosis by 

TUNEL assay. The results showed that PMC78, PMC79 and PMC85, in RKO cells, induced 

increasing percentages of cell death nevertheless, cisplatin was the most efficient drug, 

presenting the higher percentage of cell death. In SW480 cell line, Ru agents showed to be more 

efficient, namely PMC79 which showed the highest percentage of cell death. It is important to 

note that the results obtained are consistent with the results of the cell cycle analysis relative to 

the increase of cells in sub-G1 phase in RKO cells treated with cisplatin and in SW480 cells 

treated with PMC79 compound. These conditions also presented the highest percentage of cell 

death in TUNEL assay. Our results support the evidence that the accumulation of cells in sub-

G1 phase might be due to the cells undergoing apoptosis. Previous studies, in MCF7 breast 

cancer cell line, had already shown by annexin V/PI assay that the main type of cell death 

induced by the compounds is apoptosis (our unpublished data). In that work, PMC79 showed 

similar results to cisplatin and, as happened with SW480 cells in our work, was the most efficient 

Ru compound. In a recent study of the group, a new Ru complex (Ru2) also showed to induce 

apoptosis, in RKO and SW480 colon cancer cells (Teixeira et al., 2018). Overall, our results 

obtained in colorectal cancer cell lines using ruthenium-metal based complexes suggest that 

these compounds appear to inhibit cell growth namely due to cell death induction.  

CRC are characterized by the presence of several alterations, 40% of CRC cases hold a 

KRAS mutation, 15% hold a BRAF mutation, and 20% hold a PIK3CA mutation (Laurent-Puig et 

al., 2009). Moreover, KRAS and BRAF mutations occur in different CRC subtypes and were never 

found simultaneously in same cancer (De Roock et al., 2010; Sartore-Bianchi et al., 2009). 

Mutations in PIK3CA can occur together with KRAS or BRAF mutations (De Roock et al., 2010; 

Sartore-Bianchi et al., 2009). The MAPK and PI3K pathways are the two-major oncogenic 

signaling pathways activated in colorectal cancer. MAPK and PI3K pathways control fundamental 

cellular processes being compensatory pathways that mediate cell survival through co-regulated 

proteins (Ersahin et al., 2015; S. Hong et al., 2016; Porta et al., 2014; Temraz et al., 2015). 

The carcinogenic role of these signaling pathways is almost always associated with KRAS or 

BRAF mutations which signal to these pathways and lead to their constitutive activation. The CRC 

derived cell lines used in this work have different genetic backgrounds and thus different 
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pathways might be differently activated. Moreover, they encompass the two major molecular 

subtypes of colorectal cancer and present the mutations most commonly found in CRC (Ahmed 

et al., 2013). Cancer-derived cell lines have emerged as important models for the study of this 

disease, providing important information about the molecular and cellular biology of the tumor. 

They are a fundamental tool to test novel anticancer agents, and for the discovery of biomarkers 

of drug sensitivity, resistance, and toxicity. The identification of molecular markers associated to 

the response of classical chemotherapy and targeted agents has shown clinical utility (Barretina 

et al., 2012). PI3K and MAPK regulate positively and negatively each other depending on the 

type of signals they receive and the location of the effector proteins in the cell (Mendoza, Er, & 

Blenis, 2011). Thus, activating mutations in effector proteins of one of the pathways lead to the 

activation of the two signaling pathways. For example, mutations in KRAS lead to the activation 

of MAPK and PI3K through direct interaction with its catalytic subunit (Rodriguez-Viciana et al., 

1994; Steelman et al., 2011). Furthermore, both pathways are responsible for several processes 

of cell proliferation and cell death. Nothing was known about the interaction of polymer-metal 

complexes of ruthenium with KRAS or BRAF and/or the activated signaling pathways, however, 

the major goal of any therapy is to inactivate relevant signaling pathways which might 

simultaneously result in inhibition of cellular proliferation and induction of apoptosis. Thus, with 

the purpose to uncover some targets of RuPMCs we evaluated the expression of proteins involved 

in these pathways. Our results showed that in RKO cells there were no changes in ERK1/2 

expression, but there was a slight increase in the levels of p-AKT and total AKT in the conditions 

treated with all Ru compounds. Elevated levels of activated components of these pathways are 

often associated with poor prognosis, altered sensitivity to targeted therapy and resistance 

mechanism (Z. Liu, Zhu, Getzenberg, & Veltri, 2015; Martelli et al., 2010). Interestingly, in the 

case of SW480 cells, PMC79 showed decreased levels of p-AKT, total AKT as well as p-ERK1/2 

and total ERK1/2. There was also a decrease in the expression levels of total ERK1/2 with 

PMC78 and PMC85 compounds. The results point for a possible specific inhibition effect of 

PMC79 in mutated KRAS, because the effect of PMC79 both in cell death and MAPK and PI3K 

signaling pathways is more evident in SW480 cell line harboring KRAS mutated. Moreover, this 

result was consistent with previous results showing the effect of PMC79 on the induction of cell 

death. Considering that the inactivation of the MAPK and PI3K signaling pathways simultaneously 

results in inhibition of cellular proliferation and induction of apoptosis and, given that the effector 

proteins studied are closely correlated with apoptosis effector molecules, this may be one of the 
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mechanisms of action that triggers the cell death process by PMC79 compound. Indeed, it is 

known that both ERK and AKT proteins (downstream effector proteins of MAPK and PI3K 

pathways, respectively) can phosphorylate transcription factors that influence the transcription 

of important apoptotic effector molecules as B-cell lymphoma 2 (Bcl-2) and myeloid cell leukemia 

1 (Mcl-1) (anti-apoptotic proteins), Bcl-2-associated death promoter (Bad) and Bcl-2-like protein 

11 (Bim) (pro-apoptotic proteins), cAMP response element-binding protein (CREB), forkhead box 

O (FOXO), cysteine-aspartic acid protease 9 (caspase-9) (McCubrey et al., 2011). At the end, the 

different interactions between these molecules trigger the mechanism of cell death. 

CRC with KRAS mutations and EGFR activation are a clinical problem that needs to be 

solved. Our results on PMC79 are quite promising as we showed that this compound is able to 

target CRC cells harboring KRASG12V mutation by inhibiting the MAPK and PI3K pathways, the two 

major pathways in CRC carcinogenesis (Ciardiello & Tortora, 2008). The observation that PMC79 

does not decrease the levels of ERK and AKT proteins in RKO cells harboring BRAF activated 

mutation, suggests that it does not directly interact with ERK and AKT proteins and that the 

PMC79 mechanism leads to the suppression of the expression of these proteins by the 

interaction with other cellular targets. Although more studies will be needed to find out which 

effector molecules are the targets of this compound, our results suggest that PMC79 compound 

maybe inhibiting KRAS, an effector protein upstream MAPK and PI3K which then leads to 

inhibition of these pathways. Furthermore, it is also important to stress the fact that these 

compounds might act directly on the MAPK-ERK or in the PI3K-AKT pathway and the reason why 

it has no effect on RKO cells might be due to the fact that RKO cells have a double BRAF and 

PIK3CA mutations and thus the pathway is highly activated, and the dose needed to inhibit the 

pathways might be higher. It would be interesting to evaluate the effects of these novel 

compounds in a cell line that possessed mutations in KRAS and PIK3CA (HCT116 harbor 

mutations in KRASG13D and PIK3CAH1047R). Moreover, the fact that the PMC78 and PMC85 

compounds, in SW480 cells, also decrease total ERK expression may indicate a major sensitivity 

of tumors with a mutation in KRAS to these type of compounds. A recent study showed that one 

ruthenium complex with phenylterpyridine derivatives also suppressed the expression of AKT, p-

AKT, ERK and p-ERK in A375 malignant melanoma cells harboring a BRAFV600E mutation (Deng et 

al., 2017). In this work, it was showed that the compound firstly accumulates on the cell 

membrane and targets death receptors to activate extrinsic apoptosis signaling pathway. Then, 

the compound enters the cell cytoplasm through transferrin receptor (TfR)-mediated endocytosis, 



61 
 

decreasing the level of cellular ROS, which results in the activation of Jun N-terminal kinase (JNK) 

and p38, inhibition of ERK and AKT, and release of proapoptotic proteins, which can activate 

caspase-9 and then intensify apoptosis. The rest of the compound interacts with DNA inside the 

nucleus, inducing DNA damage, activating p53 signaling pathway and enhancing apoptosis 

(Deng et al., 2017). However, PMC79 could also induce the suppression of ERK and AKT 

proteins in SW480 cells through the increase of ROS levels in the cell, as demonstrated by Huang 

with selenium nanoparticles, which induced apoptosis through activation of intrinsic and extrinsic 

pathways with consequent ROS overproduction, which leads to DNA damage and the decrease 

of ERK and AKT expression levels (Huang et al., 2013). This hypothesis corroborates with the 

fact that our compound accumulates preferentially in the membranes and not in the nucleus 

(unpublished data) and in that way, DNA damages are not a direct consequence of the effect of 

PMC79 in DNA but a result of the effect of PMC79 in other effector molecules. More studies will 

be necessary to uncover the targets of our compounds and the cell death pathways activated. In 

the case of cisplatin, we know that preferentially accumulates in the nucleus and its cytotoxicity 

is related to its interaction with DNA (Shaloam & Tchounwou, 2014). Furthermore, the 

mechanism of cell death comprises several molecular mechanisms of action that are activated, 

such as ROS production and lipid peroxidation, induction of p53 signaling and cell cycle arrest, 

down-regulation of proto-oncogenes and anti-apoptotic proteins, and activation of both intrinsic 

and extrinsic pathways of apoptosis (Shaloam & Tchounwou, 2014). Nevertheless, none of these 

mechanisms of action induce a suppression of AKT and ERK expression when cells are treated 

with cisplatin, which is consistent with our results. 

In a recent work, our group showed that in MCF7 cells, PMC78 and PMC85 accumulate 

in the cytoskeleton (Garcia et al., 2016), while PMC79 accumulate in the membranes 

(unpublished data). The cytoskeleton is responsible for maintaining the cellular shape and aiding 

in communication between cells (Alberts et al., 2008). In addition, the cytoskeleton is also 

involved in processes of cell motility, endocytosis, cell division and intracellular transport 

(Fletcher & Mullins, 2010; Herrmann, Bär, Kreplak, Strelkov, & Aebi, 2007). Taking into account 

previous results of our group, that suggested that RuPMCs interacted with the cytoskeleton, we 

decided to analyze F-actin using phalloidin, which is a high-affinity F-actin probe (Garcia et al., 

2016; Moreira, 2016; unpublished data). The results showed that in RKO cells the treatments 

with Ru compounds did not affect the communications between cells however, PMC79 seemed 

to affect cell cytoskeleton organization with cell dispersion and evident filopodia-like protrusions. 
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These motility like-structures may be related to cell progression and migration, or cellular 

retraction. The results of Tiago Moreira, in the wound healing assay, showed that Ru compounds 

have no influence on cell migration (Moreira, 2016). This may indicate that the compound 

PMC79 induces cell retraction rather than stimulating cell progression which is a good indication 

of the anticancer activity of these compounds. Anyway, other assays, such as time-lapse 

microscopy, would help to better understand these results. In contrast to RKO cells, in SW480 

cell line, treatment with the IC50 value of cisplatin, PMC78, and PMC79 seemed to affect cell-cell 

adhesion and intercellular contacts establishment, accompanied by alterations on cell phenotype 

and roundness. It is not the first time that our compounds affect the intercellular contacts 

establishment. In a recent work, carried out in MDA-MB-231 breast cancer cell line, was observed 

that our compounds avoid the formation of tunneling nanotubes, communication structures 

involved in the carcinogenic process of this cells (Moreira, 2016). Despite these structures are 

not present in SW480 cells, after incubation with the compounds both SW480 and MDA-MB-231 

cell lines no longer display structures involved in intercellular communication and the cells 

become more isolated. These results highlighted again the anticancer properties of these new 

complexes of ruthenium. PMC85 did not seem to affect cell-cell contact and intercellular contacts 

establishment in SW480 cells, although it affected cell actin cytoskeleton organization with the 

presence of focal adhesions and lamellipodia. These cytoskeleton structures mainly formed by 

F-actin are involved in the maintenance of cell structure and cell motility, respectively (Alberts et 

al., 2008). Studies showed that new adhesions formed at the leading edge of migrating cells (in 

lamellipodia) suggest cell migration and spreading (Partridge & Marcantonio, 2006). However, 

in stationary cells, they serve as anchoring devices that maintain cellular morphology (Morgan, 

Humphries, & Bass, 2007). These results may indicate that compound PMC85 does not affect 

cell migration, which is consistent with previous results obtained in our group (Moreira, 2016). 

