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Understanding the role of oncogenic KRAS mutations in the regulation of mitochondria 

metabolism and BAX-mediated cell death 

 

Abstract 

 

Colorectal cancer (CRC) is the third most common cancer worldwide and KRAS mutations 

(KRASm), namely the hotspot mutations KRASG12D, KRASG12V or KRASG13D, are considered the most frequent 

gain-of-function mutations, affecting approximately 30-50% of patients with CRC. RAS family proteins can 

have ambiguous effects on autophagy and apoptosis, regulating several downstream effectors. Our recent 

studies showed that KRASm induce autophagy both in yeast and “normal” colon cells and promote CRC 

cells survival during starvation. The apoptotic process is regulated by several proteins, having the Bcl-2 

family member BAX a fundamental pro-apoptotic role in its mediation. This protein is translocated from 

the cytosol to the mitochondrial outer membrane in response to apoptotic stimuli. 

Here, we questioned the role of mutated human KRAS in autophagy/apoptosis regulation and 

how it interacts with mitochondria and mitochondrial proteins related to apoptosis such as BAX. For that 

propose we used KRAS-humanized yeast, a model already established in our laboratory to study KRASm. 

KRAS-humanized yeasts expressing KRASWT or the activating mutant forms KRASG12D, KRASG12V or KRASG13D, 

and co-transformed with the eGFP-RBD3 KRAS probe were used to access KRAS subcellular distribution 

by fluorescence microscopy, under different physiological conditions. KRAS isoforms presented a different 

intracellular distribution, KRASG12D and KRASG12V were more specifically located at the plasma membrane 

and KRASWT and KRASG13D were observed both in vacuole and plasma membrane. 

The KRAS-expressing yeast strains were also co-transformed with two isoforms of the human 

BAX, BAXWT and BAXP168A, to assess the potential influence of KRAS on BAX activity. We found that the 

intracellular distribution of the different KRAS isoforms is affected by BAX. Furthermore, KRASm partially 

reverted the role of BAX, leading to a protection against BAX-mediated cell death. Altogether the results 

suggest that KRAS may interact with BAX, promoting cell survival through modulation of its activity. 
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Compreender o papel das mutações do KRAS oncogénicas na regulação do metabolismo 

mitocondrial e na morte celular mediada por BAX 

 

Resumo 

 

O cancro colorretal (CCR) é o terceiro tipo de cancro mais comum em todo o mundo e as 

mutações do KRAS (KRASm), nomeadamente as mutações hotspot KRASG12D, KRASG12V ou KRASG13D, são as 

mutações de ganho de função mais frequentes, afetando cerca de 30-50% dos pacientes com CCR. As 

proteínas da família RAS podem desempenhar papéis ambíguos na autofagia e na apoptose, regulando 

vários vias a jusante. Os nossos estudos recentes mostraram que KRASm induzem autofagia tanto em 

levedura como em células “normais” do cólon e promovem a sobrevivência das células de CCR durante 

a privação de nutrientes. O processo apoptótico é regulado por várias proteínas, entre as quais BAX, um 

membro da família Bcl-2 que tem um papel pro-apoptótico fundamental. Esta proteína move-se do citosol 

para membrana externa da mitocôndria em resposta a um estímulo apoptótico.  

Na presente tese, questionámos o papel do KRAS humano mutado na regulação da 

autofagia/apoptose e na interação com a mitocôndria e com proteínas mitocondriais relacionadas com 

a apoptose, tal como BAX. Para isso, usámos a levedura a expressar diferentes isoformas do KRAS 

humano, um modelo já estabelecido no nosso laboratório. As leveduras que expressam KRASWT ou as 

formas mutantes ativadoras, KRASG12D, KRASG12V ou KRASG13D e co-transformadas com a sonda eGFP-RBD3 

KRAS foram usadas para avaliar a distribuição subcelular de KRAS por microscopia de fluorescência, em 

condições fisiológicas diferentes. As isoformas de KRAS apresentaram diferentes distribuições 

intracelulares, KRASG12D e KRASG12V encontravam-se mais especificamente na membrana plasmática, 

enquanto que KRASWT e KRASG13D foram observados tanto no vacúolo como na membrana plasmática. 

As estirpes de levedura que expressam KRAS foram também co-transformadas com duas 

isoformas da proteína BAX humana, BAXWT e BAXP168A, para avaliar a potencial influência do KRAS na 

atividade de BAX. Mostrámos que a distribuição intracelular das diferentes isoformas de KRAS é afetada 

pela presença de BAX. Além disso, KRASm reverteram parcialmente o papel de BAX, levando à proteção 

contra a morte celular mediada por esta proteína. De modo geral, os resultados sugerem que KRAS pode 

interagir com BAX, promovendo a sobrevivência celular através da modulação da sua atividade. 
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1.1 Hallmarks of cancer 

 

Cancer is a disease resulting from alterations in the genome, caused by sequential accumulation 

of mutations that originate the dominant gain of function of oncogenes and the recessive loss of function 

of the tumor suppressor genes (Hanahan and Weinberg, 2000, 2011; Vogelstein and Kinzler, 2004; 

Sjoblom et al., 2006).The progressive transformation of normal cells into malignant tumors is a multistep 

process, in which successive genetic and epigenetic alterations occur, that confer growth advantage to 

these cells. This progressive evolution involves the acquisition of several hallmarks and the “tumor 

microenvironment” contributes to their development and expression. The sustenance of proliferative 

signaling, the evasion of growth suppressors, the resistance to cell death, the induction of angiogenesis, 

the ability of replicative immortality and the activation of invasion and metastasis were established as the 

hallmarks of cancer (Hanahan and Weinberg, 2000). More recently, the evasion of immunological 

destruction, the deregulation of cellular energetics, the genome instability and mutability and the tumor-

promoting consequences of inflammatory responses were also considered hallmarks of cancer (Fig. 1) 

(Hanahan and Weinberg, 2011).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Hallmarks of cancer. Characteristics acquired by the cancer cells that allows the development and progression of 

the tumor (Adapted from Hanahan and Weinberg, 2011). 
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1.2 Colorectal cancer 

 

Colorectal cancer (CRC) is one of most common cancer worldwide and has higher incidence in 

the Western world, affecting in greater proportion the population of developed and developing countries. 

This type of cancer has demonstrated an increasing trend and it is the second deadliest type of cancer in 

both genders. In women, it is the second cancer with higher incidence, following breast cancer. In men, 

where CRC incidence is higher between 50 and 65 years, it follows prostate and lung cancers, being the 

third most common cancer among males (Gloeckler Ries et al., 2003; Ferlay, Parkin and Steliarova-

Foucher, 2010; Arvelo, Sojo and Cotte, 2015; Bray et al., 2015). 

Generally, CRC diagnosis occurs late and the probability of the diagnosed cases to progress to a 

metastatic cancer is approximately 50%. In this type of cancer, the average survival of five years is 

observed for 50-60% of patients and at least 15% of the cases are familial (Allegra et al., 2009; Balschun 

et al., 2011; Arvelo, Sojo and Cotte, 2015). Personal and family history, age, smoking and alcohol 

consumption are some of the factors that may lead to CRC. Sedentary life, obesity and an unhealthy diet 

also increase the risk of CRC (Ferlay et al., 2013; Arvelo, Sojo and Cotte, 2015; Yan et al., 2015).  

There are three types of CRC – sporadic form, family type and hereditary type - which differ in 

the origin and expression. Occurrence of sporadic form has no link with family history or with mutations 

that confer susceptibility to develop this type of cancer. Sporadic type corresponds to the vast majority of 

CRCs, constituting 60-80% of the cases. Family type, which corresponds to 20-40% of the cases, is linked 

with a genetic predisposition, which may be probably determined by environmental factors. Lastly, 

hereditary type can be divided into two tumors variants, familial adenomatous polyposis (FAP) and 

hereditary non-polyposis colorectal cancer (HNPCC), which differ in the presence or absence of polyps, 

respectively (Móran et al., 2010; Arvelo, Sojo and Cotte, 2015). 

The appearance of sporadic CRCs is associated with accumulation of somatic mutations and at 

least two different and apparently independent pathways may be involved in this process, such as 

chromosomal instability (CIN) and microsatellite instability (MSI) pathways (Móran et al., 2010; Kocarnik, 

Shiovitz and Phipps, 2015; Lee et al., 2015; Li et al., 2015). CIN pathway is also termed the “suppressor” 

or “canonical” pathway, as it is characterized by the adenoma-carcinoma sequence (Fig. 2). This is the 

most common pathway as it is found in 80-85% of CRCs and this model was suggested by Fearon and 

Vogelstein (Fearon and Vogelstein, 1990). Genetic modifications that leads to inactivation of tumor 

suppressor genes, particularly Adenomatous Polyposis Coli (APC), p53 and Deleted in Colorectal Cancer 

(DCC), and to activation of oncogenes, particularly Kirsten rat sarcoma viral oncogene homolog (KRAS), 
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are what distinguished this pathway. In this model, adenoma is the first step of carcinogenesis, which 

progress through three stages – early, intermediate and late adenoma –, and it evolves to carcinoma and 

then to metastatic cancer (Fearon and Vogelstein, 1990; Móran et al., 2010; Kocarnik, Shiovitz and 

Phipps, 2015).  

Mutations in APC gene, located at chromosome 5q, are present in 60-82% of this type of cancer 

and this is hereditary in patients with FAP. APC gene has an important role in Wnt pathway, being a 

constituent of a multiprotein complex, which binds to -catenin and leads to its degradation in the 

proteasome. In the presence of APC mutations, this pathway is constitutively active, as the connection to 

-catenin does not occur. APC also interferes in the mitosis regulation, whose role is related to 

chromosomal alignment and centrosome duplication. Cell migration and adhesion are processes that can 

also be regulated by APC. In CRC, APC mutations leads to high levels of proliferation, during the early 

stage. Furthermore, APC relation with carcinogenesis involves its role on Wnt pathway, its influence on 

the cytoskeleton and its regulation of the cell adhesion and chromosome segregation (Fearon and 

Vogelstein, 1990; Móran et al., 2010). 

Early stages of CRC are also characterized by the presence of KRASm. This oncogene is involved 

in the regulation of several transduction signal pathways, such as mitogen-activated protein kinase 

(MAPK) pathway, as it will be discussed below. In CRC, KRASm are related to the promotion of 

hyperplastic growth, the regulation of epithelial cell polarity and it can prevent differentiation (Fearon and 

Vogelstein, 1990; Móran et al., 2010; Kocarnik, Shiovitz and Phipps, 2015).  

DCC, a tumor suppressor gene, is located at chromosome 18q and its loss is verified in 

approximately 70% of CRCs, during late stages. This transmembrane receptor has a role in axon guidance 

and in intracellular signaling. Actin organization, cell motility and epithelium differentiation are processes 

in which DCC is also important (Fearon and Vogelstein, 1990; Móran et al., 2010). 

Late stages of cancer, particularly the transition from adenoma to carcinoma, also involves p53 

mutations. This tumor suppressor gene, encoded by the TP53 gene, presents alterations in over than 

50% of human cancers and in 50-75% of CRCs. The induction of cell cycle arrest to allow DNA repair, 

apoptosis and senescence are some of its functions (Móran et al., 2010; Rivlin et al., 2011).  

In this context, BRAF and phosphatidylinositol 3-kinase (PI3K) mutations can be referred too. 

BRAF mutations are present in 5-15% of metastatic CRC and approximately 95% of these mutations occur 

at codon 600 where valine is converted into glutamic acid (V600E), resulting in constitutive activation of 

BRAF. BRAF is part of MAPK signaling pathway, so its mutations lead to cell proliferation and inhibition 

of apoptosis. BRAF and KRAS mutations are mutually exclusive, in CRC (Preto et al., 2008; Kocarnik, 



Introduction 

19 

 

Shiovitz and Phipps, 2015; Lipsyc and Yaeger, 2015). PI3K has a fundamental role in the initiation of 

signaling pathways involved in the regulation of cell proliferation, migration and survival. Its catalytic 

isoform is encoded by the phosphatidylinositol-4, 5-biphosphate 3-kinase, catalytic sub-unit alpha 

(PIK3CA) gene. PIK3CA mutations occur in 10-20% of CRCs at the time of the adenoma – carcinoma 

transition and, generally, it occurs simultaneously with KRAS or BRAF mutations. Alterations in this gene 

can leads to constitutive activation of PI3K, which results in the deregulation of cell proliferation, being 

advantageous for the cancer development (Kocarnik, Shiovitz and Phipps, 2015; Lipsyc and Yaeger, 

2015; Fernandes et al., 2016). 

 

 

MSI or “mutator” pathway occurs in 15-20% of CRCs. The presence of a huge frequency of 

genetic alterations in microsatellites, which are short sequences repeated in tandem across the genome, 

is its main characteristic. MSI is caused by epigenetic silencing of DNA mismatch repair (MMR) genes. 

Alterations in these genes prevent the repair of errors caused by DNA polymerase in microsatellite 

sequences. Thus, mutations present in this type of tumor occur in microsatellite sequences of genes 

involved in colorectal tumorigenesis. MSI is also a hallmark of a hereditary type of CRC – the HNPCC 

variant (Móran et al., 2010; Kocarnik, Shiovitz and Phipps, 2015). 

The treatment of CRC takes into account the stage of cancer and it involves the surgery or 

endoscopic removal of the tumor in case it is detected in the initial stage. Later stages also include surgery 

as the best option, which needs to be combined with chemotherapy or target therapy in cases of 

metastatic CRC. Currently, target therapy includes anti-epidermal growth factor receptor (EGFR), such as 

Figure 2. Molecular changes in the CIN or “suppressor” pathway. The adenoma-carcinoma sequence, 

the repression of tumor suppressor genes (APC, p53 and DCC) and the activation of oncogenes (KRAS) 

characterized this pathway (Móran et al., 2010). 
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cetuximab and panitumumab (human monoclonal antibodies) (Chun et al., 2010; Guo et al., 2011a; Li 

et al., 2015; Liu et al., 2015). This transmembrane receptor, expressed in approximately 85% of 

metastatic CRC, induces two main signaling pathways, which is the MAPK pathway – the RAS-RAF-MAPK 

pathway – and the PI3K/AKT pathway – the PI3K-PTEN-AKT pathway, and KRAS is a downstream effector 

of the EGFR signaling pathway (Heinemann et al., 2009; Normanno et al., 2009; Feng et al., 2015). 

Therefore, EGFR affects cell proliferation, cell survival and cell growth, which, in cancer context, indicates 

that EGFR induces proliferation of cancer cells, blocks apoptosis, activates invasion and metastasis and 

stimulates neovascularization induced by the tumor (Normanno et al., 2009; Chu, 2012). Anti-EGFR 

monoclonal antibodies exhibit high specificity for EGFR (Normanno et al., 2009). Another human 

monoclonal antibody used in metastatic CRC treatment is bevacizumab, whose target is vascular 

endothelial growth factor (VEGF). VEGF pathway may be regulated by KRAS, influencing angiogenesis (Liu 

et al., 2015). This pathway plays also fundamental roles in vascular permeability, cell growth, inhibition 

of apoptosis, migration and invasion (Chu, 2012). Bevacizumab inhibits VEGF signaling, preventing it 

from binding to its receptor, which induces the MAPK and PI3K/AKT pathways activation (Guo et al., 

2011a; Chu, 2012). Target therapy that includes the antibodies mentioned above seems to have more 

efficiency when combined with chemotherapy (Heinemann et al., 2009; Chu, 2012). Anti-EGFR therapy 

is recommended for patients with the wild-type KRAS metastatic cancer, and it is only beneficial in a 

subset of patients. However, this type of target therapy is not plausible in patients with KRAS mutated, as 

this mutation confers primary resistance (Chun et al., 2010; Balschun et al., 2011; Li et al., 2015; Lipsyc 

and Yaeger, 2015). Therefore, different patients with different CRC genetic background need different 

target therapies (Li et al., 2015; Sakai et al., 2015). In the last years, breakthroughs in prevention and 

treatment have increasing survival and decreasing mortality. However, it is of great importance the 

development of further research in this type of cancer, in order to develop new target therapies based on 

different biomarkers of CRC (Chu, 2012; Arvelo, Sojo and Cotte, 2015). 

 

 

1.3 RAS proteins 

 

RAS proteins are small and monomeric guanosine triphosphatases (GTPases), which have an 

active role in the regulation of several cell-signaling pathways involved in the control of important cellular 

functions, such as proliferation, differentiation, metabolism and apoptosis (Sobering et al., 2003; Lu et 

al., 2009). These proteins are localized at the inner leaflet of the plasma membrane and are active when 
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bound to guanine triphosphate (GTP) and inactive when associated with guanine diphosphate (GDP) (Lu 

et al., 2009; Schmukler et al., 2014). Extracellular factors induce the RAS-GDP to RAS-GTP conversion, 

which is performed by guanine nucleotide exchange factors, activated by receptor tyrosine kinases. This 

conversion leads to a conformational change, allowing connection of RAS with its effectors (Lu et al., 

2009). 

There are three forms of human RAS proteins – KRAS, Harvey rat sarcoma viral oncogene 

homolog RAS (HRAS) and neuroblastoma RAS viral oncogene homolog (NRAS) (Schmukler et al., 2014). 

Their similarities are in N-terminal 85 residues, region responsible for GTPase activity, guanine nucleotide 

exchange and effector function (Sobering et al., 2003). RAS isoforms differ in their localization in plasma 

membrane, which is dependent of their guanine nucleotide status. KRAS and NRAS, in the GDP 

conformation, reside in cholesterol-poor domains and, in GTP conformation, NRAS shifts to cholesterol-

rich domains and KRAS keeps the same location. In contrast, HRAS-GDP resides in cholesterol-rich 

domains and, after GTP loading, it moves to cholesterol-poor domains (Lu et al., 2009). Furthermore, all 

the RAS isoforms interact with the same downstream effectors (Sobering et al., 2003). 

RAS stimulates various effector pathways, particularly the RAF-MEK-ERK pathway, in other words 

the MAPK pathway, and the PI3K/AKT pathway (Fig. 3) (Corcoran et al., 2014; Ebi et al., 2014; Faber et 

al., 2014). MAPK pathway controls essential cellular mechanisms, such as proliferation, differentiation, 

survival and apoptosis. Hormones, differentiation factors, growth factors and tumor-promoting substances 

act as stimulus, leading to GDP – GTP conversion and subsequent RAS activation. Then, RAS binds to a 

MAPK kinase kinase (MAPKKK), RAF, which causes its activation and translocation to the plasma 

membrane. RAF, in turn, phosphorylates and activates a MAPK kinase (MAPKK), MEK, originating the 

MAPK activation, particularly ERK (Kolch, 2000). PI3K/AKT pathway is involved in the regulation of 

important cellular functions, like cell growth, proliferation, survival and motility. RAS can promote the 

PI3K recruitment and activation. At the plasma membrane, PI3K leads to the conversion of 

phosphatidylinositol (4,5)-bisphosphate (PIP2) into phosphatidylinositol (3,4,5)-trisphosphate (PIP3). 

PIP3, a second messenger, binds to AKT, which results in its activation. Subsequently, the serine-

threonine kinase AKT phosphorylates downstream effectors that control processes such as cell cycle 

entry, cell survival and cell growth and cellular processes implicated in tumor development and 

progression (Luo, Manning and Cantley, 2003; Castellano and Downward, 2011). 
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1.3.1 RAS proteins and cancer  

 

Oncogenic RAS mutations affect approximately 30% of human cancers and normally this fact 

indicates a particularly poor prognosis (Guo et al., 2011b; Ebi et al., 2014). The prevalence of mutations 

in this oncogene is greater in pancreatic (72-80%), thyroid (55%), colorectal (30-50%) and lung (15-50%) 

cancers (Chun et al., 2010). Substitution of a single amino acid in KRAS may be oncogenic (Macedo et 

al., 2011). Moreover, oncogenic mutations in KRAS are considered the most common gain-of-function in 

human cancer and they affect up to 25% of all human cancers. These mutations confer resistance to 

RAS-GTPase activating proteins (RASGAPs), which are responsible for the inactivation of KRAS. RASGAPs 

enable GTPase activity of KRAS, causing the hydrolysis of GTP. Thus, KRAS remains bound to GTP and 

the result is the constitutive activation of KRAS protein, leading to the activation of downstream effector 

pathways that control growth and survival. This phenomenon demonstrates why the blockade of EGFR 

activation as a cancer therapy is not efficient in patients with KRAS mutated. Hence, activation KRAS due 

to the presence of these mutations induces cancer initiation and progression (Normanno et al., 2009; 

Figure 3. Effector pathways of RAS. RAS can activate several downstream effector pathways, including MAPK 

pathway and the PI3K/AKT pathway (Normanno et al., 2009). 
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Chun et al., 2010; Ebi et al., 2014; Schmukler, Kloog and Pinkas-Kramarski, 2014; Piton et al., 2015). 

Therapy using these downstream signaling pathways as a target may be an alternative approach. Some 

studies have observed tumor regression in experimental models of cancers with mutated KRAS, as a 

result of the double inhibition of MEK and PI3K (Hata et al., 2014). 

 

 

1.3.2 KRAS mutations in CRC 

 

KRASm can affect approximately 30-50% of patients with CRC (Chun et al., 2010; Faber et al., 

2014; Arvelo, Sojo and Cotte, 2015). Point substitutions in codons 12 and 13 of exon 2 are the most 

common KRASm in CRC, occurring in about 82% and 17% of the mutations, respectively. Codons 61, 63 

e 146 may also present mutations, which occur less commonly (Macedo et al., 2011; Chen et al., 2013). 

The wild-type amino acid sequences for codons 12 and 13 of this gene are GGT and GGC, respectively, 

both corresponding to a glycine. In codon 12, GGT can be substituted by GAT (G12D) or GTT (G12V), 

originating an aspartate and a valine, respectively. The first mutation is the most common and the second 

one is related with decreased survival. In codon 13, the most common mutation is the replacement of 

GGC by GAC (G13D), giving rise to an aspartate (Normanno et al., 2009; Macedo et al., 2011). Patients 

with different KRASm have different responses to therapies, for example patients with KRAS codon 13 

mutations have better results with cetuximab treatment (Chen et al., 2013). 

 

 

1.3.3 Role of RAS in autophagy 

 

Autophagy, also termed “self-eating”, is a mechanism of self-degradation, important in 

homeostasis maintenance, through organelle and protein turnover. This well-established and evolutionary 

conserved process can be triggered by nutrient limitation or stress conditions. During starvation, 

autophagy can provide a source of building blocks for synthesis of macromolecules, such as nucleotides, 

amino acids and fatty acids. Under stress conditions, this mechanism can lead to the elimination of 

damaged organelles and proteins (Eisenberg-Lerner et al., 2009; Priault et al., 2010; Fleming et al., 

2011; Guo et al., 2011a). Moreover, impairment in autophagy machinery is related with several disease 

states, such as cancer (Fleming et al., 2011). 
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Induction of autophagy can have an ambiguous effect – cell survival or cell death, known as type 

II programmed cell death or autophagic cell death – and, thus, this process is considered a double-edged 

sword (Schmukler, Kloog and Pinkas-Kramarski, 2014; Gil et al., 2017). This double effect is also 

observed in cancer as this process can play anti- or pro-tumorigenic roles, depending on cellular context, 

tumor type and stage (Bellot, Liu and Pervaiz, 2013; Guo and White, 2013). The oncosuppressive features 

of autophagy include the maintenance of genetic stability, leading to the elimination of genetic damages 

and the preservation of normal metabolism, preventing the reactive oxygen species (ROS) overproduction, 

through the elimination of dysfunctional mitochondria, for example. This removal also leads to the 

maintenance of optimal bioenergetic functions. Autophagy may also be involved in the response to 

genotoxic stress, thus safeguarding DNA integrity and in the preservation of cell energy metabolism. 