Nevertheless, as mentioned above, other assays, as time-lapse microscopy, would help to 

understand the results. In addition to what has already been stated above, cisplatin and PMC79 

also affected the cell number, in both cell lines what may be related to the percentage of cell 

death induced by these drugs. In previous work, PMC79 also showed to have an effect on the 

cell number in MCF7 cell line, and also have the highest percentage of cell death among the Ru 

compounds in the same cells (unpublished data). In summary, RuPMCs showed to interact with 

cell cytoskeleton of colorectal cancer cell lines in different ways. These results are in accordance 

with previous results of our group that showed that the Ru compounds also affected the 
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cytoskeleton of MDA-MB-231 and MCF7 breast cancer cell lines (Garcia et al., 2016; Moreira, 

2016; Valente et al., 2013; unpublished data). 

β-actin is a housekeeping gene which is constitutively expressed in all human cells, being 

an actin isoform responsible for cellular motility. Our results on β-actin expression showed no 

differences in β-actin expression levels in RKO cell line and in SW480 cells upon cisplatin, 

PMC78, and PMC85 treatment. Only PMC79, in SW480 cell line, presented a significant 

decrease in β-actin expression. This result may be related to the changes induced in the 

cytoskeleton by this compound. However, we also observed that PMC79 induced the higher 

percentage of cell death, in SW480 cell line. The relationship between apoptosis and cytoskeleton 

is well known since the actin cytoskeleton has been implicated in regulating apoptosis at different 

stages (Hacker, 2000). Actin is the major component of the cytoskeleton and has a role in the 

initiation and mediation of apoptosis via the intrinsic and extrinsic pathways (Desouza, Gunning, 

& Stehn, 2012). Behind that, at the final stages of apoptosis, the actin cytoskeleton is degraded 

resulting in the formation of two actin fragments (31 kDa (Fractin) and 14 kDa (tActin)) 

(Mashima, Naito, & Tsuruo, 1999), which could explain the almost absence of band in compound 

PMC79, in SW480 cell line. In this way, the changes that are observed in the cytoskeleton and 

β-actin expression could be a direct effect of this compound in cytoskeleton and/or a 

consequence of cell death mechanism (Desouza et al., 2012; Ndozangue-Touriguine, Hamelin, 

& Breard, 2008). Taking into account the previous results of PMC79, SW480 cell line appears 

to be the most sensitive cell line to this compound. Interestingly, it has been shown that actin 

cytoskeleton is important in KRAS clustering which is dependent on actin (Plowman, Muncke, 

Parton, & Hancock, 2005). We might hypothesize that affecting actin might be a way of indirectly 

inactivate KRAS signaling pathway and thus explain the effect of PMC79 in ERK and AKT levels. 

Considering the results of cell cycle and cell death, we could also suggest that we are dealing 

with an actin-mediated apoptosis pathway which arises from a tight interaction between the 

cytoskeleton and the RAS signaling pathway (Desouza et al., 2012; Gourlay & Ayscough, 2006). 

The glucose metabolism is known to be altered in cancer cells, exhibiting overexpression 

of several glucose receptors and glycolytic enzymes involved in this process (Hsieh, Yang, & Fu, 

2014; Song et al., 2016). Glucose transporters, mainly GLUT1, are frequently overexpressed in 

several types of cancer, including colorectal cancer (Amorim et al., 2015; Yang et al., 2016). 

GLUT1 is also the predominant glucose transporter in many types of cancer cells (Amann et al., 

2009). As already mentioned, PMC85 present in its structure a sugar-like molecule with the 
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purpose to target cancer cells. Previous studies showed that a model of PMC85 structure is able 

to be identified by GLUT1 receptor in a manner dependent on the polymer chain size (Antunes, 

2016). Therefore, we assessed the effect of Ru compounds in GLUT1 expression and observed 

that in SW480 cell line, PMC79 showed an up-regulation of the GLUT1 receptor. GLUT1 

overexpression is associated with a poor prognosis and an indicator of chemoresistance (Evans 

et al., 2008; Harshani, Yeluri, & Guttikonda, 2014; Maki et al., 2013). Several authors also 

reported that there is a link between GLUT1 expression and resistance to chemotherapy, more 

precisely with resistance to apoptosis (Amann et al., 2009; W. Liu et al., 2014). Although this 

evidence seems contradictory concerning to PMC79, since this compound induced the higher 

percentage of cell death, in SW480 cell line. Nowadays, it is known that several oncogenes and 

tumor suppressor genes play a key role in glycolytic metabolism by regulating the expression of 

glucose receptors and glycolytic enzymes. Some of these genes are involved in MAPK and PI3K 

pathways, two crucial signaling pathways involved in colorectal carcinogenesis. AKT, RAS, RAF, 

and EGFR are some of the most mutated genes found in CRC, that play a key role in cancer 

metabolism (Chen, Li, Guan, Yang, & Cheng, 2016). A study showed that cells harboring 

mutations in KRAS and BRAF, expression higher levels of the GLUT1 receptor (Yun et al., 2009). 

Another study also showed that AKT has an essential role in the localization of GLUT1 at the 

plasma membrane (Airley & Mobasheri, 2007). In addition, loss of p53, overexpression of Myc 

and hypoxia-inducible factor (HIF) up-regulation under hypoxic conditions are also involved in 

glucose uptake and overexpression of GLUT1 (Airley & Mobasheri, 2007; Chen et al., 2016). In 

this way, the GLUT1 up-regulation associated to PMC79 could be related with some of the genes 

above mentioned like a feedback loop in response to p-ERK and p-AKT inhibition, but more 

studies will be needed to uncover the mechanism that triggers the GLUT1 overexpression. Liu et 

al. demonstrated that overexpression of GLUT1 was associated with 5-FU resistance, in colon 

cancer cells (W. Liu et al., 2014). They also showed that inhibiting GLUT1 receptor sensitizes 

colorectal cells to 5-FU treatment. Several studies have proposed the inhibition of GLUT1 

receptor as an option to overcome drug resistance (Chen et al., 2016; W. Liu et al., 2014; 

Matsumoto, Jimi, Migita, Takamatsu, & Hara, 2016). In this way, we used STF-31, a well-known 

synthetic GLUT1 inhibitor, which had already shown to inhibit glucose uptake in colorectal cancer 

cells (Tyagi et al., 2016; Wexler, 2003). STF-31 is predicted to interact within the central pore of 

the solute carrier, inhibiting its activity (Chan et al., 2011; Granchi et al., 2016). The STF-31 

mechanism of action decreases the glycolytic metabolism only targeting the glucose transport 
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(Chan et al., 2011). This inhibitor is also known to induce apoptosis in multiple myeloma cells 

and sensitize these cells to classical chemotherapeutic drugs (Matsumoto et al., 2016). Thus, 

we decided to evaluate whether GLUT1 might influence the effect of PMC79, in SW480 cells. 

Previous reports from the literature showed that STF-31 synergistically enhanced the cytotoxic 

effect of melphalan, doxorubicin, and bortezomib when used in combination, in multiple 

myeloma cells (Matsumoto et al., 2016). Nomura et al. also showed that STF-31 treatment of 

pancreatic CD133+ cancer cells determined an increased sensitivity to cytotoxic agents like 

gemcitabine, paclitaxel and 5-FU, leading to extensive cell death (Nomura et al., 2016). Thus, 

our results are in accordance to these data showing that the inhibitor enhances the action of our 

drug PMC79. STF-31 interacted synergistically with PMC79, and the combination of the two 

drugs potentiated the action of the Ru compound more than the action of the two drugs alone. 

This could reverse the effect of the overexpression of GLUT1 in SW480 cells treated with PMC79 

relative to possible resistance mechanisms. Another GLUT1 inhibitor also showed similar results, 

Liu et al. demonstrated that WZB117, a GLUT1 inhibitor, interacted synergistically with paclitaxel 

or carboplatin in lung and breast cancer models (Y. Liu et al., 2012). Identical results have been 

reported in colon cancer and leukemic cells, using WZB117 and daunorubicin (Cao et al., 2007). 

One hypothesis could be that the overexpression of GLUT1 may be a result of PMC79 action on 

another cellular target which, in turn, leads to the up-regulation of this glucose transporter as a 

feedback loop to compensate. Another hypothesis will be the acquisition of resistance by SW480 

cell line to this compound, as was demonstrated in the work of Liu et al., in which colorectal 

cancer cells overexpressing GLUT1 receptor were sensitized for treatment with 5-FU using a 

GLUT1 inhibitor (W. Liu et al., 2014). In this way, the use of GLUT1 inhibitors could be a good 

strategy to overcome possible problems of resistance to PMC79. However, a more detailed study 

of glycolytic metabolism will be necessary in order to better understand the mechanisms that 

lead to the overexpression of this transporter and, whether its expression is related to some 

mechanism of acquired resistance. Regarding RKO cell line, none of the compounds lead to 

GLUT1 overexpression, however, an increase in AKT expression levels was observed in the study 

of signaling pathways. A recent work showed that hexokinase 2 (HK2), a glycolytic enzyme, 

induce drug resistance in cancer cells, by AKT/mTOR pathway (Min et al., 2013). In another 

work, increased pyruvate kinase isozymes 2 (PKM2) levels, other enzyme involved in cancer 

metabolism, were reported to be linked with 5-FU resistance in patients with colorectal cancer 

(Shin et al., 2009). Because of AKT is closely related to drug resistance mechanisms, further 
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studies of glycolytic metabolism (mainly the assessment of glycolytic enzymes) will help to 

uncover if there is any mechanism of resistance behind the up-regulation of AKT in RKO cell line. 

Previous results of our group showed that the rational functionalization of our compounds, 

potentiated the action of PMC85 in MDA-MB-231 breast cancer cell line, through downregulation 

of GLUT1 expression (Moreira, 2016). In fact, and as already noted, this compound proved to 

be the most efficient in this cell line. However, in colon cancer cells, Ru compounds did not lead 

to a decrease in the expression levels of this glucose receptor, suggesting that the structure of 

the compounds, particularly in the case of PMC85, are not the only ones to influence GLUT1 

expression, and that other mechanisms are behind the downregulation or up-regulation of this 

receptor (as in PMC79). 
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6. Conclusion 

In this work, the first steps were taken towards the discovery of the effect, mechanisms of 

action and molecular targets of three new ruthenium cyclopentadienyl compounds, using 

colorectal cancer cell lines. 

Our results showed that RuPMC compounds induce apoptosis but do not interfere with 

cell cycle, being PMC85 (in RKO cells) and PMC79 (in SW480 cells) the most efficient Ru 

compounds. 

Here, we showed that the different genetic background which activates different signaling 

pathways in the cell, influence the effect of the compounds. Moreover, the structure of the 

compounds also affects the mechanisms of action and the cellular targets in the cells. We 

evidenced that cells harboring KRAS mutations seem to be more sensitive being the effects on 

the suppression of ERK and AKT expression levels the mechanism by which the compounds 

might trigger cell death.  

Our data also demonstrated that RuPMCs seem to interact with actin filaments from the 

colorectal cancer cells, suggesting that the cytoskeleton might be a target of our compounds. 