Cancer cells present a higher uptake of glucose and mitochondrial respiration, to increase the production 

of energy. Moreover, autophagy preserve normal stem cells, have anti-inflammatory functions and can 

leads to the removal of proteins, such as the mutant tumor suppressor gene TP53. The tumor promoting 

properties of autophagy include the improvement of cancer cells resistance to intrinsic factors that 

normally leads to cell death, such as hypoxia, nutrient deprivation and epithelial to mesenchymal 

transition and the decrease of sensitivity in transformed cells to various chemotherapeutic agents and to 

radiation therapy (Hippert, O’Toole and Thorburn, 2006; Hanahan and Weinberg, 2011; Galluzzi et al., 

2015). Also, autophagy is involved in the degradation of intracellular components to compensate the lack 

of energy and nutrients, contributing to the cancer cell survival (Zhou et al., 2016).  

In CRC, autophagy may also play both anti- or pro-tumorigenic roles, which is context dependent. 

This mechanism is triggered during hypoxia and nutrient deprivation conditions, supporting the survival. 

Blocking autophagy in CRC cells may improve the efficacy of the treatment (Galluzzi et al., 2015; Zhou 

et al., 2016).  

Generally, high levels of autophagy are present in RAS-driven cancer cells, to preserve the 

mitochondrial function (Guo et al., 2011b). RAS can inhibit autophagy through the activation of PI3K/ 

AKT/ mammalian target of rapamycin (mTOR) pathway and via the decrease of Beclin-1 expression, 

protein that play an important mediator role of this mechanism. Also, RAS can promote autophagy, 

enhancing the expression of essential constituents of the autophagy machinery, like ATG5 and Beclin-1 

(Wang et al., 2012). RAS-induced autophagy can play dual role. One the one hand, it supports the 

adaptation of cancer cells to the hard microenvironment, through the supply of energy and nutrients, 

promoting cell survival (Alves et al., 2015; Zhou et al., 2016). On the other hand, the activation of 

KRAS/MEK/ERK pathway leads to the up-regulation of a member of the Bcl-2 family, Bcl-2/adenovirus 
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E1B 19 kDa protein-interacting protein 3 (BNIP3), that induces autophagy and promotes CRC cell death 

(Swiderek et al., 2013). Furthermore, mutated HRAS induces autophagy through the Raf-1/MEK/ERK, 

PI3K/AKT or the RalGDS pathways (Galluzzi et al., 2015). Mutated KRAS increases autophagy more than 

wild-type KRAS in non-cancer colon cells, during nitrogen starvation. KRASG12D and KRASG13D display more 

significant effects, whereas, in the presence of KRASG12V, the up-regulation of autophagy does not occur. 

Mutated KRAS are also necessary for CRC cells to maintain autophagy. Furthermore, in relation to the 

pathways involved in KRAS-induced autophagy, the up-regulation of the MAPK pathway and the down-

regulation of the PI3K/AKT pathway were observed, playing a pro-survival role during starvation (Alves et 

al., 2015). 

 

 

1.4 Apoptosis 

 

Apoptosis is a programmed cell death process characterized by caspase activation and 

morphological features, such as cytoplasmic shrinkage, nuclear fragmentation, chromatin condensation, 

plasma membrane blebbing, loss of mitochondrial potential and exposure of phosphatidylserine to the 

outer leaflet of the plasma membrane (Galluzzi et al., 2014). This mechanism of controlled cell suicide 

is essential to multicellular organisms to remove unwanted cells and it has an important role in 

development and cellular and tissue homeostasis (Ludovico et al., 2002; Er et al., 2006; Lindsay, Esposti 

and Gilmore, 2011). The balance between survival and apoptotic signals needs tight control and if these 

controls fail on apoptosis, it may contribute to diseases, such as cancer (Lindsay, Esposti and Gilmore, 

2011). Thus, apoptosis is considered a key tumor suppressive process (Lee, Jang and Park, 2012). 

Interestingly, there is a crosstalk between apoptosis and autophagy and apoptosis regulators are 

also involved in the control of autophagy, especially members of the Bcl-2 family of proteins, such as 

Beclin-1, Bcl-2 and Bcl-xL (Maiuri et al., 2007; Mehrpour et al., 2010; Priault et al., 2010; Yonekawa and 

Thorburn, 2013). 

Several factors can induce apoptosis, which can be extrinsic, such as ligands of cell surface death 

receptors, inducing the extrinsic pathway, or intrinsic, such as damage and stress, inducing the intrinsic 

or mitochondrial pathway. Activation of cysteinyl aspartyl proteases – caspases – by cleavage is an 

essential step for apoptosis initiation (Ludovico et al., 2002; Lindsay, Esposti and Gilmore, 2011; 

Gérecová et al., 2013). Also, mitochondrial outer membrane permeabilization is considered an essential 

point in apoptosis and the release of cytochrome c and other apoptogenic proteins from mitochondria 
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into the cytosol is regarded as a commitment step of mitochondrial pathway. These steps are controlled 

by proteins of the Bcl-2 family (Gérecová et al., 2013; Shamas-Din et al., 2014; Liu et al., 2016).  

 

 

1.4.1 Mitochondrial Pathway – Role of BAX 

 

The Bcl-2 family proteins are key regulators of apoptosis and they can be classified both as pro- 

or anti-apoptotic proteins, inducing or inhibiting the release of cytochrome c, respectively. Structure and 

role of members of this family in apoptosis allow their division into three groups: the anti-apoptotic 

proteins, such as Bcl-2 and Bcl-xL, which present four Bcl-2 homology domains (BH1, BH2, BH3 and 

BH4); the pro-apoptotic proteins, such as BAX and BAK, characterized by the presence of three homology 

domains (BH1, BH2 and BH3); and the BH3-only proteins, such as BID and BAD, which also stimulate 

apoptosis, as they activate the pro-apoptotic and inhibit the anti-apoptotic proteins. BH4 domain is 

involved in the control of anti-apoptotic functions (Tan et al., 2005; Bivona et al., 2006; Er et al., 2006; 

Renault et al., 2015). Among all members, the pro-apoptotic family member BAX has a fundamental role, 

being expressed at basal levels in almost all mammalian cells. This protein is present in the cytosol of 

healthy cells as a soluble protein, being translocated to the mitochondrial outer membrane in response 

to an apoptotic stimulus, leading to the release of apoptogenic factors (Arokium et al., 2004). The 

translocation to the mitochondrial outer membrane demonstrates to be crucial for apoptosis execution 

through the intrinsic pathway and it is the first step of BAX activation. Insertion of BAX in mitochondrial 

outer membrane is followed by oligomerization, as the mitochondria-associated oligomer is its biologically 

active pro-apoptotic structure (Arokium et al., 2004, 2007; Er et al., 2006). BAX together with BAK are 

involved in the formation of the pore responsible for the mitochondrial outer membrane permeabilization 

for cytochrome c. Subsequently, this apoptogenic factor moves from the intermembrane space to the 

cytosol.  Anti-apoptotic family members inhibit the formation of this pore (Arokium et al., 2007; Gérecová 

et al., 2013). 

 

 

1.4.2 Role of RAS in apoptosis 

 

Proteins that can prevent apoptosis may have an important role in the progression of some 

diseases, such as cancer (Cox and Der, 2003). 
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As observed for autophagy, RAS and other oncogenes can perform both pro- and anti-apoptotic 

roles, depending on cell type and context. The effect of RAS is different in normal cells and in transformed 

cells. In normal cells, this protein has a protective role, as it behaves as a pro-apoptotic protein and thus 

preventing oncogenesis. In contrast, in transformed cells, oncogenic RAS induces survival rather than cell 

death (Hueber and Evan, 1998). This protein modulates apoptosis by regulating various downstream 

effector pathways, such as the RAF/MEK/ERK pathway, the RASSF1/Nore1/Mst1 pathway, the NF-kB 

pathway and the PI3K/AKT pathway. RAS can bind to and activate PI3K, which is related to prosurvival 

signaling. As mentioned before, AKT is responsible for the phosphorylation of many substrates involved 

in the regulation of apoptosis and also leads to the inhibition of Bad, preventing thus the inhibition of Bcl-

2 and Bcl-xL (Cox and Der, 2003). The activity of caspase 9 and the forkhead transcription factors are 

equally inhibited by AKT, resulting in survival. Production of ROS facilitates the anti-apoptotic activity of 

Rac, which then activates NF-kB and/or PI3K and AKT. Furthermore, RAS activates the serine-threonine 

kinase RAF, which leads to the activation of MEK/ERK/MAPK cascade. Activation of this pathway can 

result in both apoptosis and survival (Rytömaa, Lehmann and Downward, 2000; Cox and Der, 2003). NF-

kB is involved in the production of prosurvival signals when activated by Rac, as this transcription factor 

promotes the transcription of anti-apoptotic proteins, like inhibitor of apoptotic proteins (IAPs) (Mayo and 

Baldwin, 2000; Cox and Der, 2003). AKT can also phosphorylate and activate the IkB kinase (IKK), thus 

stimulating NF-kB to promote transcription of anti-apoptotic proteins. In contrast, RASSF1 and Nore 1 

regulate positively RAS-mediated apoptosis. These proteins form homo- and heterodimers and regulate 

the activity of the serine-threonine kinase Mst1 (Cox and Der, 2003). Finally, RASGAP can play both 

positive and negative roles in RAS-regulated apoptosis. Its anti-apoptotic function is caused by hydrolysis 

of the bound GTP. Caspases levels also influence regulation of apoptosis by RASGAP, as low levels can 

generate anti-apoptotic signals and high levels leads to pro-apoptotic signals (Tocque et al., 1997; Cox 

and Der, 2003). In summary, RAS modulates several downstream effectors, which can result in anti- and 

pro-apoptotic signaling, depending on cell context (Cox and Der, 2003). 

 

 

1.5 Yeast as a eukaryotic cell model – RAS proteins in yeast 

 

The yeast Saccharomyces cerevisiae contains innumerable advantages for genomic studies, such 

as unlimited clonal propagation, easy to manipulate genetically, complete genome sequence and the fact 
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of being a eukaryote. Also, the yeast S. cerevisiae presents advantageous characteristics for heterologous 

expression (Carmona-Gutierrez et al., 2010; Dujon, 2010; Pereira et al., 2012; Silva et al., 2012). 

Yeast contains two RAS genes – RAS1 and RAS2 –, which are involved in regulation of various 

physiological adaptations of cells due to environmental alterations. These environmental changes may be 

nutrient starvation, oxidative stress and heat shock (Diaz-Ruiz, Rigoulet and Devin, 2011; Tamanoi, 2011). 

The homology with mammalian RAS is found in their N-terminal portions. On the contrary, the size and 

the sequence of the C-terminal hypervariable region are the main difference. Yeast RAS functions are 

similar, but their expressions are different. Ras1p and Ras2p play a vital role in cell growth and, because 

of this, cells that do not express either are nonviable. However, deletion of one of these genes has no 

influence on cell growth on glucose. RAS2 gene is a homolog of the mammalian RAS, and it encodes a 

GTP-binding protein. Its functions include the regulation of aging and the control of the nitrogen starvation 

response. Both RAS genes can lead to the activation of adenylate cyclase, resulting in the induction of 

cAMP production. Regulation of cell cycle progression is one of the functions of this pathway (Créchet et 

al., 2003; Tamanoi, 2011; Liu et al., 2015). 

 

 

1.6 Similarities between cancer cells and yeast 

 

Yeast and cancer cells share many similarities, both at metabolic level and through  the presence 

of numerous orthologue genes (Ludovico et al., 2002; Diaz-Ruiz, Rigoulet and Devin, 2011). 

 

 

1.6.1 Metabolic resemblances between cancer cells and yeast 

 

S. cerevisiae is able to adapt its metabolism to environmental changes. In the presence of high 

amounts of glucose, fermentation is the main metabolic pathway used. In contrast, low amounts of this 

carbon source can lead to the switch to oxidative metabolism (Diaz-Ruiz, Rigoulet and Devin, 2011).  