Interestingly, as actin seem to be important for KRAS cluster signaling, these compounds by 

affecting actin might indirectly interfere with KRAS signaling inside the cell. 

Moreover, we also observed that PMC79 induced an up-regulation of GLUT1 receptor in 

SW480 cells, which is often associated with resistance mechanisms, and showed that GLUT1 

inhibitor, STF-31, potentiated the effect of PMC79. 

Overall, our results showed that Ru compounds seem to affect SW480 and RKO cell lines 

in a different manner, being SW480 the most sensitive cell line, what seems to be associated to 

the different signaling pathways activated in the cells. Compounds PMC78 and PMC85 also 

demonstrated promising anticancer activity, however, more studies will be needed to better 

understand their mechanisms of action and main targets. 
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7. Future perspectives 

 Despite the promising results obtained there is still much to discover about the 

mechanisms of action of our compounds and their cellular targets. Beginning with cell death 

induced by RuPMC compounds, in order to complement the apoptosis assay, other assays 

should be performed to confirm the type of cell death induced by Ru compounds, like annexin 

V/PI; cysteine-aspartic acid protease (caspase) expression namely cleavage of pro-caspases 3, 

8 and 9; caspase activity assays; cytochrome c release and poly (ADP-ribose) polymerase (PARP) 

degradation by Western blot analysis. Uncover the cell death signaling pathway triggered will help 

us to understand some cellular targets. In this way, we could study the expression of some 

proteins of the Bcl-2 family. Study of the induction of the autophagy pathway may also be 

performed due to the importance of this type of programmed cell death/survival mechanism in 

cancer. Therefore, microtubule-associated proteins 1A/1B light chain 3A (LC3II/I) conversion, 

autophagy protein 5 (ATG5) and Beclin1 expression by Western blot analysis could be some 

ways to assess autophagy. 

With the purpose to evaluate other possible targets of the different compounds, we could 

study their effects in some organelles as mitochondria (by ROS production and mitochondria 

membrane potential analysis), lysosomes (lysosome membrane permeabilization and cathepsins 

release) and DNA (assess DNA damage by comet assay). We could also increase the 

concentration of each compound in order to assess changes in the expression of proteins 

involved in MAPK and PI3K signaling pathways, in cancer cell lines which present double 

mutations in genes involved in these signaling pathways, as RKO cell line. Regarding the 

cytoskeleton, which was proved to be a target of our compounds, a time-lapse microscopy assay 

would be helpful to clarify some effects of the Ru compounds on the cell motility. A proteomic 

assay will also help to identify the main targets of our compounds maybe through a two-

dimensional gel electrophoresis (2-DE), which allow comparing protein expression between 

samples (Klose, 1975; O’Farrell, 1975). 

With regard to glycolytic metabolism, uncover the molecular targets behind the up-

regulation of GLUT1 in SW480 and AKT in RKO should be performed through the evaluation of 

some molecules involved in the glycolytic metabolism as HIF, c-Myc by Western blot analysis or 

even the assessment of gene expression profiling under conditions of combined treatments. This 

will help to discover some possible resistance mechanisms. The combination of STF-31 with 
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RuPMC compounds may be extended to the other compounds and to RKO cell line, in order to 

understand whether this inhibitor also potentiates the action of the other compounds. GLUT1 

inhibition by siRNA could also be important to perform with the purpose to assess whether other 

ways of inhibition of GLUT1 also potentiates the effect of the compounds. Furthermore, 

metallothioneins and glutathione are already known to be overexpressed in cells resistant to 

metal compounds (Basu & Krishnamurthy, 2010). In this way, will be important assess 

metallothioneins and glutathione expression by Western blot analysis, which will show whether 

colon cells are resistant to RuPMC or if the resistance is developed later. 

The assessment of the effects of our compounds in noncancer colon cells (NCM460 cell 

line) should also be performed in order to understand whether RuPMCs affect normal cells to 

the same extent they affect cancer cells. 

The next step could also be taken toward pre-clinical in vivo studies, with the purpose to 

evaluate the effects of the different compounds in mice with tumor xenografts and understand 

the effect on cancer size reduction and if any side effects are observed in the mice. 

 

  

 

  



70 
 

8. Bibliography 

Ahmed, D., Eide, P. W., Eilertsen, I. A., Danielsen, S. A., Eknæs, M., Hektoen, M., … Lothe, R. 

A. (2013). Epigenetic and genetic features of 24 colon cancer cell lines. Oncogenesis, 

2(424). https://doi.org/10.1038/oncsis.2013.35 

Airley, R. E., & Mobasheri, A. (2007). Hypoxic regulation of glucose transport, anaerobic 

metabolism and angiogenesis in cancer: novel pathways and targets for anticancer 

therapeutics. Chemotherapy, 53(4), 233–256. https://doi.org/10.1159/000104457 

Al-sohaily, S., Biankin, A., Leong, R., Kohonen-corish, M., & Warusavitarne, J. (2012). Molecular 

pathways in colorectal cancer, 27, 1423–1431. https://doi.org/10.1111/j.1440-

1746.2012.07200.x 

Al-Sohaily, S., Biankin, A., Leong, R., Kohonen-Corish, M., & Warusavitarne, J. (2012). Molecular 

pathways in colorectal cancer. Journal of Gastroenterology and Hepatology, 27, 1423–

1431. https://doi.org/10.1111/j.1440-1746.2012.07200.x 

Al-Sukhni, W., Aronson, M., & Gallinger, S. (2008). Hereditary colorectal cancer syndromes: 

familial adenomatous polyposis and lynch  syndrome. The Surgical Clinics of North 

America, 88(4), 819–44, vii. https://doi.org/10.1016/j.suc.2008.04.012 

Alberts, B., Johnson, A., Lewis, J., Raff, M., Roberts, K., & Walter, P. (2008). Molecular Biology 

of the Cell (5th ed.). 

Allardyce, C. S., & Dyson, P. J. (2016). Metal-based drugs that break the rules. Dalton 

Transactions (Cambridge, England : 2003), 45(8), 3201–3209. 

https://doi.org/10.1039/c5dt03919c 

Amann, T., Maegdefrau, U., Hartmann, A., Agaimy, A., Marienhagen, J., Weiss, T. S., … 

Hellerbrand, C. (2009). GLUT1 expression is increased in hepatocellular carcinoma and 

promotes tumorigenesis. The American Journal of Pathology, 174(4), 1544–1552. 

https://doi.org/10.2353/ajpath.2009.080596 

American Cancer Society. (2014). Colorectal Cancer Facts & Figures 2014-2016. Colorectal 

Cancer Facts and Figures, 1–32. 

Amin, A., & Buratovich, M. A. (2009). New platinum and ruthenium complexes--the latest class 

of potential chemotherapeutic drugs--a review of recent developments in the field. Mini 

Reviews in Medicinal Chemistry, 9(13), 1489–1503. 

Amorim, R., Pinheiro, C., Gonçalves, V., Pereira, H., Moyer, M. P., Preto, A., & Baltazar, F. 



71 
 

(2015). Monocarboxylate transport inhibition potentiates the cytotoxic effect of 5-

fluorouracil in colorectal cancer cells. Cancer Letters, 365. 

Anand, P., Kunnumakara, A. B., Sundaram, C., Harikumar, K. B., Tharakan, S. T., Lai, O. S., … 

Aggarwal, B. B. (2008). Cancer is a preventable disease that requires major lifestyle 

changes. Pharmaceutical Research, 25(9), 2097–2116. 

https://doi.org/10.1007/s11095-008-9661-9 

Andres, P. R., & Schubert, U. S. (2004). New Functional Polymers and Materials Based on 

2,2′:6′,2″-Terpyridine Metal Complexes. Advanced Materials, 16(13), 1043–1068. 

https://doi.org/10.1002/adma.200306518 

Antonarakis, E. S., & Emadi, A. (2010). Ruthenium-based chemotherapeutics: Are they ready for 

prime time? Cancer Chemotherapy and Pharmacology. https://doi.org/10.1007/s00280-

010-1293-1 

Antunes, C. (2016). Diretos ao Alvo: Virtual Screening de potenciais fármacos usando uma 

biblioteca de compostos com interesse farmacêutico. Faculdade de Ciências Da 

Universidade de Lisboa. 

Antunovic, M., Kriznik, B., Ulukaya, E., Yilmaz, V. T., Mihalic, K. C., Madunic, J., & Marijanovic, 

I. (2015). Cytotoxic activity of novel palladium-based compounds on leukemia cell lines. 

Anti-Cancer Drugs, 26, 180–186. https://doi.org/10.1097/CAD.0000000000000174 

Argyle, D. J., & Blacking, T. (2008). From viruses to cancer stem cells: Dissecting the pathways 

to malignancy. Veterinary Journal, 177(3), 311–323. 

https://doi.org/10.1016/j.tvjl.2007.09.017 

Arvelo, F., Sojo, F., & Cotte, C. (2015). Biology of colorectal cancer. Ecancer, 9, 1–20. 

https://doi.org/10.3332/ecancer.2015.520 

Aschele, C., Sobrero, A., Faderan, M. a, & Bertino, J. R. (1992). Novel Mechanism ( s ) of 

Resistance to 5-Fluorouracil in Human Colon Cancer ( HCT-8 ) Sublines following Exposure 

to Two Different Clinically Relevant Dose Schedules Novel Mechanism ( s ) of Resistance 

to 5-Fluorouracil in Human Colon Cancer ( HCT-8 ) Sub. Cancer Research, (20), 1855–

1864. 

Barretina, J., Caponigro, G., Stransky, N., Venkatesan, K., Margolin, A. A., Kim, S., … Garraway, 

L. A. (2012). The Cancer Cell Line Encyclopedia enables predictive modelling of anticancer 

drug sensitivity. Nature, 483(7391), 603–607. https://doi.org/10.1038/nature11003 

Basu, A., & Krishnamurthy, S. (2010). Cellular Responses to Cisplatin-Induced DNA Damage. 



72 
 

Journal of Nucleic Acids, 2010, 1–16. https://doi.org/10.4061/2010/201367 

Berg, M., & Soreide, K. (2012). EGFR and downstream genetic alterations in KRAS/BRAF and 

PI3K/AKT pathways in colorectal cancer: implications for targeted therapy. Discovery 

Medicine, 14(76), 207–214. 

Bergamo, A., Gaiddon, C., Schellens, J. H. M., Beijnen, J. H., & Sava, G. (2012). Approaching 

tumour therapy beyond platinum drugs: Status of the art and perspectives of ruthenium 

drug candidates. Journal of Inorganic Biochemistry. 

https://doi.org/10.1016/j.jinorgbio.2011.09.030 

Bergamo, A., & Sava, G. (2011). Ruthenium anticancer compounds: myths and realities of the 

emerging metal-based drugs. Dalton Transactions (Cambridge, England : 2003), 40(31), 

7817–7823. https://doi.org/10.1039/c0dt01816c 

Bettington, M., Walker, N., Clouston, A., Brown, I., Leggett, B., & Whitehall, V. (2013). The 

serrated pathway to colorectal carcinoma: current concepts and challenges. 

Histopathology, 62(3), 367–386. https://doi.org/10.1111/his.12055 

Binder, M., Roberts, C., Spencer, N., Antoine, D., & Cartwright, C. (2014). On the Antiquity of 

Cancer : Evidence for Metastatic Carcinoma in a Young Man from Ancient Nubia ( c . 

1200BC ), 9(3), 1–11. https://doi.org/10.1371/journal.pone.0090924 

Bruijnincx, P. C. A., & Sadler, P. J. (2009). Controlling platinum, ruthenium, and osmium 

reactivity for anticancer drug design. In R. van Eldik & C. D. Hubbard (Eds.) (Vol. 61, pp. 

1–62). Academic Press. https://doi.org/https://doi.org/10.1016/S0898-

8838(09)00201-3 

Buyse, M., Thirion, P., Carlson, R. W., Burzykowski, T., Molenberghs, G., & Piedbois, P. (2000). 