Similarities between cancer cells and yeast include metabolic features involved in the Warburg 

and Crabtree effects, which result in the downregulation of oxidative metabolism even in the presence of 

oxygen. In both cell types, glucose induces the repression of metabolic pathways involved in glucose 

oxidation and the overexpression of all glycolytic enzymes, mainly of its key enzymes, hexokinase, 

phosphofructokinase and pyruvate kinase (Fig. 4).  In these conditions, downregulation of pyruvate 
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oxidation demonstrates to limit its entry to the Krebs cycle, whereas its cytoplasmic metabolism is greatly 

active. Another similarity includes restrictions in ADP and Pi levels, the decrease in respiration stimulated 

by Ca2+, reduced permeability of the mitochondrial outer membrane and respiratory chain inhibition 

induced by fructose 1,6-biphosphate (Diaz-Ruiz, Rigoulet and Devin, 2011). 

 

 

 

1.6.2 Regulation of metabolism by oncogene-orthologues in yeast 

Yeast and cancer cells possess many orthologue genes, which include RAS oncogene and a yeast 

homologue of AKT, SCH9. As mentioned before, RAS2 is an orthologue of the mammalian oncogene RAS 

(Diaz-Ruiz, Rigoulet and Devin, 2011; Tamanoi, 2011). Regarding to SCH9 gene, it encodes a serine-

threonine kinase that contains a catalytic domain identical to the human AKT1. Sch9p has important 

roles in yeast, such as nutrient signaling, regulation of some essential proteins involved in the modulation 

of cell size and regulation of cell metabolism. The regulation of stress resistance and longevity are also 

Figure 4. Metabolic resemblances between cancer cells and yeast. Cancer cells and yeast have identical 

metabolic features involved in the Warburg effect. These similarities are reflected in the overexpression of all 

glycolytic enzymes in response to glucose and the mechanisms involved in the induction of Crabtree effect, like 

restrictions in ADP and Pi levels, decrease in respiration stimulated by Ca2+, reduced permeability of the 

mitochondrial outer membrane and respiratory chain inhibition (Diaz-Ruiz, Rigoulet and Devin, 2011). 
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functions of SCH9 (Diaz-Ruiz, Rigoulet and Devin, 2011; Santos, Leão and Sousa, 2012; Liu et al., 2015; 

Santos et al., 2015). 

 

 

1.7 Conserved features of apoptosis in human cells and yeast 

 

Programmed cell death also occurs in unicellular organisms like yeast. In this case, it is thought 

that its purpose is to promote survival of the whole population not a particular individual of that population. 

Physiological scenarios in which it occurs include ageing and the development of multicellular colonies in 

order to remove older and damaged cells, failed mating to eliminate infertile or damaged haploid cells 

and meiosis of diploid cells to eliminate genetic recombinants that are not adapted to their environment 

(Carmona-Gutierrez et al., 2010). Hydrogen peroxide and acetic acid can also induce stress conditions, 

leading to apoptosis (Madeo et al., 1999; Ludovico et al., 2001). 

In yeast, apoptosis displays the common apoptotic hallmarks, like nuclear fragmentation, the 

chromatin condensation (Cheng, Leach and Hardwick, 2008; Owsianowski, Walter and Fahrenkrog, 

2008). Furthermore, yeast apoptosis involves several proteins that are orthologues of essential pro-

apoptotic mammalian proteins, such as Nma11p (Fahrenkrog, Sauder and Aebi, 2004), Nuc1p (Buttner 

et al., 2007), Aif1p (Wissing et al., 2004) and Ndi1p (Li et al., 2006). The pro-apoptotic protein Nma11p 

is the yeast homologue of the mammalian HtrA2/Omi, a protein involved in caspase activation 

(Fahrenkrog, Sauder and Aebi, 2004). Nuc1p, a cell-death inducer protein, is the yeast homologue of the 

mammalian mitochondrial nuclease endonuclease G, EndoG (Buttner et al., 2007). Aif1p is the yeast 

homologue of the mammalian apoptosis-inducing factor, AIF (Wissing et al., 2004). Ndi1p is the yeast 

homologue of the mammalian AIF-homologous mitochondrion-associated inducer of death, AMID (Li et 

al., 2006). Moreover, yeast cells have orthologs of mammalian caspases, the yeast caspase-1 (YCA1), 

which possess structural homology to these mammalian proteins and caspase-like proteolytic activity 

(Madeo et al., 2002). 

Involvement of mitochondria in apoptosis is another conserved feature between human cells and 

yeast, as mitochondrial fragmentation and depolarization occurs in both types of cells. Ybh3 is a pro-

apoptotic yeast BH3-only protein whose mechanism of action is proposed to be similar to mammalian 

BH3-only proteins. During apoptosis, this protein translocates to mitochondria, inducing their 

depolarization and release of cytochrome c, which indicates that some apoptotic features may be similar 
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in both human and yeast cells (Ludovico et al., 2002; Oettinghaus, Frank and Scorrano, 2011; Sousa et 

al., 2011) 

 

 

1.8 Rationale and aims 

 

Recent studies from our group showed that mutated KRAS induced autophagy upon starvation 

both in yeast and “normal” colon cells and that KRASm induce autophagy and promote CRC cell survival, 

during starvation (Alves et al., 2015).  

This project aimed to use yeast as a simple eukaryotic model in order to contribute to improve 

the understanding of the role of human KRAS in the regulation of the autophagy/apoptosis axis and KRAS 

interaction with BAX, a member of the Bcl2- family with pro-apoptotic function. To that aim, we used the 

S. cerevisiae W303-1A strains previously established in the laboratory, heterologous expressing the 

KRASWT, KRASG13D, KRASG12D and KRASG12V, and further co-transformed either with eGFP-RBD3 KRAS probe 

or with human BAX, activated and wild-type form.  

The specific aims of this project were: 

1. To assess the intracellular distribution of wild type and mutant isoforms of KRAS under different 

physiological conditions, in order to address their functions and to evaluate differences between 

mutant and wild-type isoforms. 

2. To evaluate the effect of KRASm on BAX-mediated cell death, to elucidate the role of KRASm in 

apoptosis mediated by BAX. 

3. To evaluate the effect of KRASm on BAX mitochondrial addressing, to assess the potential 

influence of KRAS on BAX intracellular dynamics. 

. 



 

 

 

 

 

 

 

 

2. Materials and Methods 
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2.1 Yeast strains 

 

S. cerevisiae cells were transformed with a plasmid expressing GFP-RBD3 and the plasmid 

pCM184 was used to transform with human KRAS. S. cerevisiae W303-1A ras2Δ pYX212/eGFP-RBD3 

and W303-1A pYX212/eGFP-RBD3 strains were provided by Sara Alves (University of Minho). The former 

was used to generate strains expressing human KRAS isoforms – ras2Δ pYX212/eGFP-RBD3 

pCM184/KRASWT, ras2Δ pYX212/eGFP-RBD3 pCM184/KRASG12D, ras2Δ pYX212/eGFP-RBD3 

pCM184/KRASG12V and ras2Δ pYX212/eGFP-RBD3 pCM184/KRASG13D (Table 1). These strains were used 

for growth curves and to evaluate intracellular distribution of KRAS, through fluorescence microscopy. 

To assess the potential influence of KRAS on BAX activity, S. cerevisiae W303-1A ras2Δ strain 

was also co-transformed with human KRAS isoforms, KRASWT, KRASG12D, KRASG12V and KRASG13D, and with 

two isoforms of the human BAX, BAXWT and BAXP168A (Proline residue at position 168 are replaced by Alanine 

residue) (Table 1). 

For the amplification of plasmids, Escherichia coli XL1-Blue strain was used, whose genotype is 

recA1 endA1 gyrA96 thi-1 hsdR17 supE44 relA1 lac [F′ proAB lacIqZΔM15 Tn10 (Tetr)]. 

 

 

2.2 Plasmids 

 

KRAS wild-type and KRASm were inserted into pCM184 yeast plasmid between their BamHI and 

ApaI sites, by Sara Alves. pCM184 contains a tetracycline-repressible expression system (tet-off 

promoter), which means that the addition of doxycycline leads to its repression. The TRP1 gene is the 

selection marker. The eGFP-RBD3 construct, inserted into pYX212 expression vector (URA3), was 

provided by Sonia Colombo (University of Milano-Bicocca). The pYX212 has a TPI constitutive promoter. 

The pYES2 plasmid was used to express BAX isoforms (BAXWT and BAXP168A) under the control of the GAL1 

promoter. It was produced in our group at UMINHO and its selective marker is the URA3 gene. These 

plasmids have ampicillin resistance, essential to the E. coli selection. 
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Table 1. S. cerevisiae strains included in this study. 

Strain Genotype 

W303-1A pYX212/eGFP-RBD3 
pCM184 

MATa, ade2, his3, leu2, trp1, ura3, pYX212/eGFP-RBD3 (URA3), 
pCM184 (TRP1) 

ras2Δ pYX212/eGFP-RBD3 pCM184 
MATa, ade2, his3, leu2, trp1, ura3, ras2Δ::KanMX4, pYX212/eGFP-
RBD3 (URA3),  pCM184 (TRP1) 

ras2Δ pYX212/eGFP-RBD3 
pCM184/KRASWT 

MATa, ade2, his3, leu2, trp1, ura3, ras2Δ::KanMX4, pYX212/eGFP-
RBD3 (URA3),  pCM184/KRASWT (TRP1) 

ras2Δ pYX212/eGFP-RBD3 
pCM184/KRAS G12D 

MATa, ade2, his3, leu2, trp1, ura3, ras2Δ::KanMX4, pYX212/eGFP-
RBD3 (URA3),  pCM184/KRAS G12D (TRP1) 

ras2Δ pYX212/eGFP-RBD3 

pCM184/KRAS G12V 

MATa, ade2, his3, leu2, trp1, ura3, ras2Δ::KanMX4, pYX212/eGFP-

RBD3 (URA3),  pCM184/KRAS G12V (TRP1) 
ras2Δ pYX212/eGFP-RBD3 
pCM184/KRAS G13D 

MATa, ade2, his3, leu2, trp1, ura3, ras2Δ::KanMX4, pYX212/eGFP-
RBD3 (URA3),  pCM184/KRAS G13D (TRP1) 

W303-1A pCM184 pYES2/BAXWT 
MATa, ade2, his3, leu2, trp1, ura3, pCM184 (TRP1), 
pYES2/BAXWT(URA3) 

W303-1A pCM184 pYES2/BAXP168A 
MATa, ade2, his3, leu2, trp1, ura3, pCM184 (TRP1), pYES2/BAXP168A 
(URA3) 

ras2Δ pCM184 pYES2 
MATa, ade2, his3, leu2, trp1, ura3, ras2Δ::KanMX4, pCM184 (TRP1), 
pYES2 (URA3) 

ras2Δ pCM184 pYES2/BAXWT 
MATa, ade2, his3, leu2, trp1, ura3, ras2Δ::KanMX4, pCM184 (TRP1), 
pYES2/BAXWT(URA3) 

ras2Δ pCM184 pYES2/BAXP168A 
MATa, ade2, his3, leu2, trp1, ura3, ras2Δ::KanMX4, pCM184 (TRP1), 
pYES2/BAXP168A (URA3) 

ras2Δ pCM184/KRASWT pYES2 
MATa, ade2, his3, leu2, trp1, ura3, ras2Δ::KanMX4,  pCM184/KRASWT 
(TRP1), pYES2 (URA3) 

ras2Δ pCM184/KRASWT pYES2/BAXWT 
MATa, ade2, his3, leu2, trp1, ura3, ras2Δ::KanMX4,  pCM184/KRASWT 
(TRP1),  pYES2/BAXWT (URA3) 

ras2Δ pCM184/KRASWT pYES2/BAXP168A 
MATa, ade2, his3, leu2, trp1, ura3, ras2Δ::KanMX4,  pCM184/KRASWT 
(TRP1),  pYES2/BAXP168A (URA3) 

ras2Δ pCM184/KRAS G12D pYES2 
MATa, ade2, his3, leu2, trp1, ura3, ras2Δ::KanMX4,  pCM184/KRAS G12D 
(TRP1), pYES2 (URA3) 

ras2Δ pCM184/KRAS G12D pYES2/BAXWT 
MATa, ade2, his3, leu2, trp1, ura3, ras2Δ::KanMX4,  pCM184/KRAS G12D 
(TRP1), pYES2/BAXWT (URA3) 

ras2Δ pCM184/KRAS G12D 

pYES2/BAXP168A 

MATa, ade2, his3, leu2, trp1, ura3, ras2Δ::KanMX4,  pCM184/KRAS G12D 

(TRP1), pYES2/BAXP168A (URA3) 

ras2Δ pCM184/KRAS G12V pYES2 
MATa, ade2, his3, leu2, trp1, ura3, ras2Δ::KanMX4,  pCM184/KRAS G12V 
(TRP1), pYES2 (URA3) 

ras2Δ pCM184/KRAS G12V pYES2/BAXWT 
MATa, ade2, his3, leu2, trp1, ura3, ras2Δ::KanMX4,  pCM184/KRAS G12V 
(TRP1), pYES2/BAXWT (URA3) 

ras2Δ pCM184/KRAS G12V 
pYES2/BAXP168A 

MATa, ade2, his3, leu2, trp1, ura3, ras2Δ::KanMX4,  pCM184/KRAS G12V 
(TRP1), pYES2/BAXP168A (URA3) 

ras2Δ pCM184/KRAS G13D pYES2 
MATa, ade2, his3, leu2, trp1, ura3, ras2Δ::KanMX4,  pCM184/KRAS G13D 

(TRP1), pYES2 (URA3) 

ras2Δ pCM184/KRAS G13D pYES2/BAXWT 
MATa, ade2, his3, leu2, trp1, ura3, ras2Δ::KanMX4,  pCM184/KRAS G13D 
(TRP1), pYES2/BAXWT (URA3) 

ras2Δ pCM184/KRAS G13D 
pYES2/BAXP168A 

MATa, ade2, his3, leu2, trp1, ura3, ras2Δ::KanMX4,  pCM184/KRAS G13D 
(TRP1), pYES2/BAXP168A (URA3) 
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2.3 Growth conditions 

 

S. cerevisiae cells were grown under aerobic conditions in synthetic complete medium [SC: 0.17% 

(w/v) yeast nitrogen base without amino acids, 0.5% (w/v) ammonium sulphate, 2% (w/v) glucose, 0.2% 

(w/v) dropout mixture without the auxotrophic markers uracil and tryptophan]. To obtain solid medium, 

2% (w/v) agar was added. For BAX induction assays, yeast cells were grown in SC medium, wherein 2% 

(w/v) glucose was replaced by 0.5% (w/v) lactate and 0.5% (w/v) ethanol and pH adjusted to 5.5. Cells 

submitted to nitrogen starvation conditions were grown in SC medium until reaching the exponential 

phase, then they were washed using sterile water and finally suspended in nitrogen starvation media [SD-

N: 0.17% (w/v) yeast nitrogen base without amino acids, 0.5% (w/v) ammonium sulphate and 2% (w/v) 

glucose] during 24h. All incubations occurred under the same conditions – 30 ºC and 200 r.p.m. 

E. coli XL1-Blue strain was grown in Luria-Bertani medium [LB: 0.5%(w/v) yeast extract, 1%(w/v) 

bactopeptone and 0.5% NaCl]. To select bacteria cells transformed with plasmids, ampicillin (50 µg/mL) 

was added to LB medium. E. coli cells incubations were performed at 37 ºC and 200 r.p.m. 

 

 

 

 

Table 2. Plasmids inserted in S. cerevisiae strains, in this study. 

Plasmid Description 

pYX212/eGFP-RBD3  eGFP-RBD3 inserted in pYX212, URA3, ampR 

pCM184  TRP1, ampR 

pCM184/KRASWT  KRASWT inserted in pCM184, TRP1, ampR 

pCM184/KRASG12D  KRASG12D inserted in pCM184, TRP1, ampR 

pCM184/KRASG12V  KRASG12V inserted in pCM184, TRP1, ampR 

pCM184/KRASG13D  KRASG13D inserted in pCM184, TRP1, ampR 

pYES2  URA3, ampR 

pYES2/BAXWT  BAXWT inserted in pYES2, URA3, ampR 

pYES2/BAXP168A  BAXP168A inserted in pYES2, URA3, ampR 
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2.4 Co-transformation of S. cerevisiae 

 

2.4.1 Plasmids amplification in E. coli 

 

E. coli transformation was performed through heat shock method. XL1-Blue competent cells (30 

µL) and 10 µL of diluted plasmid DNA (9 µL of sterile water and 1 µL of plasmid) were mixed. During 15 

minutes, this mixture was maintained in ice. Heat shock was the next step: cells were incubated in a bath 

at 42 ºC for 45 seconds and then incubated immediately in ice, during 2 minutes. After adding 250 µL 

of LB medium, cells were maintained at 37 ºC and 200 r.p.m., for 10 minutes.  Thereafter, cells were 

centrifuged for 1 minute at maximum rotation and were resuspended in 50 µL of sterile water. Lastly, 

cells were plated in LB medium containing ampicillin (50 µg/mL) and the incubation was performed at 

37 ºC and overnight. 

 

 

2.4.2 Amplification and extraction of plasmid DNA 

 

To amplify and purify the plasmid DNA, one colony of each transformant was transferred from 

the plate to LB medium with ampicillin (5 mL). The incubation was performed overnight, at 37 ºC and 

200 r.p.m. The extraction of the plasmid DNA from E. coli cells was done in accordance with the 

GenElutePlasmidMiniprep Kit (Sigma-Aldrich) instructions. 

 

 

2.4.3 Transformation of yeast cells 

 

For each S. cerevisiae W303-1A ras2Δ transformation with plasmids, yeast cells were grown in 

5 mL of YPD medium [YPD: 1% (w/v) yeast extract, 2% (w/v) bactopeptone and 2% (w/v) glucose], at 30 

ºC and 200 r.p.m, until an OD600nm of 0.6 to 0.8. Cells were harvested and centrifuged 3 minutes at 5000 

r.p.m. Thereafter, the pellet was washed with sterile water (100 µL) and was again centrifuged at the 

same conditions. This step should be repeated twice. The resulting pellet was resuspended in the mix: 

240 µL of polyethylene glycol, 36 µL of lithium acetate 1M, 10 µL of 2 mg/ml salmon sperm DNA, 72 

µL of sterile water and 2 µL of each plasmid DNA. This solution was incubated in a bath at 42 ºC for 40 

minutes. Subsequently, cells were centrifuged 1 minute at maximum rotation and the pellet was 
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resuspended in 100 µL of sterile water. Finally, cells were plated in SC medium without uracil and 

tryptophan and supplemented with 2% (w/v) of agar and incubated at 30 ºC for 2 or 3 days. Some of the 

obtained colonies (3-4) were chosen for the screening of the positive ones, through the Western blotting 

analysis. As pYES2 has a GAL1 promoter, yeast cells expressing BAX were grown in SC medium whose 

carbon source was glucose, until an OD600nm of 0.5 to 0.8 and, after harvesting and washing, cells were 

incubated for 14-16 hours in SC medium supplemented with 2% (w/v) of galactose for the induction of 

BAX expression. Incubations were performed at 30 ºC and 200 r.p.m. Then, the total protein extracts 

were prepared.  

 

 

2.5 Growth curves 

 

All strains included in the study were used to growth studies. Cells were grown in 20 mL of SC 

medium without uracil and tryptophan, whose carbon source was glucose, and all incubations were 

performed at 30 ºC and 200 r.p.m. Cells were diluted to a final OD600nm of 0.15 in Erlenmeyer flasks, 

presenting a 1:5 culture/air ratio. In a period of 3 hours, OD was measured every hour and a half and, 

in the next 6 hours, this procedure occurred every hour, in order to register the exponential phase and 

access the respective growth rates. After 24 hours from the first time point, the stationary phase was 

recorded by measuring the DO600nm every hour and a half, during 6 hours. 

 

 

2.6 Fluorescence microscopy 

 

W303-1A pYX212/eGFP-RBD3, ras2Δ pYX212/eGFP-RBD3, ras2Δ pYX212/eGFP-RBD3 

pCM184/KRASWT, ras2Δ pYX212/eGFP-RBD3 pCM184/KRASG12D, ras2Δ pYX212/eGFP-RBD3 

pCM184/KRASG12V and ras2Δ pYX212/eGFP-RBD3 pCM184/KRASG13D strains were used in fluorescence 

microscopy assays. The intracellular distribution of KRAS was observed in four different phases of cell 

growth: lag phase, exponential phase, stationary phase and after 24 hours under starvation conditions. 

Cells were grown in SC medium and were incubated at 30 ºC and 200 r.p.m. Starvation conditions were 

established as was mentioned above. In addition to GFP, that was already present in the cells, another 

two probes were used – CMAC-blue, to observe vacuoles localization, and Mitotracker Red CMXRos, to 

observe mitochondria localization. To proceed to the observation of the eGFP-RBD3 probe bound to active 
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RAS protein, cells were harvested, were centrifuged at 2500 r.p.m. for 3 minutes and the pellet was 

resuspended in 10 µL of PBS 1x [10x: 1.27 M NaCl, 70 mM Na2HPO4.7H2O and 30 mM NaH2PO4.H2O]. 

CMAC-blue was added to each culture (50 µL) to a final concentration of 100 µM and was incubated for 

30 minutes at room temperature. Mitotracker Red CMXRos was added to a final concentration of 0.4 

µg/mL and was incubated for 20 minutes at 37 ºC. After incubations, cells were centrifuged at 2500 

r.p.m. for 3 minutes and the pellet was again resuspended in 10 µL of PBS 1x. Cells were viewed with a 

Leica DM5000 B fluorescence microscope and a 100X oil-immersion objective and red, green, blue and 

DIC (Differential Interference Contrast) filters were used. Images were captured with a Leica DFC350 FX 

Digital Camera and image files were processed using a LAS AF Microsystems software. The percentage 

of cells displaying the different phenotypes in the different growth phases was quantified for each KRAS 

isoform and 300 cells were counted for this. 

 

 

2.7 Protein extracts preparation 

 

2.7.1 Total protein extracts 

 

To prepare total proteins extracts, cells were grown as described above and were harvested 

through centrifugation at 5000 r.p.m. for 1 minute. The pellet was resuspended in 500 µL of deionized 

water. 50 µL of 3.5% (v/v) -mercaptoethanol in 2M NaOH solution were added and, after being vortexed, 

samples were incubated for 15 minutes, in ice. Then, 50 µL of 50 % trichloroacetic acid (TCA) were added 

and samples were again vortexed and incubated for 15 minutes, in ice. Cells were centrifuged at 

maximum rotation for 3 minutes and 50 µL of Laemmli buffer 1x [4x: 0.25 M Tris-HCl, 9.2% (w/v) SDS, 

40% (w/v) glycerol, 5% (w/v) -mercaptoethanol, 0.5% (w/v) bromophenol blue] were added to the pellet. 

If the pellet was yellow instead of blue, pH was not appropriate and 3 µL of Tris 1M pH 9.8 were added 

until the color blue was obtained. Finally, samples were denatured at 95 ºC for 5 minutes and were stored 

at -20ºC, to be analyzed in Western Blot assays.  
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2.7.2 Mitochondrial and cytosolic extracts 

 

The Bradford method was used to quantify the protein concentration (µg/µL) in the mitochondrial 

and cytosolic extracts, as described below. The amount of protein precipitated in the mitochondrial and 

cytosolic extracts was 20 µg and 40 µg, respectively. Lysis buffer was added in order to obtain a final 

volume of 500 µL. The next step was the addition of 50 µL of 50 % TCA and, after being vortexed, samples 

were incubated for 15 minutes, in ice. Then, samples were washed twice with acetone. Cells were 

centrifuged at maximum rotation for 3 minutes and 50 µL of Laemmli buffer 1x were added to the pellet. 

Tris 1M pH 9.8 (3 µL) was added until the color blue was obtained. Pellets were resuspended in Laemmli 

buffer, through an ultrasound bath. Finally, samples were denatured at 95 ºC for 5 minutes and were 

stored at -20ºC, to be analyzed in Western Blot assays. 