Relation between tumour response to first-line chemotherapy and survival in advanced 

colorectal cancer: a meta-analysis. The Lancet, 356(9227), 373–378. 

https://doi.org/10.1016/S0140-6736(00)02528-9 

Cabral, H., Nishiyama, N., Okazaki, S., Koyama, H., & Kataoka, K. (2005). Preparation and 

biological properties of dichloro(1,2-diaminocyclohexane)platinum(II) (DACHPt)-loaded 

polymeric micelles. Journal of Controlled Release, 101(1–3), 223–232. 

https://doi.org/http://dx.doi.org/10.1016/j.jconrel.2004.08.022 

Cao, X., Fang, L., Gibbs, S., Huang, Y., Dai, Z., Wen, P., … Sun, D. (2007). Glucose uptake 

inhibitor sensitizes cancer cells to daunorubicin and overcomes drug resistance in hypoxia. 

Cancer Chemotherapy and Pharmacology, 59(4), 495–505. 



73 
 

https://doi.org/10.1007/s00280-006-0291-9 

Cetinbas, N., Webb, M. I., Dubland, J. A., & Walsby, C. J. (2010). Serum-protein interactions 

with anticancer Ru(III) complexes KP1019 and KP418 characterized by EPR. Journal of 

Biological Inorganic Chemistry, 15(2), 131–145. https://doi.org/10.1007/s00775-009-

0578-5 

Chan, D. A., Sutphin, P. D., Nguyen, P., Turcotte, S., Edwin, W., Banh, A., … Giaccia, A. J. 

(2011). Targeting GLUT1 and the Warburg Effect in Renal Cell Carcinaoma by Chemical 

Synthetic Library. Science Translational Medicine, 3(94). 

https://doi.org/10.1126/scitranslmed.3002394.Targeting 

Chaney, S. G., Campbell, S. L., Bassett, E., & Wu, Y. (2005). Recognition and processing of 

cisplatin- and oxaliplatin-DNA adducts. Critical Reviews in Oncology/Hematology, 53(1), 3–

11. https://doi.org/10.1016/j.critrevonc.2004.08.008 

Chaney, S. G., Campbell, S. L., Temple, B., Bassett, E., Wu, Y., & Faldu, M. (2004). Protein 

interactions with platinum-DNA adducts: From structure to function. Journal of Inorganic 

Biochemistry, 98(10 SPEC. ISS.), 1551–1559. 

https://doi.org/10.1016/j.jinorgbio.2004.04.024 

Chen, X., Li, L., Guan, Y., Yang, J., & Cheng, Y. (2016). Anticancer strategies based on the 

metabolic profile of tumor cells: therapeutic targeting of the Warburg effect. Acta 

Pharmacologica Sinica, 37(8), 1013–1019. https://doi.org/10.1038/aps.2016.47 

Ciardiello, F., & Tortora, G. (2008). EGFR antagonists in cancer treatment. The New England 

Journal of Medicine, 358(11), 1160–1174. https://doi.org/10.1056/NEJMra0707704 

Clevers, H. (2006). Wnt/beta-catenin signaling in development and disease. Cell, 127(3), 469–

480. https://doi.org/10.1016/j.cell.2006.10.018 

Clevers, H. (2013). The intestinal crypt, a prototype stem cell compartment. Cell, 154(2), 274–

284. https://doi.org/10.1016/j.cell.2013.07.004 

Colucci, G., Gebbia, V., Paoletti, G., Giuliani, F., Caruso, M., Gebbia, N., … Maiello, E. (2005). 

Phase III randomized trial of FOLFIRI versus FOLFOX4 in the treatment of advanced 

colorectal cancer: A Multicenter Study of the Gruppo Oncologico Dell’Italia Meridionale. 

Journal of Clinical Oncology, 23(22), 4866–4875. 

https://doi.org/10.1200/JCO.2005.07.113 

Côrte-Real, L., Matos, A. P., Alho, I., Morais, T. S., Tomaz, A. I., Garcia, M. H., … Marques, F. 

(2013). Cellular uptake mechanisms of an antitumor ruthenium compounds: The 



74 
 

endosomal/lysosomal system as a target for anticancer metal-based drugs. Microscopy 

and Microanalysis, 19(5). 

Côrte-Real, L., Paula Robalo, M., Marques, F., Nogueira, G., Avecilla, F., Silva, T. J. L., … Valente, 

A. (2015). The key role of coligands in novel ruthenium(II)-cyclopentadienyl bipyridine 

derivatives: Ranging from non-cytotoxic to highly cytotoxic compounds. Journal of Inorganic 

Biochemistry, 150(Ii), 148–159. https://doi.org/10.1016/j.jinorgbio.2015.06.015 

Croce, C. M., & D. M. (1995). Oncogenes and cancer. Science (New York, N.Y.), 267(5203), 

1408–1409. https://doi.org/10.1126/science.7878455 

Cruz-Bustillo Clarens, D. (2004). Molecular genetics of colorectal cancer. Revista Española de 

Enfermedades Digestivas : Organo Oficial de La Sociedad Española de Patología Digestiva, 

96(1), 48–59. 

Cutsem, E. Van, Lang, I., Folprecht, G., Nowacki, M., Barone, C., Shchepotin, I., … Kohne, C. 

(2010). Cetuximab plus FOLFIRI: Final data from the CRYSTAL study on the association of 

KRAS and BRAF biomarker status with treatment outcome. Journal of Clinical Oncology, 

28(15_suppl), 3570. https://doi.org/10.1200/jco.2010.28.15_suppl.3570 

Daniels, T. R., Bernabeu, E., Rodríguez, J. A., Patel, S., Kozman, M., Chiappetta, D. A., … 

Penichet, M. L. (2012). The transferrin receptor and the targeted delivery of therapeutic 

agents against cancer. Biochimica et Biophysica Acta (BBA) - General Subjects, 1820(3), 

291–317. https://doi.org/https://doi.org/10.1016/j.bbagen.2011.07.016 

De Gramont, A., Vignoud, J., Tournigand, C., Louvet, C., André, T., Varette, C., … Krulik, M. 

(1997). Oxaliplatin with high-dose leucovorin and 5-fluorouracil 48-hour continuous infusion 

in pretreated metastatic colorectal cancer. European Journal of Cancer Part A, 33(2), 214–

219. https://doi.org/10.1016/S0959-8049(96)00370-X 

De Roock, W., Claes, B., Bernasconi, D., De Schutter, J., Biesmans, B., Fountzilas, G., … Tejpar, 

S. (2010). Effects of KRAS, BRAF, NRAS, and PIK3CA mutations on the efficacy of 

cetuximab plus chemotherapy in chemotherapy-refractory metastatic colorectal cancer: a 

retrospective consortium analysis. The Lancet Oncology, 11(8), 753–762. 

https://doi.org/10.1016/S1470-2045(10)70130-3 

Deng, Z., Gao, P., Yu, L., Ma, B., You, Y., Chan, L., … Chen, T. (2017). Ruthenium complexes 

with phenylterpyridine derivatives target cell membrane and trigger death receptors-

mediated apoptosis in cancer cells. Biomaterials, 129, 111–126. 

https://doi.org/10.1016/j.biomaterials.2017.03.017 



75 
 

Dequanter, D., Shahla, M., Paulos, P., & Lothaire, P. (2010). Cetuximab in the treatment of head 

and neck cancer: preliminary results outside clinical trials. Cancer Management and 

Research, 2, 165–168. Retrieved from 

https://www.ncbi.nlm.nih.gov/pubmed/21188107 

Desouza, M., Gunning, P. W., & Stehn, J. R. (2012). The actin cytoskeleton as a sensor and 

mediator of apoptosis. BioArchitecture, 2(3), 75–87. 

https://doi.org/10.4161/bioa.20975 

Dhillon, A. S., Hagan, S., Rath, O., & Kolch, W. (2007). MAP kinase signalling pathways in cancer. 

Oncogene, 26(22), 3279–3290. https://doi.org/10.1038/sj.onc.1210421 

Duncan, R. (2003). The dawning era of polymer therapeutics. Nat Rev Drug Discov, 2(5), 347–

360. 

Duncan, R., Dimitrijevic, S., & Evagorou, E. G. (1996). The role of polymer conjugates in the 

diagnosis and treatment of cancer. STP Pharma Sciences, 6(4), 237–263. 

Dyson, P. J., & Sava, G. (2006). Metal-based antitumour drugs in the post genomic era. Dalton 

Transactions (Cambridge, England : 2003), (16), 1929–1933. 

https://doi.org/10.1039/b601840h 

Ersahin, T., Tuncbag, N., & Cetin-Atalay, R. (2015). The PI3K/AKT/mTOR interactive pathway. 

Mol. BioSyst., 11(7), 1946–1954. https://doi.org/10.1039/C5MB00101C 

Evans, A., Bates, V., Troy, H., Hewitt, S., Holbeck, S., Chung, Y. L., … Airley, R. (2008). Glut-1 

as a therapeutic target: Increased chemoresistance and HIF-1-independent link with cell 

turnover is revealed through COMPARE analysis and metabolomic studies. Cancer 

Chemotherapy and Pharmacology, 61(3), 377–393. https://doi.org/10.1007/s00280-

007-0480-1 

Fearon, E. R., & Vogelstein, B. (1990). A genetic model for colorectal tumorigenesis. Cell, 61, 

759–67. 

Ferlay, J., Shin, H. R., Bray, F., Forman, D., Mathers, C., & Parkin, D. M. (2010). Estimates of 

worldwide burden of cancer in 2008: GLOBOCAN 2008. International Journal of Cancer, 

127(12), 2893–2917. https://doi.org/10.1002/ijc.25516 

Ferlay, J., Soerjomataram, I., Ervik, M., Dikshit, R., & Eser, S. (2013). Cancer Incidence and 

Mortality Worldwide: IARC CancerBase No. 11. 

Ferlay, J., Steliarova-Foucher, E., Lortet-Tieulent, J., Rosso, S., Coebergh, J. W. W., Comber, H., 

… Bray, F. (2013). Cancer incidence and mortality patterns in Europe: Estimates for 40 



76 
 

countries in 2012. European Journal of Cancer, 49, 1374–1403. 

Ferrara, N., Hillan, K. J., & Novotny, W. (2005). Bevacizumab (Avastin), a humanized anti-VEGF 

monoclonal antibody for cancer therapy. Biochemical and Biophysical Research 

Communications, 333(2), 328–335. https://doi.org/10.1016/j.bbrc.2005.05.132 

Ferro, S., Azevedo-Silva, J., Casal, M., Côrte-Real, M., Baltazar, F., & Preto, A. (2016). 

Characterization of acetate transport in colorectal cancer cells and potential therapeutic 

implications. Oncotarget, 7(43). https://doi.org/10.18632/oncotarget.12156 

Fitzmaurice, C., Dicker, D., Pain, A., Hamavid, H., Moradi-Lakeh, M., MacIntyre, M. F., … 

Naghavi, M. (2015). The Global Burden of Cancer 2013. JAMA Oncology, 1(4), 505. 

https://doi.org/10.1001/jamaoncol.2015.0735 

Fletcher, D. A., & Mullins, R. D. (2010). NIH Public Access. Nature, 463(7280), 485–492. 

https://doi.org/10.1038/nature08908.Cell 

Fraser, C, L., & Smith, A. P. (2000). Metal complexes with polymeric ligands: Chelation and 

metalloinitiation approaches to metal tris(bipyridine)-containing mater. Journal of Polymer 

Science Part A: Polymer Chemistry, 38(S1), 4704–4716. 

Fruman, D. A., & Rommel, C. (2014). PI3K and Cancer: Lessons, Challenges and Opportunities. 

Nat Rev Drug Discov, 13(2), 140–156. https://doi.org/10.1038/nrd4204.PI3K 

Garcia, M. H., Valente, A., Morais, T. S. F., & Tomaz, A. I. (2016). Macromolecular Transition 

Metal Complexes For Treatment Of Cancer And Process For Their Preparation, WO 

2016/087932. 

Giacchetti, B. S., Perpoint, B., Zidani, R., Bail, N. Le, Faggiuolo, R., Focan, C., … Le, F. (2006). 

Added to Chronomodulated Fluorouracil – Leucovorin as First-Line Treatment of Metastatic 

Colorectal Cancer, 18(1), 136–147. 

Goldberg, R. M., Sargent, D. J., Morton, R. F., Fuchs, C. S., Ramanathan, R. K., Williamson, S. 

K., … Alberts, S. R. (2004). A randomized controlled trial of fluorouracil plus leucovorin, 

irinotecan, and oxaliplatin combinations in patients with previously untreated metastatic 

colorectal cancer. Journal of Clinical Oncology, 22(1), 23–30. 

https://doi.org/10.1200/JCO.2004.09.046 

Gourlay, C. W., & Ayscough, K. R. (2006). Actin-Induced Hyperactivation of the Ras Signaling 

Pathway Leads to Apoptosis in Saccharomyces cerevisiae. Molecular and Cellular Biology, 

26(17), 6487–6501. https://doi.org/10.1128/MCB.00117-06 

Grady, W. M., & Carethers, J. M. (2008). Genomic and Epigenetic Instability in Colorectal Cancer 



77 
 

Pathogenesis. Gastroenterology, 135(4), 1079–1099. 

https://doi.org/10.1053/j.gastro.2008.07.076 

Granchi, C., Fortunato, S., & Minutolo, F. (2016). Anticancer agents interacting with membrane 

glucose transporters. Med. Chem. Commun., 7(9), 1716–1729. 

https://doi.org/10.1039/C6MD00287K 

Greco, F., & Vicent, M. J. (2009). Combination therapy: Opportunities and challenges for 

polymer-drug conjugates as anticancer nanomedicines. Advanced Drug Delivery Reviews, 

61(13), 1203–1213. https://doi.org/10.1016/j.addr.2009.05.006 

Gulbake, A., Jain, A., Jain, A., Jain, A., & Jain, S. K. (2016). Insight to drug delivery aspects for 

colorectal cancer. World Journal of Gastroenterology, 22(2), 582–599. 

https://doi.org/10.3748/wjg.v22.i2.582 

Guo, W., Zheng, W., Luo, Q., Li, X., Zhao, Y., Xiong, S., & Wang, F. (2013). Transferrin serves as 

a mediator to deliver organometallic ruthenium(II) anticancer complexes into cells. 

Inorganic Chemistry, 52(9), 5328–5338. https://doi.org/10.1021/ic4002626 

Hacker, G. (2000). The morphology of apoptosis, 301, 5–17. 

Hanahan, D., & Weinberg, R. A. (2000). The Hallmarks of Cancer. Cell, 100, 57–70. 

https://doi.org/10.1007/s00262-010-0968-0 

Hanahan, D., & Weinberg, R. A. (2011). Hallmarks of cancer: The next generation. Cell, 144(5), 

646–674. https://doi.org/10.1016/j.cell.2011.02.013 

Harshani, J. M., Yeluri, S., & Guttikonda, V. R. (2014). Glut-1 as a prognostic biomarker in oral 

squamous cell carcinoma. Journal of Oral and Maxillofacial Pathology : JOMFP, 18(3), 

372–378. https://doi.org/10.4103/0973-029X.151318 

Hartinger, C. G., Jakupec, M. A., Zorbas-Seifried, S., Groessl, M., Egger, A., Berger, W., … 

Keppler, B. K. (2008). KP1019, a new redox-active anticancer agent--preclinical 

development and results  of a clinical phase I study in tumor patients. Chemistry & 

Biodiversity, 5(10), 2140–2155. https://doi.org/10.1002/cbdv.200890195 

Hartinger, C. G., Zorbas-Seifried, S., Jakupec, M. A., Kynast, B., Zorbas, H., & Keppler, B. K. 

(2006). From bench to bedside--preclinical and early clinical development of the anticancer 

agent indazolium trans-[tetrachlorobis(1H-indazole)ruthenate(III)] (KP1019 or FFC14A). 

Journal of Inorganic Biochemistry, 100(5–6), 891–904. 

https://doi.org/10.1016/j.jinorgbio.2006.02.013 

Heffeter, P., Böck, K., Atil, B., Reza Hoda, M. A., Körner, W., Bartel, C., … Koellensperger, G. 



78 
 

(2010). Intracellular protein binding patterns of the anticancer ruthenium drugs KP1019 

and KP1339. Journal of Biological Inorganic Chemistry, 15(5), 737–748. 

https://doi.org/10.1007/s00775-010-0642-1 

Herrmann, H., Bär, H., Kreplak, L., Strelkov, S. V, & Aebi, U. (2007). Intermediate filaments: 

from cell architecture to nanomechanics. Nature Reviews Molecular Cell Biology, 8, 562. 

Retrieved from http://dx.doi.org/10.1038/nrm2197 

Hong, S. K., Jeong, J. H., Chan, A. M., & Park, J. I. (2013). AKT upregulates B-Raf Ser445 

phosphorylation and ERK1/2 activation in prostate cancer cells in response to androgen 

depletion. Experimental Cell Research, 319(12), 1732–1743. 

https://doi.org/10.1016/j.yexcr.2013.05.008 

Hong, S., Kim, S., Kim, H. Y., Kang, M., Jang, H. H., & Lee, W. S. (2016). Targeting the PI3K 

signaling pathway in KRAS mutant colon cancer. Cancer Medicine, 5(2), 248–255. 

https://doi.org/10.1002/cam4.591 

Horvat, M., & Stabuc, B. (2011). Microsatellite instability in colorectal cancer. Radiol Oncol, 

45(2), 75–81. https://doi.org/10.2478/v10019-011-0005-8 

Hsiang, Y. H., Hertzberg, R., Hecht, S., & Liu, L. F. (1985). Camptothecin induces protein-linked 

DNA breaks via mammalian DNA topoisomerase I. Journal of Biological Chemistry, 

260(27), 14873–14878. https://doi.org/10.1126/science.1191175 

Hsieh, I.-S., Yang, R.-S., & Fu, W.-M. (2014). Osteopontin upregulates the expression of glucose 

transporters in osteosarcoma cells. PloS One, 9(10), e109550. 

https://doi.org/10.1371/journal.pone.0109550 

Huang, Y., He, L., Liu, W., Fan, C., Zheng, W., Wong, Y. S., & Chen, T. (2013). Selective cellular 

uptake and induction of apoptosis of cancer-targeted selenium nanoparticles. Biomaterials, 

34(29), 7106–7116. https://doi.org/10.1016/j.biomaterials.2013.04.067 

Huxley, R. R., Ansary-Moghaddam, A., Clifton, P., Czernichow, S., Parr, C. L., & Woodward, M. 

(2009). The impact of dietary and lifestyle risk factors on risk of colorectal cancer: A 

quantitative overview of the epidemiological evidence. International Journal of Cancer, 

125(1), 171–180. https://doi.org/10.1002/ijc.24343 

Irigaray, P., Newby, J. A., Clapp, R., Hardell, L., Howard, V., Montagnier, L., … Belpomme, D. 

(2007). Lifestyle-related factors and environmental agents causing cancer: An overview. 

Biomedicine and Pharmacotherapy, 61(10), 640–658. 

https://doi.org/10.1016/j.biopha.2007.10.006 



79 
 

Janku, F., Tsimberidou, A. M., Garrido-laguna, I., Wang, X., Luthra, R., Hong, D. S., … Kurzrock, 

R. (2011). PIK3CA Mutations in Patients with Advanced Cancers Treated with 

PI3K/AKT/mTOR Axis Inhibitors. Mol Cancer Ther ., 10(3), 558–565. 

https://doi.org/10.1158/1535-7163.MCT-10-0994.PIK3CA 

Jasperson, K. W., Tuohy, T. M., Neklason, D. W., & Burt, R. W. (2010). Hereditary and Familial 

Colon Cancer GASTROENTEROLOGY. Gastroenterology, 138, 2044–2058. 

https://doi.org/10.1053/j.gastro.2010.01.054 

Johnstone, T. C., Wilson, J. J., & Lippard, S. J. (2013). Monofunctional and higher-valent 

platinum anticancer agents. Inorganic Chemistry, 52(21), 12234–12249. 

https://doi.org/10.1021/ic400538c 

Jr., L. G. V. (2007). Mammalian Iron Metabolism. Toxicology Mechanisms and Methods, 17(9), 

497–517. https://doi.org/10.1080/15376510701556690 

Kaldis, P., & Pagano, M. (2009). Wnt signaling in mitosis. Developmental Cell, 17(6), 749–750. 

https://doi.org/10.1016/j.devcel.2009.12.001 

Kararli, T. T. (1995). Comparison of the gastrointestinal anatomy, physiology, and biochemistry 

of humans and commonly used laboratory animals. Biopharmaceutics & Drug Disposition, 

16(5), 351–380. https://doi.org/10.1002/bdd.2510160502 

Kelland, L. (2007). The resurgence of platinum-based cancer chemotherapy. Nature Reviews. 

Cancer, 7(8), 573–584. https://doi.org/10.1038/nrc2167 

Kim, J. H., Kim, H. N., Lee, K. T., Lee, J. K., Choi, S.-H., Paik, S. W., … Lowe, A. W. (2008). 

Gene Expression Profiles in Gallbladder Cancer: The Close Genetic Similarity Seen for Early 

and Advanced Gallbladder Cancers May Explain the Poor Prognosis. Tumor Biology, 29(1), 

41–49. 

Kim, R. (2005). Recent advances in understanding the cell death pathways activated by 

anticancer therapy. Cancer, 103(8), 1551–1560. https://doi.org/10.1002/cncr.20947 

Klose, J. (1975). Protein mapping by combined isoelectric focusing and electrophoresis of mouse 

tissues. A novel approach to testing for induced point mutations in mammals. 

Humangenetik, 26(3), 231–243. 

Knowles, M. A., & Selby, P. J. (2005). Introduction to the Cellular and Molecular Biology of 

Cancer. Oxford University Press (4a Edition). 

Kopecek, J., Kopecková, P., Minko, T., & Lu, Z. (2000). HPMA copolymer–anticancer drug 

conjugates: design, activity, and mechanism of action. European Journal of Pharmaceutics 



80 
 

and Biopharmaceutics, 50(1), 61–81. https://doi.org/10.1016/S0939-6411(00)00075-

8 

Kostova, I. (2006). Ruthenium complexes as anticancer agents. Current Medicinal Chemistry, 

13(9), 1–22. https://doi.org/10.2174/157489206775246458 

Laurent-Puig, P., Cayre, A., Manceau, G., Buc, E., Bachet, J.-B., Lecomte, T., … Penault-Llorca, 

F. (2009). Analysis of PTEN, BRAF, and EGFR Status in Determining Benefit From 

Cetuximab Therapy in Wild-Type KRAS Metastatic Colon Cancer. Journal of Clinical 

Oncology, 27(35), 5924–5930. https://doi.org/10.1200/JCO.2008.21.6796 

Lee, J. J., Beumer, J. H., & Chu, E. (2016). Therapeutic drug monitoring of 5-fluorouracil. Cancer 

Chemother Pharmacol. https://doi.org/10.1007/s00280-016-3054-2 

Lee, J. J., & Sun, W. (2016). Options for Second-Line Treatment in Metastatic Colorectal Cancer, 

14(1), 46–54. 

Leijen, S., Burgers, S. A., Baas, P., Pluim, D., Tibben, M., van Werkhoven, E., … Schellens, J. H. 