 

 

2.7.3 Protein quantification 

 

As previously mentioned, the Bradford method was the method used to quantify the protein 

concentration, in the mitochondrial and cytosolic extracts. The protocol was performed in 96-well plates 

and a calibration curve with BSA as standard was prepared, wherein the BSA concentration ranged from 

0 to 1.5. For this, different amounts of a solution of 1 mg/mL of BSA (0, 1, 2.5, 5, 10 and 15 µL) were 

added in different wells and resuspension buffer was added in each of these wells until a final volume of 

15 µL. Then, 200 µL of Bradford reagent were also added. For the protein quantification, 1 µL of each 

mitochondrial and cytosolic extracts, 14 µL of resuspension buffer and 200 µL of Bradford reagent were 

added in each well. The absorbance of the samples was read at 595 nm, in a microplate reader. The 

protein concentration of mitochondrial and cytosolic extracts was calculated through the calibration curve 

obtained.  

 

 

2.8 Immunoblot assay 

 

To assess the expression of different proteins, Western blot assays were used. The first step was 

running electrophoresis in polyacrylamide gels (SDS-PAGE), which involves the preparation of a 12.5 % 

(w/v) resolving gel [resolving gel: 375 mM Tris-HCl pH 8.8 SDS 0.4%, 15% glycerol, 0.1% TEMED and 
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0.05% APS] and a 5 % (w/v) stacking gel [stacking gel: 125 mM Tris-HCl pH 6.8 SDS 0.4%, 0.1% TEMED 

and 0.05% APS]. After the assembly of the running gels system, samples were centrifuged at 5000 r.p.m, 

for 30 seconds and 10 µL of each protein extract were introduced into the gel wells. A molecular weight 

marker NZY Colour Protein Marker II (1 µL) was used as reference. Electrophoresis was performed in a 

Mini Protean III electrophoresis system (BioRad) at a constant amperage (25 mA per gel) for 1 hour to 1 

hour and a half and Running Buffer 1x [10x: 0.25 M Tris base, 1.92 M Glycine and 1% SDS] was used. 

Subsequently, proteins were transferred from the gel into the polyvinylidene fluoride (PVDF) membrane 

(hybond-P; Amersham). The components were disposed in a regular order – paper, membrane, gel and 

paper –, originating a “sandwich” and the membrane was previously incubated in methanol. The 

transference was performed in a semi-dry Trans-Blot Electrophoretic Transfer system, at 54 mA per 

membrane for 1h30 and Transfer Buffer 1x [10x: 0.25 M Tris base and 1.92 M Glycine] was used. 

Thereafter, the membranes were incubated in 5% non-fat milk in PBS containing 0.05% Tween 20, for 30 

minutes to 1 hour, at room temperature with agitation, for blocking the non-specific bindings. The 

membranes were then incubated in a solution containing the primary antibody, overnight at 4 ºC, followed 

by the incubation with the secondary antibody that was performed for 1hour, at room temperature, both 

with agitation. The primary antibodies used were mouse monoclonal KRAS (1:100, Santa-Cruz 

Biotechnology), mouse monoclonal anti-yeast phosphoglycerate kinase (Pgk-1) (1:5000, Invitrogen), 

mouse monoclonal anti-yeast porin (Por1) (1:10000, Invitrogen), rabbit polyclonal anti-yeast cytochrome 

c (1:2500, provided by Stéphen Manon, Millegen (custom)) and rabbit polyclonal anti-human BAX 

(1:5000, Sigma). Secondary anti-mouse and secondary anti-rabbit were the peroxidase-coupled 

secondary antibodies used (1:5000, Jackson ImmunoResearch), and the signals were detected by 

chemioluminescence (Immobilon Western, Millipore). Images were obtained using a ChemiDoc XRS 

image system with the Quantity One software (BioRad) or using an X-ray film cassette.  

 

 

2.9 Viability assay 

 

The influence of the presence of KRASm on BAX-mediated cell death was evaluated through 

viability assays.  Cells were grown in SC medium, wherein 2% (w/v) glucose was replaced by 0.5% (w/v) 

lactate and 0.5% (w/v) ethanol and pH 5.5, until an OD600nm of 0.5, at 30 ºC and 200 r.p.m. Subsequently, 

0.5% (w/v) galactose was added and the cell viability was evaluated at time 0 and after 4, 6 and 15 hours. 

Cells (40 µL) were plated into YPD agar plates after serial dilutions of 1:10. Lastly, the number of colony-
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forming units was counted and the percentage of viable cells was calculated, considering the number of 

colony-forming units at time 0 as 100%. 

 

 

2.10 Yeast mitochondria isolation 

 

Yeast mitochondria isolation allowed to evaluate BAX mitochondrial addressing in the presence 

of KRASm. Cells were grown in SC medium with 0.5% (w/v) lactate and 0.5% (w/v) ethanol, pH 5.5, at 

30 ºC and 200 r.p.m., until an OD600nm of at least 0.5. Thereafter, to induce BAX expression, 0.5% (w/v) 

galactose was added to one of the samples from each yeast strain and cultures were incubated for 6 

hours. Cells were harvested by centrifugation at 5000 r.p.m. for 5 minutes and were washed with 

deionized water. They were then resuspended in suspension buffer [suspension buffer: 60% (v/v) 2M 

sorbitol, 6% (v/v) 1M sodium phosphate pH 7.5, 0.2% (v/v) 0.5 M EDTA and 32% (v/v) ultrapure water] 

to a concentration of 10 g of cells (wet weight) in 15 mL of buffer. Zymolyase (Nacalai Tesque) and -

mercaptoethanol were also added, to a final concentration of 10 mg of zymolyase per 15 mL of buffer 

and 500 µL of -mercaptoethanol per 50 mL of buffer. Cells were incubated in a bath at 32 ºC, until a 

high percentage of the cells exhibited less refringence when observed at the Phase Contrast microscope. 

Thereafter, it was important to maintain cells always in ice. Cells, which in that moment were in the form 

of spheroplasts, were washed twice with 50 mL of 1.2 M sorbitol (pre-cold) and were centrifuged at 5000 

r.p.m. for 5 minutes. Then, cells were resuspended in lysis buffer [lysis buffer: 0.5 M sorbitol, 20 mM 

Tris Base pH 7.5 and 1mM EDTA], followed by homogenizing the suspension and disrupting the cells, 

through a Dounce homogenizer. The resulting homogenate was centrifuged at 2500 r.p.m. for 10 minutes 

and the supernatant was again centrifuged at the same conditions. The obtained supernatant was 

centrifuged at 12000-15000 r.p.m. for 15 minutes, resulting in the mitochondria sedimentation and the 

supernatant was composed by the cytosol. The supernatant was harvested and the pellet was 

resuspended in 1 mL of lysis buffer. Both fractions were again centrifuged at 12000-15000 r.p.m. for 15 

minutes, repeating this step in order to wash the fractions. Lastly, mitochondria were resuspended in the 

lowest possible volume of lysis buffer, and both fractions were stored at -80 ºC until the protein 

quantification and the preparation of protein extracts. 



 

 

 

 

 

 

 

 

3. Results 
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3.1 KRASm genes revert the effect in cell growth rate of RAS2 deletion in yeast 

 

KRAS-humanized yeasts, deficient in the most expressed yeast RAS isoform (RAS2) and 

expressing KRASWT or the activating mutant forms KRASG13D, KRASG12D or KRASG12V, and co-transformed with 

the eGFP-RBD3 KRAS probe (Fig. 5a), were used to assess KRAS subcellular distribution by fluorescence 

microscopy, under different physiological conditions. As mentioned before, yeast cells also have two RAS 

genes, RAS1 and RAS2 and cells that do not express either are nonviable, therefore we disrupted only 

RAS2. 

First, the cell growth of the different strains was evaluated, in order to understand the influence 

of these plasmids and of KRASm on this parameter. Two controls expressing the probe and with empty 

vector were used. The strain that does not express RAS2 nor KRAS has a higher specific growth rate. The 

introduction of KRAS genes in this yeast reverted the effect of deleting RAS2, showing that all the isoforms 

complemented RAS2 role in cell growth, with KRASG12D or KRASG13D being the most effective (Fig. 5b-d).  

 

 

 

 

 

 

 

 

 

 

Figure 5. KRASm genes revert the effect in cell growth rate of RAS2 deletion. 
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3.2 KRAS isoforms have different intracellular distribution patterns 

 

The intracellular distribution of KRAS isoforms, an important issue to understand their functions, 

was studied using fluorescence microscopy. For this purpose, the probe eGFP-RBD3, a combination of 

GFP and a trimeric RAS binding domain (RBD) of Raf-1, was used, as RBD of Raf-1 can interact with 

active RAS proteins. Therefore, the distribution of activated RAS can be assessed (Augsten et al., 2006; 

Broggi, Martegani and Colombo, 2013). In addition to eGFP-RBD3, another two probes were used – 

CMAC, that stains vacuoles and Mitotracker Red, that stains mitochondria. The cells were sampled in 

four different growth phases: lag phase, exponential phase, stationary phase and after 24 hours in 

starvation media. Due to the similarity between yeast and mammalian RAS proteins, RBD of Raf-1 can 

also interact with yeast RAS proteins (Leadsham et al., 2009). So, in strains that do not express KRAS, 

GFP binds to the endogenous yeast RAS proteins – Ras1p and Ras2p in wild-type strain and Ras1p in 

ras2 deleted strain. In agreement with the fact that RAS2 is the most abundant yeast RAS isoform 
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Figure 5. KRASm genes revert the effect in cell growth rate of RAS2 deletion (Cont.). ras2Δ 

pYX212/eGFP-RBD3 yeast cells were transformed with pCM184/KRASWT, pCM184/KRASG12D, pCM184/KRASG12V 

and pCM184/KRASG13D. PGK-1 was used as a loading control (a). Growth of KRAS-transformed yeasts, deficient in 

the most expressed yeast RAS isoform (RAS2) and expressing KRASWT or the activating mutant forms KRASG13D, 

KRASG12D or KRASG12V and co-transformed with the eGFP-RBD3 KRAS probe (b). From the exponential phase (c), the 

specific growth rates of each strain were calculated (d). Cells were grown in SC medium with 2% of glucose. Data 

represent means ± SEM of three independent experiments. *P < 0.05, ***P<0.001. 
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(Breviario et al., 1986), ras2Δ pYX212/eGFP-RBD3 pCM184, used as a control, displayed a significantly 

lower fluorescence when compared with W303-1A pYX212/eGFP-RBD3 pCM184. These results also 

indicate that in cells expressing KRAS the fluorescence signal observed is mostly due to human KRAS. 

Essentially, three KRAS localization patterns were found: presence solely at the plasma membrane, only 

in the vacuole or in both locations (Fig. 6). 

 

 

 

 

Figure 6. KRAS localization patterns at plasma membrane, vacuole and in both locations, assessed 

by fluorescence microscopy. eGFP-RBD3 KRAS probe was used to observed KRAS subcellular distribution. 

CMAC and Mitotracker Red – that stain vacuoles and mitochondria, respectively – were also used. Blue arrow 

points to a cell with vacuole staining, white arrows point to cells where KRAS is localized at plasma membrane and 

red arrows point to a cell with KRAS in both locations. Observation with 100x objective. 

 

In lag phase, all KRAS isoforms were mostly observed both in vacuole and plasma membrane. 

On the contrary, the fluorescence of the strains that do not express KRAS was mainly found only in the 

vacuole (Fig. 7).  
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Figure 7. KRAS isoforms were mostly observed both in vacuole and plasma membrane during lag 
phase. 
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Figure 7. KRAS isoforms were mostly observed both in vacuole and plasma membrane during lag 

phase (Cont.).  
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Figure 7. KRAS isoforms were mostly observed both in vacuole and plasma membrane during lag 

phase (Cont.). Cells were grown in SC medium with 2% of glucose. eGFP-RBD3 KRAS probe was used to assess 

KRAS subcellular distribution. CMAC (a) and Mitotracker Red (b) – that stain vacuoles and mitochondria, 

respectively – were also used. To observe ras2Δ cells, some parameters were adjusted in microscope to increase 

the intensity of fluorescence. The percentage of cells displaying the different phenotypes was quantified for each 

KRAS isoform (c).  At least 300 cells were counted for each strain. Data represent means ± SEM of two independent 

experiments. Observation with 100x objective. PM – plasma membrane; AF – autofluorescence. 

 

In exponential phase, the number of cells displaying green staining only in the vacuole decreased 

and for cells expressing KRASG12D and KRASG12V fluorescence was mainly located at plasma membrane. 