M. (2015). Phase I/II study with ruthenium compound NAMI-A and gemcitabine in patients 

with  non-small cell lung cancer after first line therapy. Investigational New Drugs, 33(1), 

201–214. https://doi.org/10.1007/s10637-014-0179-1 

Levine, D. S., & Haggitt, R. C. (1989). Normal histology of the colon. Am J Surg Pathol. 

https://doi.org/10.1097/00000478-198911000-00008 

Liu, W., Fang, Y., Wang, X. T., Liu, J., Dan, X., & Sun, L. L. (2014). Overcoming 5-Fu resistance 

of colon cells through inhibition of glut1 by the specific inhibitor WZB117. Asian Pacific 

Journal of Cancer Prevention, 15(17), 7037–7041. 

https://doi.org/10.7314/APJCP.2014.15.17.7037 

Liu, Y., Cao, Y., Zhang, W., Bergmeier, S., Qian, Y., Akbar, H., … Chen, X. (2012). A small-

molecule inhibitor of glucose transporter 1 downregulates glycolysis, induces cell-cycle 

arrest, and inhibits cancer cell growth in vitro and in vivo. Molecular Cancer Therapeutics, 

11(8), 1672–1682. https://doi.org/10.1158/1535-7163.MCT-12-0131 

Liu, Z., Zhu, G., Getzenberg, R. H., & Veltri, R. W. (2015). The upregulation of PI3K/Akt and MAP 

kinase pathways is associated with resistance of microtubule-targeting drugs in prostate 

cancer. Journal of Cellular Biochemistry, 116(7), 1341–1349. 

https://doi.org/10.1002/jcb.25091 

Lodish, H., Berk, A., Zipursky, S., & et al. (2000). Molecular Cell Biology. In 4th edition. 

Longley, D. B., Harkin, D. P., & Johnston, P. G. (2003). 5-Fluorouracil: mechanisms of action 



81 
 

and clinical strategies. Nature Reviews Cancer, 3(5), 330–338. 

https://doi.org/10.1038/nrc1074 

Maeda, H. (2001). The enhanced permeability and retention (EPR) effect in tumor vasculature: 

The key role of tumor-selective macromolecular drug targeting. Advances in Enzyme 

Regulation, 41(0), 189–207. https://doi.org/10.1016/S0065-2571(00)00013-3 

Maeda, H., Bharate, G. Y., & Daruwalla, J. (2009). Polymeric drugs for efficient tumor-targeted 

drug delivery based on EPR-effect. European Journal of Pharmaceutics and 

Biopharmaceutics, 71(3), 409–419. https://doi.org/10.1016/j.ejpb.2008.11.010 

Maki, Y., Soh, J., Ichimura, K., Shien, K., Furukawa, M., Muraoka, T., … Miyoshi, S. (2013). 

Impact of GLUT1 and Ki-67 expression on earlystage lung adenocarcinoma diagnosed  

according to a new international multidisciplinary classification. Oncology Reports, 29(1), 

133–140. https://doi.org/10.3892/or.2012.2087 

Marques, C., Oliveira, C. S. F., Alves, S., Chaves, S. R., Coutinho, O. P., Côrte-Real, M., & Preto, 

A. (2013). Acetate-induced apoptosis in colorectal carcinoma cells involves lysosomal 

membrane permeabilization and cathepsin D release. Cell Death & Disease, 4, e507. 

Marshall, J. L. (2008). Managing potentially resectable metastatic colon cancer. Gastrointestinal 

Cancer Research, 2(2 Suppl), S23–S26. 

Martelli, A. M., Evangelisti, C., Chiarini, F., Grimaldi, C., Cappellini, A., Ognibene, A., & 

McCubrey, J. A. (2010). The emerging role of the phosphatidylinositol 3-

kinase/Akt/mammalian target of rapamycin signaling network in normal myelopoiesis and 

leukemogenesis. Biochimica et Biophysica Acta - Molecular Cell Research, 1803(9), 991–

1002. https://doi.org/10.1016/j.bbamcr.2010.04.005 

Mashima, T., Naito, M., & Tsuruo, T. (1999). Caspase-mediated cleavage of cytoskeletal actin 

plays a positive role in the process of morphological apoptosis. Oncogene, 18(15), 2423–

2430. https://doi.org/10.1038/sj.onc.1202558 

Matos, A., Mendes, F., Valente, A., Morais, T., Tomaz, A. I., Zinck, P., … Marques, F. (2018). 

Ruthenium-based anticancer compounds: insights into their cellular targeting and 

mechanism of action. In A. A. Holder, J. L. Bullock Jr., M. A. Lawrence, W. R. Browne, & 

L. Lilge (Eds.), Wiley-VCH book “Ruthenium Complexes – Photochemical and Biomedical 

Applications.” 

Matsumoto, T., Jimi, S., Migita, K., Takamatsu, Y., & Hara, S. (2016). Inhibition of glucose 

transporter 1 induces apoptosis and sensitizes multiple myeloma cells to conventional 



82 
 

chemotherapeutic agents. Leukemia Research, 41, 103–110. 

https://doi.org/10.1016/j.leukres.2015.12.008 

Matsumura, Y. (2008). Polymeric micellar delivery systems in oncology. Japanese Journal of 

Clinical Oncology, 38(12), 793–802. https://doi.org/10.1093/jjco/hyn116 

Matsumura, Y., & Maeda, H. (1986). A new concept for macromolecular therapeutics in cnacer 

chemotherapy: mechanism of tumoritropic accumulatio of proteins and the antitumor 

agents Smancs. Cancer Research, 46(December), 6387–6392. 

https://doi.org/10.1021/bc100070g 

McCubrey, J. A., Steelman, L. S., Kempf, C. R., Chappell, W. H., Abrams, S. L., Stivala, F., … 

Martelli, A. M. (2011). Therapeutic resistance resulting from mutations in Raf/MEK/ERK 

and PI3K/PTEN/Akt/mTOR signaling pathways. Journal of Cellular Physiology, 226(11), 

2762–2781. https://doi.org/10.1002/jcp.22647 

Mendoza, M. C., Er, E. E., & Blenis, J. (2011). The Ras-ERK and PI3K-mTOR Pathways: Cross-

talk and Compensation, 36(6), 320–328. 

https://doi.org/10.1016/j.tibs.2011.03.006.The 

Milacic, V., Fregona, D., & Dou, Q. P. (2008). Gold complexes as prospective metal-based 

anticancer drugs. Histology and Histopathology, 23(1), 101–108. 

Millan, M., Merino, S., Caro, A., Feliu, F., Escuder, J., & Francesch, T. (2015). Treatment of 

colorectal cancer in the elderly. World Journal of Gastrointestinal Oncology, 7(10), 204–

220. https://doi.org/10.4251/wjgo.v7.i10.204 

Min, J. W., Kim, K. Il, Kim, H.-A., Kim, E.-K., Noh, W. C., Jeon, H. B., … Kim, J.-S. (2013). 

INPP4B-mediated tumor resistance is associated with modulation of glucose metabolism 

via hexokinase 2 regulation in laryngeal cancer cells. Biochemical and Biophysical 

Research Communications, 440(1), 137–142. 

https://doi.org/10.1016/j.bbrc.2013.09.041 

Morais, T. S., Valente, A., Tomaz, A. I., Marques, F., & Garcia, M. H. (2016). Tracking antitumor 

metallodrugs: promising agents with the Ru(II)- and Fe(II)-cyclopentadienyl scaffolds. Future 

Madicinal Chemistry, 8(5), 527–544. 

Móran, A., Ortega, P., Juan, C. de, Férnandez-Marcelo, T., Frías, C., Sánchez-Pernaute, A., … 

Benito, M. (2010). Differential colorectal carcinogenesis: Molecular basis and clinical 

relevance. World Journal of Gastrointestinal Oncology, 2(3), 151–158. 

https://doi.org/10.4251/wjgo.v2.i3.151 



83 
 

Moreira, T. (2016). Exploring the anticancer effects of multifunctional polymer-ruthenium 

conjugates. 

Moreno, V., Font-Bardia, M., Calvet, T., Lorenzo, J., Avilés, F. X., Garcia, M. H., … Robalo, M. P. 

(2011). DNA interaction and cytotoxicity studies of new ruthenium(II) cyclopentadienyl 

derivative complexes containing heteroaromatic ligands. Journal of Inorganic Biochemistry, 

105(2), 241–249. https://doi.org/10.1016/j.jinorgbio.2010.10.009 

Morgan, M. R., Humphries, M. J., & Bass, M. D. (2007). Synergistic control of cell adhesion by 

integrins and syndecans. Nature Reviews. Molecular Cell Biology, 8(12), 957–969. 

https://doi.org/10.1038/nrm2289 

Nazarov, A. A., Hartinger, C. G., & Dyson, P. J. (2014). Opening the lid on piano-stool complexes: 

An account of ruthenium(II)earene complexes with medicinal applications. Journal of 

Organometallic Chemistry, 751, 251–260. 

https://doi.org/10.1016/j.jorganchem.2013.09.016 

Ndozangue-Touriguine, O., Hamelin, J., & Breard, J. (2008). Cytoskeleton and apoptosis. 

Biochemical Pharmacology, 76(1), 11–18. https://doi.org/10.1016/j.bcp.2008.03.016 

Neumann, J., Zeindl-Eberhart, E., Kirchner, T., & Jung, A. (2009). Frequency and Type of KRAS 

Mutations in Routina Diagnostic Analysis of Metastatic Colorectal Cancer. Z Gastroenterol, 

47(G29). 

Nishiyama, N., & Kataoka, K. (2001). Preparation and characterization of size-controlled 

polymeric micelle containing cis-dichlorodiammineplatinum(II) in the core. Journal of 

Controlled Release, 74(1–3), 83–94. https://doi.org/10.1016/S0168-3659(01)00314-5 

Nita, M. E., Nagawa, H., Tominaga, O., Tsuno, N., Fujii, S., Sasaki, S., … Muto, T. (1998). 5-

Fluorouracil induces apoptosis in human colon cancer cell lines with modulation of Bcl-2 

family proteins. British Journal of Cancer, 78(8), 986–92. 

https://doi.org/10.1038/bjc.1998.617 

Nomura, A., Dauer, P., Gupta, V., McGinn, O., Arora, N., Majumdar, K., … Banerjee, S. (2016). 

Microenvironment mediated alterations to metabolic pathways confer increased chemo-

resistance in CD133+ tumor initiating cells. Oncotarget, 7(35), 56324–56337. 

https://doi.org/10.18632/oncotarget.10838 

Nosho, K., Irahara, N., Shima, K., Kure, S., Kirkner, G. J., Schernhammer, E. S., … Ogino, S. 

(2008). Comprehensive biostatistical analysis of CpG island methylator phenotype in 

colorectal cancer using a large population-based sample. PloS One, 3(11), e3698. 



84 
 

https://doi.org/10.1371/journal.pone.0003698 

O’Brien, V., & Brown, R. (2006). Signalling cell cycle arrest and cell death through the MMR 

System. Carcinogenesis, 27(4), 682–692. https://doi.org/10.1093/carcin/bgi298 

O’Farrell, P. H. (1975). High resolution two-dimensional electrophoresis of proteins. The Journal 

of Biological Chemistry, 250(10), 4007–21. https://doi.org/10.1016/j.bbi.2008.05.010 

Oliveira, C., Pinto, M., Duval, A., Brennetot, C., Domingo, E., Espín, E., … Schwartz, S. (2003). 

BRAF mutations characterize colon but not gastric cancer with mismatch repair deficiency. 

Oncogene, 22(April), 9192–6. https://doi.org/10.1038/sj.onc.1207061 

Oliveira, C. S. F., Pereira, H., Alves, S., Castro, L., Baltazar, F., Chaves, S. R., … Côrte-Real, M. 

(2015). Cathepsin D protects colorectal cancer cells from acetate-induced apoptosis 

through autophagy-independent degradation of damaged mitochondria. Cell Death & 

Disease, 6, e1788. 

Orton, R. J., Sturm, O. E., Vyshemirsky, V., Calder, M., Gilbert, D. R., & Kolch, W. (2005). 