However, KRASWT and KRASG13D subcellular distribution was mostly at the plasma membrane and vacuole. 

When Ras1p and Ras2p were both present, fluorescence was observed especially only at the vacuole 

and, in the absence of Ras2p, fluorescence was mostly located in both sites (Fig. 8).  

 

 

 

 

 

 

 

 

 

 

 

c 

C
e

ll
s

 (
%

)

V
a
c
u

o
le

P
la

s
m

a
 m

e
m

b
ra

n
e

V
a
c
u

o
le

 +
 P

M

D
is

p
e
rs

e
d

/A
F

0

5 0

1 0 0

1 5 0

W 3 0 3 -1 A

p Y X 2 1 2 /e G F P -R B D 3

p C M 1 8 4

ra s 2 p Y X 2 1 2 /e G F P -R B D 3

p C M 1 8 4

ra s 2 p Y X 2 1 2 /e G F P -R B D 3

p C M 1 8 4 /K R A S
W T

ra s 2 p Y X 2 1 2 /e G F P -R B D 3

p C M 1 8 4 /K R A S
G 1 2 D

ra s 2 p Y X 2 1 2 /e G F P -R B D 3

p C M 1 8 4 /K R A S
G 1 2 V

ra s 2 p Y X 2 1 2 /e G F P -R B D 3

p C M 1 8 4 /K R A S
G 1 3 D

L a g  p h a s e



Results 

49 

 

 

 

Figure 8. KRAS localization at plasma membrane increases during exponential phase.  
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Figure 8. KRAS localization at plasma membrane increases during exponential phase (Cont.).  
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Figure 8. KRAS localization at plasma membrane increases during exponential phase (Cont.). Cells 

were grown in SC medium with 2% of glucose. eGFP-RBD3 KRAS probe was used to assess KRAS subcellular 

distribution. CMAC (a) and Mitotracker Red (b) – that stain vacuoles and mitochondria, respectively – were also 

used. To observe ras2Δ cells, some parameters were adjusted in microscope to increase the intensity of 

fluorescence. The percentage of cells displaying the different phenotypes was quantified for each KRAS isoform 

(c). At least 300 cells were counted for each strain. Data represent means ± SEM of two independent experiments. 

Observation with 100x objective. PM – plasma membrane; AF – autofluorescence. 

 

During stationary phase, once again, KRAS localization was mainly observed at both locations, 

and some cells also presented the green fluorescence only in the vacuole. For cells only expressing 

endogenous yeast RAS isoforms, the fluorescence was mostly located solely in the vacuole (Fig. 9). 
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Figure 9. KRAS localization was mainly observed both in vacuole and plasma membrane during 

stationary phase.   
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    Figure 9. KRAS localization was mainly observed both in vacuole and plasma membrane during 

stationary phase (Cont.).   
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Figure 9. KRAS localization was mainly observed both in vacuole and plasma membrane during 

stationary phase (Cont.).  Cells were grown in SC medium with 2% of glucose. eGFP-RBD3 KRAS probe was 

used to assess KRAS subcellular distribution. CMAC (a) and Mitotracker Red (b) – that stain vacuoles and 

mitochondria, respectively – were also used.  To observe ras2Δ cells, some parameters were adjusted in 

microscope to increase the intensity of fluorescence. The percentage of cells displaying the different phenotypes 

was quantified for each KRAS isoform (c). At least 300 cells were counted for each strain. Data represent means 

± SEM of two independent experiments. Observation with 100x objective. PM – plasma membrane; AF – 

autofluorescence. 

 

Under nitrogen starvation conditions, the intensity of fluorescence was lower. KRAS subcellular 

distribution was mostly at both locations, being in some cells also present solely in the vacuole or only in 

the plasma membrane. For cells only expressing endogenous yeast Ras, Ras1p and Ras2p, the 

fluorescence was again mostly located solely in the vacuole (Fig. 10). 
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Figure 10. KRAS intracellular distribution was mostly both in vacuole and plasma membrane during 
starvation. 
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Figure 10. KRAS intracellular distribution was mostly both in vacuole and plasma membrane during 

starvation (Cont.).  
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Figure 10. KRAS intracellular distribution was mostly both in vacuole and plasma membrane during 

starvation (Cont.). To obtain starvation phase, cells were grown in SC medium with 2% of glucose until 

exponential phase and then they were incubated in starvation medium for 24 hours. eGFP-RBD3 KRAS probe was 

used to assess KRAS subcellular distribution. CMAC (a) and Mitotracker Red (b) – that stain vacuoles and 

mitochondria, respectively – were also used. To observe ras2Δ cells, some parameters were adjusted in 

microscope to increase the intensity of fluorescence. The percentage of cells displaying the different phenotypes 

was quantified for each KRAS isoform (c). At least 300 cells were counted for each strain. Data represent means 

± SEM of two independent experiments. Observation with 100x objective. PM – plasma membrane; AF – 

autofluorescence.  

 

 

3.3 KRAS isoforms modulate BAX-induced cell death in different ways 

 

The KRAS-expressing yeast strains were co-transformed with two isoforms of the human BAX, the 

wild type form, BAXWT, and an activated form, BAXP168A. Wild-type yeast cells were also transformed with 

empty pCM184 plasmid and the two isoforms of BAX (Fig. 11).  
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Initially, the cell growth of the different strains was again assessed, to understand whether these 

plasmids affect cellular function. In cells transformed with pYES2, expression of KRASG12V and KRASG13D was 

associated with the lowest cell growth rates. In cells co-transformed with pYES2/BAXWT, the different RAS 

isoforms had no influence on growth rates. In cells co-transformed with pYES2/BAXP168A, growth rate was 

lower in strain that express KRASG12V (Fig. 12). The cells transformed with the empty pYES2 plasmid present 

higher specific growth rates, suggesting that BAX repression is not total and there may be a basal 

expression. 

 

 

 

 

Figure 11. Co-transformation of the KRAS-expressing yeast strains with two isoforms of the 

human BAX. ras2Δ yeast cells were co-transformed with KRAS isoforms - pCM184/KRASWT, 

pCM184/KRASG12D, pCM184/KRASG12V and pCM184/KRASG13D – or with empty pCM184 and with human BAX 

isoforms – pYES2/BAXWT or pYES2/BAXP168A. W303-1A yeast cells were co-transformed with pCM184 and BAX 

isoforms. Cells were grown in SC medium with 0.5% of lactate and ethanol until exponential phase. Then, 0.5% 

galactose was added and the induction of BAX expression occurred for 15 hours. PGK-1 was used as a loading 

control. 



Results 

59 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12. Cells transformed with empty pYES2 present higher cell growth rates. 

 

Time (h)

L
o

g
 1

0
 O

D
6

0
0

0 10 20 30 40
0.1

1

10

BAX 

Time (h)

L
o

g
 1

0
 O

D
6

0
0

4 5 6 7 8 9 10
0.1

1

10

ras2 pCM184

ras2 pCM184/KRASWT

ras2 pCM184/KRASG12D

ras2 pCM184/KRAS
G12V

ras2 pCM184/KRAS
G13D

BAX a b 

Time (h)

L
o

g
 1

0
 O

D
6

0
0

0 10 20 30 40
0.1

1

10

BAXWT

Time (h)

L
o

g
 1

0
 O

D
6

0
0

0 2 4 6 8 10
0.1

1

10

W303-1A pCM184

ras2 pCM184

ras2 pCM184/KRAS
WT

ras2 pCM184/KRAS
G12D

ras2 pCM184/KRAS
G12V

BAXWTd 

Time (h)

L
o

g
 1

0
 O

D
6

0
0

0 10 20 30 40
0.1

1

10

BAXP168A

Time (h)

L
o

g
 1

0
 O

D
6

0
0

0 2 4 6 8 10
0.1

1

10

W303-1A pCM184

ras2 pCM184

ras2 pCM184/KRAS
WT

ras2 pCM184/KRAS
G12D

ras2 pCM184/KRAS
G12V

ras2 pCM184/KRAS
G13D

BAXP168A
e f 

c 



Results 

60 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Subsequently, viability assays were used to evaluate the influence of the presence of KRASm on 

BAX-mediated cell death. This assay was performed with two BAX isoforms, BAXWT and BAXP168A. In the 

presence of BAXWT, KRASWT and KRASG13D lead to the highest loss of cell viability. On the contrary, KRASG12D 

and KRASG12V seemed to lead to a protection against BAX-mediated cell death (Fig. 13a). In the presence 

of BAXP168A, only cells expressing KRASG13D presented significant lower values of cell death during the initial 

6 hours. Furthermore, yeast cells that express KRASm did not display high loss of cell viability, especially 

after 15 hours (Fig. 13b). These results showed that KRAS isoforms have different effects on BAX-induced 

cell death.  
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Figure 12. Cells transformed with empty pYES2 present higher cell growth rates (Cont.). Growth of 

KRAS-humanized yeasts, deficient in the most expressed yeast RAS isoform (RAS2) and expressing KRASWT or the 

activating mutant forms KRASG13D, KRASG12D or KRASG12V and co-transformed with pYES2 (a and b), pYES2/BAXWT (c 

and d) or pYES2/BAXP168A (e and f). From the exponential phase, the specific growth rates of each strain were 

calculated (g). Cells were grown in SC medium with 2% of glucose. Data represent means ± SEM of three 

independent experiments. *P < 0.05, **P < 0.01, ***P<0.001, ****P<0.0001. 
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3.4 BAX increases KRAS mitochondrial localization where it may modulate BAX-induced 

cytochrome c release 

 

The effect of KRASm on BAX mitochondrial addressing was evaluated by Western blot analysis of 

isolated mitochondria. This assay included two time points, T0, before induction of BAX, and T6, 6 hours 

after the addition of galactose to induce BAX expression. Cells were grown in medium with lactate and 

ethanol, to favor cellular respiration and increase mitochondrial mass. Isolation of mitochondria was 
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Figure 13. KRAS isoforms modulated BAX activity in different ways. Cells co-transformed with KRAS and 

BAXWT (a) or BAXP168A (b) were grown in SC medium with 0.5% of lactate and ethanol until exponential phase. Then, 

0.5% galactose was added. Cell viability was evaluated after 4, 6 and 15 hours. Data represent means ± SEM of 

three independent experiments. *P < 0.05, **P < 0.01, ***P<0.001, ****P<0.0001. 
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performed with six strains, ras2Δ pCM184 pYES2/BAXWT, ras2Δ pCM184 pYES2/BAXP168A, ras2Δ 

pCM184/KRASWT pYES2/BAXWT, ras2Δ pCM184/KRASWT pYES2/BAXP168A, ras2Δ pCM184/KRAS G12D 

pYES2/BAXWT, ras2Δ pCM184/KRAS G12D pYES2/BAXP168A, in order to have the two BAX isoforms expressed 

in strains that do not express KRAS, in strains expressing KRASWT and in a strain that express one of the 

KRASm. Results were confirmed by immunoblot assays (Fig 14, 15 and 16).  

In the absence of KRAS expression, mitochondria contained two isoforms of BAX while in the 

cytosol, only BAXP168A was observed. Cytochrome c release was observed after BAX expression (Fig. 14). 

 

 

 

 

 

 

 

 

 

 

 

Regarding KRASWT, in the absence of BAX expression, this oncogene was present both in cytosol 

and mitochondria. After induction of BAX expression, KRAS was also present in these two compartments, 

with an increase at the mitochondria fraction. Regarding BAX localization, both isoforms were observed 

in mitochondria and only BAXP168A was localised in cytosol. Cytochrome c release also increased after BAX 

expression, and this release was higher with BAXWT, which was reflected in increased cell death with this 

BAX isoform (Fig. 15). 