Computational modelling of the receptor-tyrosine-kinase-activated MAPK pathway. 

Biochemical Journal, 392(2), 249–261. https://doi.org/10.1042/BJ20050908 

Palomaki, G. E., McClain, M. R., Melillo, S., Hampel, H. L., & Thibodeau, S. N. (2009). EGAPP 

supplementary evidence review: DNA testing strategies aimed at reducing morbidity and 

mortality from Lynch syndrome. Genetics in Medicine, 11(1), 42–65. 

https://doi.org/10.1097/GIM.0b013e31818fa2db 

Pardini, B., Kumar, R., Naccarati, A., Novotny, J., Prasad, R. B., Forsti, A., … Lorenzo Bermejo, 

J. (2011). 5-Fluorouracil-based chemotherapy for colorectal cancer and MTHFR/MTRR 

genotypes. British Journal of Clinical Pharmacology, 72(1), 162–163. 

https://doi.org/10.1111/j.1365-2125.2010.03892.x 

Park, J. H., Lee, S., Kim, J. H., Park, K., Kim, K., & Kwon, I. C. (2008). Polymeric nanomedicine 

for cancer therapy. Progress in Polymer Science (Oxford), 33(1), 113–137. 

https://doi.org/10.1016/j.progpolymsci.2007.09.003 

Partridge, M. A., & Marcantonio, E. E. (2006). Initiation of Attachment and Generation of Mature 

Focal Adhesions by Integrin-containing Filopodia in Cell Spreading. Molecular Biology of the 

Cell, 17(10), 4237–4248. https://doi.org/10.1091/mbc.E06-06-0496 

Parveen, S., Misra, R., & Sahoo, S. K. (2012). Nanoparticles: A boon to drug delivery, 

therapeutics, diagnostics and imaging. Nanomedicine: Nanotechnology, Biology, and 

Medicine, 8(2), 147–166. https://doi.org/10.1016/j.nano.2011.05.016 



85 
 

Peacock, A. F. A., & Sadler, P. J. (2008). Medicinal organometallic chemistry: Designing metal 

arene complexes as anticancer agents. Chemistry - An Asian Journal, 3(11), 1890–1899. 

https://doi.org/10.1002/asia.200800149 

Pino, M. S., & Chung, D. C. (2010). The Chromosomal Instability Pathway in Colon Cancer. 

Gastroenterology, 138(6), 2059–2072. https://doi.org/10.1053/j.gastro.2009.12.065 

Plowman, S. J., Muncke, C., Parton, R. G., & Hancock, J. F. (2005). H-ras, K-ras, and inner 

plasma membrane raft proteins operate in nanoclusters with differential dependence on 

the actin cytoskeleton. Proceedings of the National Academy of Sciences, 102(43), 15500–

15505. https://doi.org/10.1073/pnas.0504114102 

Polakis, P. (2000). Wnt signaling and cancer. Genes & Development, 14(15), 1837–1851. 

Pongratz, M., Schluga, P., Jakupec, M. A., Arion, V. B., Hartinger, C. G., Allmaier, G., & Keppler, 

B. K. (2004). Transferrin binding and transferrin-mediated cellular uptake of the ruthenium 

coordination compound KP1019, studied by means of AAS, ESI-MS and CD spectroscopy. 

Journal of Analytical Atomic Spectrometry, 19(1), 46. https://doi.org/10.1039/b309160k 

Popovici, V., Budinska, E., Tejpar, S., Weinrich, S., Estrella, H., Hodgson, G., … Delorenzi, M. 

(2012). Identification of a poor-prognosis BRAF-mutant - Like population of patients with 

colon cancer. Journal of Clinical Oncology, 30(12), 1288–1295. 

https://doi.org/10.1200/JCO.2011.39.5814 

Porta, C., Paglino, C., & Mosca, A. (2014). Targeting PI3K/Akt/mTOR Signaling in Cancer. 

Frontiers in Oncology, 4(April), 1–11. https://doi.org/10.3389/fonc.2014.00064 

Potter, J. D. (1999). Colorectal cancer: molecules and populations. Journal of the National 

Cancer Institute, 91(11), 916–932. https://doi.org/10.1093/jnci/91.11.916 

Provenzale, D., Jasperson, K., Ahnen, D. J., Aslanian, H., Bray, T., Giardiello, F. M., … Hamilton, 

S. R. (2015). Colorectal Cancer Screening , Featured Updates to the NCCN Guidelines, 

13(8). 

Rajagopalan, H., Bardelli, A., Lengauer, C., Kinzler, K. W., Vogelstein, B., & Velculescu, V. E. 

(2002). Tumorigenesis: RAF/RAS oncogenes and mismatch-repair status. Nature, 

418(6901), 934. 

Rao, T. P., & Kuhl, M. (2010). An updated overview on Wnt signaling pathways: a prelude for 

more. Circulation Research, 106(12), 1798–1806. 

https://doi.org/10.1161/CIRCRESAHA.110.219840 

Raymond, E., Faivre, S., Chaney, S., Woynarowski, J., & Cvitkovic, E. (2002). Cellular and 



86 
 

Molecular Pharmacology of Oxaliplatin1 Cellular and Molecular Pharmacology of Oxaliplatin 

1. Molecular Cancer Therapeutics, 1(January), 227–235. 

Rodriguez-Viciana, P., Warne, P. H., Dhand, R., Vanhaesebroeck, B., Gout, I., Fry, M. J., … 

Downward, J. (1994). Phosphatidylinositol-3-OH kinase direct target of Ras. Nature, 

370(6490), 527–532. 

Roock, W. De, Vriendt, V. De, Normanno, N., Ciardiello, F., & Tejpar, S. (2011). KRAS, BRAF, 

PIK3CA, and PTEN mutations: Implications for targeted therapies in metastatic colorectal 

cancer. The Lancet Oncology, 12(6), 594–603. https://doi.org/10.1016/S1470-

2045(10)70209-6 

Rosa, I., Fidalgo, P., Filipe, B., Albuquerque, C., Fonseca, R., Chaves, P., & Pereira, A. D. (2015). 

Sporadic colorectal cancer: Studying ways to an end. United European Gastroenterology 

Journal, 4(2), 288–296. https://doi.org/10.1177/2050640615599329 

Rose, M. G., Farrell, M. P., & Schmitz, J. C. (2002). Thymidylate Synthase: A Critical Target for 

Cancer Chemotherapy. Clinical Colorectal Cancer, 1(4), 220–229. 

https://doi.org/10.3816/CCC.2002.n.003 

Rothenberg, M. L., Oza, A. M., Bigelow, R. H., Berlin, J. D., Marshall, J. L., Ramanathan, R. K., 

… Haller, D. G. (2003). Superiority of oxaliplatin and fluorouracil-leucovorin compared with 

either therapy alone in patients with progressive colorectal cancer after irinotecan and 

fluorouracil-leucovorin: Interim results of a phase III trial. Journal of Clinical Oncology, 

21(11), 2059–2069. https://doi.org/10.1200/JCO.2003.11.126 

Samadder, N. J., Vierkant, R. A., Tillmans, L. S., Wang, A. H., Weisenberger, D. J., Laird, P. W., 

… Limburg, P. J. (2013). Associations between colorectal cancer molecular markers and 

pathways with clinicopathologic features in older women. Gastroenterology, 145(2), 348–

356. https://doi.org/10.1053/j.gastro.2013.05.001 

Samie, N., Kanthimathi, M. S., Muniandy, S., Marlina, A., Mohamed, Z., & Abdullah, N. (2016). 

Revamp of the apoptotic signaling pathways and cell cycle arrest in colon cancer  cells 

induced by novel copper based compound and its molecular mechanisms. Recent Patents 

on Anti-Cancer Drug Discovery. 

Samowitz, W. S., Albertsen, H., Herrick, J., Levin, T. R., Sweeney, C., Murtaugh, M. A., … 

Slattery, M. L. (2005). Evaluation of a large, population-based sample supports a CpG 

island methylator phenotype in colon cancer. Gastroenterology, 129(3), 837–845. 

https://doi.org/10.1053/j.gastro.2005.06.020 



87 
 

Sartore-Bianchi, A., Di Nicolantonio, F., Nichelatti, M., Molinari, F., De Dosso, S., Saletti, P., … 

Siena, S. (2009). Multi-determinants analysis of molecular alterations for predicting clinical 

benefit to EGFR-targeted monoclonal antibodies in colorectal cancer. PLoS ONE, 4(10), 1–

9. https://doi.org/10.1371/journal.pone.0007287 

Sava, G., & Bergamo, A. (2000). Ruthenium-based compounds and tumour growth control 

(review). International Jounal of Oncology, 17(2), 353–365. 

Sava, G., Frausin, F., Cocchietto, M., Vita, F., Podda, E., Spessotto, P., … Zabucchi, G. (2004). 

Actin-dependent tumour cell adhesion after short-term exposure to the antimetastasis 

ruthenium complex NAMI-A. European Journal of Cancer (Oxford, England : 1990), 40(9), 

1383–1396. https://doi.org/10.1016/j.ejca.2004.01.034 

Schmoll, H. J., Van cutsem, E., Stein, A., Valentini, V., Glimelius, B., Haustermans, K., … 

Cervantes, A. (2012). Esmo consensus guidelines for management of patients with colon 

and rectal cancer. A personalized approach to clinical decision making. Annals of Oncology, 

23(10), 2479–2516. https://doi.org/10.1093/annonc/mds236 

Schneider, C. A., Rasband, W. S., & Eliceiri, K. W. (2012). NIH Image to ImageJ: 25 years of 

image analysis. Nature Methods, 9(7), 671–675. https://doi.org/10.1038/nmeth.2089 

Scolaro, C., Hartinger, C. G., Allardyce, C. S., Keppler, B. K., & Dyson, P. J. (2008). Hydrolysis 

study of the bifunctional antitumour compound RAPTA-C, [Ru(η6-p-cymene)Cl2(pta)]. 

Journal of Inorganic Biochemistry, 102(9), 1743–1748. 

https://doi.org/10.1016/j.jinorgbio.2008.05.004 

Seetharam, R. N., Sood, A., & Goel, S. (2009). Oxaliplatin: Preclinical perspectives on the 

mechanisms of action, response and resistance. Ecancermedicalscience, 3(1), 1–7. 

https://doi.org/10.3332/ecancer.2009.153 

Shaloam, D., & Tchounwou, P. B. (2014). Cisplatin in cancer therapy: Molecular mechanisms 

of action. European Journal of Pharmacology, 740, 364–378. 

https://doi.org/10.1016/j.ejphar.2014.07.025.Cisplatin 

Shen, Y., Wang, J., Han, X., Yang, H., Wang, S., Lin, D., & Shi, Y. (2013). Effectors of epidermal 

growth factor receptor pathway: The genetic profiling of KRAS, BRAF, PIK3CA, NRAS 

mutations in colorectal cancer characteristics and personalized medicine. PLoS ONE, 

8(12), 1–8. https://doi.org/10.1371/journal.pone.0081628 

Sherwood, L. (2010). Human Physiology. 

Shin, Y.-K., Yoo, B. C., Hong, Y. S., Chang, H. J., Jung, K. H., Jeong, S.-Y., & Park, J.-G. (2009). 



88 
 

Upregulation of glycolytic enzymes in proteins secreted from human colon cancer cells with 

5-fluorouracil resistance. Electrophoresis, 30(12), 2182–2192. 

https://doi.org/10.1002/elps.200800806 

Siddik, Z. H. (2003). Cisplatin: mode of cytotoxic action and molecular basis of resistance. 

Oncogene, 22(47), 7265–7279. https://doi.org/10.1038/sj.onc.1206933 

Sobrero, A. F., Aschele, C., & Bertino, J. R. (1997). Fluorouracil in colorectal cancer-a tale of two 

drugs: implications for biochemical modulation. Journal of Clinical Oncology : Official 

Journal of the American Society of Clinical Oncology, 15, 368–81. 

Song, K., Li, M., Xu, X., Xuan, L., Huang, G., & Liu, Q. (2016). Resistance to chemotherapy is 

associated with altered glucose metabolism in acute myeloid leukemia. Oncology Letters, 

12(1), 334–342. https://doi.org/10.3892/ol.2016.4600 

Steelman, L. S., Chappell, W. H., Abrams, S. L., Kempf, C. R., Long, J., Laidler, P., … McCubrey, 

J. A. (2011). Roles of the Raf/MEK/ERK and PI3K/PTEN/Akt/mtor pathways in controlling 

growth and sensitivity to therapy-implications for cancer and aging. Aging, 3(3), 192–222. 

https://doi.org/100296 [pii] 

Süss-Fink, G. (2010). Areneruthenium complexes as anticancer agents. Dalton Trans., 39(7), 

1673–1688. https://doi.org/10.1039/B916860P 

Tan, S. J., Yan, Y. K., Lee, P. P. F., & Lim, K. H. (2010). Copper, gold and silver compounds as 

potential new anti-tumor metallodrugs. Future Science, 2(10), 1591–1608. 

https://doi.org/10.4155/fmc.10.234 

Tannock, I., & Rotin, D. (1989). Acid pH in tumors and its potential for therapeutic exploitation. 

Cancer Research, 49(16), 4373–4384. https://doi.org/2545340 

Teixeira, R. G., Brás, A. R., Côrte-Real, L., Tatikonda, R., Sanches, A., Robalo, M. P., … Valente, 

A. (2018). Novel ruthenium methylcyclopentadienyl complex bearing a bipyridine 

perfluorinated ligand showing strong activity towards colorectal cancer cell lines. European 

Journal of Medicinal Chemistry, 503–514. 

https://doi.org/10.1016/j.ejmech.2017.11.059 

Temraz, S., Mukherji, D., & Shamseddine, A. (2015). Dual inhibition of MEK and PI3K pathway 

in KRAS and BRAF mutated colorectal cancers. International Journal of Molecular Sciences, 

16(9), 22976–22988. https://doi.org/10.3390/ijms160922976 

Thant, A. A., Wu, Y., Lee, J., Mishra, D. K., Garcia, H., Koeffler, H. P., & Vadgama, J. V. (2008). 

Role of caspases in 5-FU and selenium-induced growth inhibition of colorectal cancer cells. 



89 
 

Anticancer Research, 28(6 A), 3579–3592. 

https://doi.org/10.1016/j.surg.2006.10.010.Use 

The Cancer Genome Atlas Network. (2012). Comprehensive molecular characterization of 

human colon and rectal cancer. Nature, 487(7407), 330–337. 

https://doi.org/10.1038/nature11252.Comprehensive 

Thiel, A., & Ristimäki, A. (2013). Toward a Molecular Classification of Colorectal Cancer: The 

Role of BRAF. Frontiers in Oncology, 3(November), 281. 

https://doi.org/10.3389/fonc.2013.00281 

Tomaz, A. I., Jakusch, T., Morais, T. S., Marques, F., de Almeida, R. F. M., Mendes, F., … Garcia, 

M. H. (2012). [RuII(η5-C₅H₅)(bipy)(PPh₃)]+, a promising large spectrum antitumor agent: 

cytotoxic activity and interaction with human serum albumin. Journal of Inorganic 

Biochemistry, 117, 261–9. https://doi.org/10.1016/j.jinorgbio.2012.06.016 

Tomida,  a, & Tsuruo, T. (1999). Drug resistance mediated by cellular stress response to the 

microenvironment of solid tumors. Anti-Cancer Drug Design, 14(2), 169–77. Retrieved 

from http://www.ncbi.nlm.nih.gov/pubmed/10405643 

Torre, L. A., Bray, F., Siegel, R. L., Ferlay, J., Lortet-tieulent, J., & Jemal, A. (2015). Global Cancer 

Statistics, 2012. CA: A Cancer Journal of Clinicians., 65(2), 87–108. 

https://doi.org/10.3322/caac.21262. 

Trédan, O., Galmarini, C. M., Patel, K., & Tannock, I. F. (2007). Drug resistance and the solid 

tumor microenvironment. Journal of the National Cancer Institute, 99(19), 1441–1454. 

https://doi.org/10.1093/jnci/djm135 

Trondl, R., Heffeter, P., Kowol, C. R., Jakupec, M. A., Berger, W., & Keppler, B. K. (2014). NKP-

1339, the first ruthenium-based anticancer drug on the edge to clinical application. Chem. 

Sci., 5(8), 2925–2932. https://doi.org/10.1039/C3SC53243G 

Tyagi, A., Yeganeh, O., Levin, Y., Hooker, J. C., Hamilton, G. C., Wolfson, T., … Diego, S. (2016). 

HHS Public Access, 40(8), 3070–3077. https://doi.org/10.1007/s00261-015-0542-5 

Uchino, H., Matsumura, Y., Negishi, T., Koizumi, F., Hayashi, T., Honda, T., … Kakizoe, T. 

(2005). Cisplatin-incorporating polymeric micelles (NC-6004) can reduce nephrotoxicity 

and neurotoxicity of cisplatin in rats. British Journal of Cancer, 93(6), 678–87. 

https://doi.org/10.1038/sj.bjc.6602772 

Valente, A., Garcia, M. H., Marques, F., Miao, Y., Rousseau, C., & Zinck, P. (2013). First polymer 

“ruthenium-cyclopentadienyl” complex as potential anticancer agent. Journal of Inorganic 



90 
 

Biochemistry, 127, 79–81. 

Valente, A., & Zinck, P. (2012). Polymer-metal complexes (PMC) for cancer therapy. Recent Res. 

Devel. Polymer Science, 11(2), 99–128. 

Van Cutsem, E., Cervantes, A., Adam, R., Sobrero, A., Van Krieken, J. H., Aderka, D., … Arnold, 

D. (2016). ESMO consensus guidelines for the management of patients with metastatic 

colorectal cancer. Annals of Oncology, 27(8), 1386–1422. 

https://doi.org/10.1093/annonc/mdw235 

Van Cutsem, E., Kohne, C.-H., Lang, I., Folprecht, G., Nowacki, M. P., Cascinu, S., … Ciardiello, 

F. (2011). Cetuximab plus irinotecan, fluorouracil, and leucovorin as first-line treatment for 

metastatic colorectal cancer: updated analysis of overall survival according to tumor KRAS 

and BRAF mutation status. Journal of Clinical Oncology : Official Journal of the American 

Society of Clinical Oncology, 29(15), 2011–2019. 

https://doi.org/10.1200/JCO.2010.33.5091 

Van Wezel, T., Middeldorp, A., Wijnen, J. T., & Morreau, H. (2012). A review of the genetic 

background and tumour profiling in familial colorectal cancer. Mutagenesis, 27(2), 239–

245. https://doi.org/10.1093/mutage/ger071 

Velma, V., Dasari, S. R., & Tchounwou, P. B. (2016). Low doses of cisplatin induce gene 

alterations, cell cycle arrest, and apoptosis in human promyelocytic leukemia cells. 

Biomarker Insights, 11, 113–121. https://doi.org/10.4137/Bmi.s39445 

Wang, D., & Lippard, S. J. (2005). Cellular processing of platinum anticancer drugs. Nature 

Reviews Drug Discovery, 4, 307. Retrieved from http://dx.doi.org/10.1038/nrd1691 

Webb, M. I., & Walsby, C. J. (2013). EPR as a probe of the intracellular speciation of 

ruthenium(III) anticancer compounds. Metallomics : Integrated Biometal Science, 5, 

1624–33. https://doi.org/10.1039/c3mt00090g 

Webb, M. I., & Walsby, C. J. (2015). Albumin binding and ligand-exchange processes of the 

Ru(III) anticancer agent NAMI-A and its bis-DMSO analogue determined by ENDOR 

spectroscopy. Dalton Transactions (Cambridge, England : 2003), 44(40), 17482–17493. 

https://doi.org/10.1039/c5dt02021b 

Weitz, J., Koch, M., Debus, J., Hohler, T., Galle, P. R., & Buchler, M. W. (2005). Colorectal 

Cancer. The Lancet, 365(1), 153–165. https://doi.org/10.4065/82.1.114 

Wexler, M. (2003). Research Article. Psychological Science, 14(4), 340–346. 

https://doi.org/10.1007/s10162-012-0336-1 



91 
 

Wilhelm, M., Mueller, L., Miller, M. C., Link, K., Holdenrieder, S., Bertsch, T., … Jaehde, U. 

(2016). Prospective, Multicenter Study of 5-Fluorouracil Therapeutic Drug Monitoring in 

Metastatic Colorectal Cancer Treated in Routine Clinical Practice. Clinical Colorectal 

Cancer, 1–8. https://doi.org/10.1016/j.clcc.2016.04.001 

Wong, E., & Giandomenico, C. M. (1999). Current status of platinum-based antitumor drugs. 

Chemical Reviews, 99, 2451–2466. https://doi.org/10.1021/cr980420v 

Wong, J. J. L., Hawkins, N. J., & Ward, R. L. (2007). Colorectal cancer: a model for epigenetic 

tumorigenesis. Gut, 56(1), 140–148. https://doi.org/10.1136/gut.2005.088799 

World Health Organization. (2015). Fact sheet N°297. 

Wyatt, L. A., Filbin, M. T., & Keirstead, H. S. (2014). PTEN inhibition enhances neurite outgrowth 

in human embryonic stem cell-derived neuronal progenitor cells. The Journal of 

Comparative Neurology, 522(12), 2741–2755. https://doi.org/10.1002/cne.23580 

Xu, L., Shen, S. S., Hoshida, Y., Subramanian, A., Ross, K., Brunet, P., … Hynes, O. (2009). NIH 

Public Access, 6(5), 760–769. https://doi.org/10.1158/1541-7786.MCR-07-0344.Gene 

Yamagishi, H., Kuroda, H., Imai, Y., & Hiraishi, H. (2016). Molecular pathogenesis of sporadic 

colorectal cancers. Chinese Journal of Cancer, 35(1), 1–8. 

https://doi.org/10.1186/s40880-015-0066-y 

Yang, J., Wen, J., Tian, T., Lu, Z., Wang, Y., Wang, Z., … Yang, Y. (2016). GLUT-1 overexpression 

as an unfavorable prognostic biomarker in patients with colorectal cancer. Oncotarget, 8(7), 

11788–11796. https://doi.org/10.18632/oncotarget.14352 

Yuen, S. T., Davies, H., Chan, T. L., Ho, J. W., Bignell, G. R., Cox, C., … Wooster, R. (2002). 

Similarity of the Phenotypic Patterns Associated with BRAF and KRAS Mutations in 

Colorectal Neoplasia Advances in Brief Similarity of the Phenotypic Patterns Associated 

with BRAF and KRAS Mutations, 6451–6455. 

Yun, J., Rago, C., Cheong, I., Pagliarini, R., Angenendt, P., Schmidt, K., … Papadopoulos, N. 

(2009). Glucose Deprivation Contributes to the Development of KRAS Pathway Mutations 

in Tumor Cells. Science, 325(September), 1555–1559. 

https://doi.org/10.1126/science.1174229.Glucose 

Zaniboni, A. (2015). New active drugs for the treatment of advanced colorectal cancer. World 

Journal of Gastrointestinal Surgery, 7(12), 356–9. 

https://doi.org/10.4240/wjgs.v7.i12.356 

Zhao, H., Liu, Q., Wang, S., Dai, F., Cheng, X., Cheng, X., … Chen, D. (2017). In vitro additive 



92 
 

antitumor effects of dimethoxycurcumin and 5-fluorouracil in colon cancer cells. Cancer 

Medicine, 6(7), 1698–1706. https://doi.org/10.1002/cam4.1114 

 


	Page 1