 

 

 

 

 
 

Figure 14. BAX mitochondrial addressing is observed in the absence of KRAS. ras2Δ pCM184 cells 

transformed with BAXWT or BAXP168A were grown in SC medium with 0.5% of lactate and ethanol until exponential 

phase. Then, 0.5% galactose was added. T0 refers to the time before induction of BAX expression by the addition 

of galactose, and T6 was performed after 6 hours in the presence of galactose. PGK-1 and Por1 were used as 

loading controls, for cytosol and for mitochondria, respectively. 
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In cells expressing KRASG12D,  at time 0, KRAS was present mainly in the cytosol. After 6 hours of 

BAX expression, KRAS was present both in the cytosol and mitochondria. BAX localization remained the 

same as that observed in the absence of KRAS and in the presence of KRASWT. Cytochome c was detected 

in the cytosolic fraction both in the presence and in the absence of BAX. However, cytochrome c release 

seemed to be lower than with KRASWT (Fig. 16). These results demonstrated that KRAS does not affect 

BAX mitochondrial localization, but the reverse is observed. Furthermore, KRASm seems to decrease 

cytochrome c release.  

 

  

Figure 15. KRASWT does not seem to change either BAXWT or BAXP168A distribution. ras2Δ pCM184/KRASWT 

cells transformed with BAXWT or BAXP168A were grown in SC medium with 0.5% of lactate and ethanol until exponential 

phase. Then, 0.5% galactose was added. T0 refers to the time before induction of BAX expression by the addition 

of galactose, and T6 was performed after 6 hours in the presence of galactose. PGK-1 and Por1 were used as a 

loading control, for cytosol and for mitochondria, respectively. 
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Figure 16. BAX increases KRAS mitochondrial localization. ras2ΔpCM184/KRASG12D cells transformed 

with BAXWT or BAXP168A were grown in SC medium with 0.5% of lactate and ethanol until exponential phase. Then, 

0.5% galactose was added. T0 refers to the time before induction of BAX expression by the addition of galactose, 

and T6 was performed after 6 hours in the presence of galactose. PGK-1 and Por1 were used as a loading controls, 

for cytosol and for mitochondria, respectively. 
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Our studies showed that hot spot mutations of KRAS reverted the effect on cell growth rate of 

RAS2 deletion in yeast. Moreover, yeast cells lacking RAS2 and any KRAS isoform had the highest specific 

growth rate, while cells that express KRASG12V presented the lowest specific growth rate. It is well 

established that RAS1 gene is important for cell growth with glucose and cells that do not expressing 

RAS2 cannot grow in medium with a non-fermentable carbon source (Breviario et al., 1986). The deletion 

of RAS2 also leads to an increase of life span and stress resistance (Longo, 1999; Wei et al., 2008). 

Furthermore, in the growth curve until the beginning of exponential phase, Ras1 protein synthesis 

presents its highest level and decreases very significantly after mid-exponential phase (Breviario et al., 

1986; Breviario, Hinnebusch and Dhar, 1988). In contrast to what was expected, yeast cells that only 

express RAS1 show higher densities than wild-type strains, in stationary phase in medium with glucose 

(Breviario, Hinnebusch and Dhar, 1988). Therefore, the deletion of RAS2, a gene that plays an essential 

role in cell growth, may have influence on this cellular functions, under certain circumstances, which in 

this case led to an increased growth. Regarding KRASm, KRASG12V, the most aggressive mutation, is 

associated with worse prognosis, leading to a higher mortality rate than in patients with CRCs harboring 

KRASG12D and KRASG13D mutations (Al-Mulla et al., 1999; Guerrero et al., 2000; Jones et al., 2017). Inhibition 

of apoptosis, mitochondrial dysfunction and an increase of ROS generation are some of the described 

consequences of KRASG12V mutation in cell lines (Hu et al., 2011; Jones et al., 2017). Yeast cells that 

express this mutation KRAS codon 12 had a decreased growth rate comparing to KRASG12D and KRASG13D, 

both when co-transformed with eGFP-RBD3 probe or with the BAX isoforms. This result led us to suggest 

that it may be due to the modifications caused by KRASG12V mutation, which can interfere with cellular 

functions of yeast cells, hindering their growth.  

In S. cerevisiae, RAS proteins play an essential role in the cAMP – PKA pathway regulation, being 

thus involved in the control of important cellular processes, such as cell growth. Previous studies showed 

that, according to their function, RAS is located in plasma membrane and in the nucleus (Dong and Bai, 

2011; Broggi, Martegani and Colombo, 2013). Ras2p also can be observed in endoplasmic reticulum 

membranes and in the mitochondria (Belotti et al., 2012). Ras1p is located in the plasma membrane 

and can also be present in the cytosol (Belotti et al., 2012; Jin et al., 2016). In our study, results from 

fluorescence microscopy showed that during exponential phase endogenous RAS proteins (in W303-1A 

cells) were located both in the vacuole and at the plasma membrane, whereas in ras2Δ cells, expressing 

Ras1p only, fluorescence was mainly at the plasma membrane. During nitrogen starvation phase, RAS 

proteins were present mainly in the vacuole. Previous reports showed that Ras2p is targeted to the vacuole 

for proteolysis, under starvation conditions (Leadsham et al., 2009). In mammalian, RAS proteins can be 
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found not only in plasma membrane, but also in endosomes, endoplasmic reticulum and Golgi apparatus 

(Hancock, 2003). The RAS location on the membrane is essential for its biological function, as its activity 

is controlled by extracellular factors, which bind to and activate receptor tyrosine kinases leading to the 

RAS-GDP to RAS-GTP conversion (Hancock, 2003; Lu et al., 2009). We found that KRAS isoforms have 

different intracellular distribution patterns. During lag phase and stationary phase, KRAS isoforms were 

located mostly both in plasma membrane and vacuole. However, in exponential phase, KRASG12D and 

KRASG12V were mainly present solely at the plasma membrane. Under nitrogen starvation conditions, KRAS 

subcellular distribution was mainly at both locations. During this phase, a lower amount of fluorescence 

was observed, which may indicate a decrease in KRAS synthesis. According to the fact that KRASm up-

regulates autophagy in these stressful conditions (Alves et al., 2015), the plasma membrane location of 

KRAS can be related with the induction of autophagy. To further understand if different locations of KRAS 

can have any relation with its function in autophagy induction, described by Alves et al. (2015), the use 

of autophagy inducers, such as rapamycin, may help. Rapamycin inhibits an inhibitor of autophagy, the 

Target of rapamycin (TOR) gene or mTOR, in mammalian cells. As observed in our study, the intracellular 

distribution of KRASG13D was more similar to the intracellular distribution of KRASWT, which may indicate 

that this mutation may be the least aggressive due to its greater resemblance to the wild-type isoform. In 

accordance with this, Guerrero et al. (2000) showed that colorectal tumors carrying KRAS codon 12 

mutations tend to be more aggressive, with higher transforming capacity and more resistant to apoptosis 

than colorectal tumors carrying KRAS codon 13 mutations. The eGFP-RBD3 probe binds specifically to 

RAS-GTP (Broggi, Martegani and Colombo, 2013), and so it will only bind to activated KRAS. However, 

the fluorescence signal can also be due to free GFP resulting from eGFP-RBD3 degradation, and so not 

bound to RAS proteins. In these circumstances, the vacuole staining may not represent the intracellular 

distribution of KRAS, only indicating that KRAS was targeted to this location for proteolysis. Since GFP is 

resistant to degradation, the fluorescence signal remains even after KRAS degradation. Further analysis 

of GFP molecular weight, through Western blot assays, would help to verify if eGFP-RBD3 is degraded or 

intact. 

As KRAS is also involved in apoptosis regulation, we assessed the influence of KRASm on the 

intracellular distribution and cell death induction effects of pro-apoptotic protein, BAX. Moreover, the 

process of defective apoptosis related to KRASm remains poorly understood and these mutations are 

associated to apoptosis resistance (Zaanan et al., 2015). The use of yeast to induce the expression of 

human BAX is an advantageous tool, as, in this model, its expression is independent from a more complex 

apoptotic network present in mammalian cells. Also, in yeast, BAX expression induces cell death and the 
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release of cytochrome c (Ligr et al., 1998; Camougrand et al., 2003; Renault, Dejean and Manon, 2017). 

Our study involved two BAX isoforms, BAXWT and BAXP168A, an activated form. We observed that, in cells 

expressing BAXWT, KRASWT and KRASG13D lead to the highest loss of cell viability. Conversely, cells expressing 

KRASG12D and KRASG12V showed very low values of cell death. In the presence of BAXP168A, when higher death 

values were expected, only cells that express KRASG13D presented significant lower values of cell death 

during the initial 6 hours, reverting partially the BAX-induced cell death. Strikingly, cells expressing or not 

KRAS did not display high loss of cell viability, especially after 15 hours. Thus, KRAS codon 13 mutations 

may trigger a more rapid protective response against BAX activation. As already mentioned, colorectal 

tumors carrying KRAS codon 12 mutations tend to be more resistant to apoptosis than colorectal tumors 

carrying KRAS codon 13 mutations (Guerrero et al., 2000). In accordance to this observation, our results 

revealed that KRAS codon 12 mutations seems to lead to a protection against BAX-mediated cell death. 

Our results also revealed that KRAS isoforms have different effects on BAX-mediated cell death.  

Finally, the effect of KRASm on BAX mitochondrial addressing was assessed. This pro-apoptotic 

protein is reported to be present in the cytosol, being translocated to the mitochondrial outer membrane 

in response to an apoptotic stimulus, leading to the release of apoptogenic factors such as cytochrome c 

(Arokium et al., 2004; Schinzel et al., 2004). The process is observed both in yeast and healthy human 

cells (Arokium et al., 2007). Contrary to expectations, in all the strains studied, both BAXWT or BAXP168A 

isoforms were present in mitochondria and, only BAXP168A was observed in the cytosol, which indicates that 

KRAS did not seem to change either BAXWT or BAXP168A distribution. Regarding KRASWT localization, this 

oncogene was present both in cytosol and mitochondria. However, after BAX expression induction, the 

amount of KRAS in mitochondria increased. Consistent with the results of the cell viability assays, 

cytochrome c release also increased after BAX expression, and this release seems to be higher with BAXWT. 

In cells expressing KRASG12D, after BAX expression induction, the amount of KRAS in mitochondria also 

increased and cytochrome c release seemed to be lower than with KRASWT, which is also in accordance 

with the results of the cell viability assays. Thus KRASG12D seems to decrease the cytochrome c release, 

which is reflected in the resistance to BAX-mediated cell death. These results revealed that, although the 

KRAS does not influence the localization of BAX, BAX increases KRAS mitochondrial localization. As the 

fluorescence microscopy assays were performed in cells that do not express BAX, this may be the 

explanation for the fact that KRAS was not observed in mitochondria. However, these results were only 

reproduced once, which means that further experiments will be needed to support these hypotheses.



 

 

 

 

 

 

 

 

5. Conclusion and future 

perspectives 
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CRC is the third most common cancer worldwide and KRASm are considered the most common 

gain-of-function mutations in human cancer, affecting approximately 30-50% of patients with CRC (Arvelo, 

Sojo and Cotte, 2015). RAS proteins can have ambiguous effects on autophagy and apoptosis, regulating 

several downstream effectors. Our recent studies showed that KRASm induce autophagy both in yeast 

and normal colon cells and promote CRC cell survival during starvation (Alves et al., 2015). The role of 

mutated human KRAS in apoptosis regulation and how it interacts with mitochondria and mitochondrial 

proteins related to apoptosis such as BAX are not fully understood. Understanding these interactions may 

contribute to find a potential target for therapeutic approaches.  

In this study, we used KRAS-humanized yeast, a model already established in our lab to study 

KRASm. Regarding KRAS localization, KRAS isoforms present a different intracellular distribution, KRASG12D 

and KRASG12V were more specifically located at the plasma membrane and KRASWT and KRASG13D were 

observed both in vacuole and plasma membrane. Previous studies also referred the association of KRAS 

with the plasma membrane (Hancock, 2003). During starvation, KRAS subcellular distribution was mainly 

at both locations. According to the fact that KRASm up-regulates autophagy in these stressful conditions 

(Alves et al., 2015), the plasma membrane location of KRAS can be related with the induction of 

autophagy. Alternatively, the vacuole staining may also be related with this KRAS function, although we 

cannot discard the possibility that it only indicates that KRAS was targeted to this location for proteolysis. 

The apoptotic process is regulated by several proteins, having the Bcl2- family member BAX a 

fundamental pro-apoptotic role. KRAS-humanized yeasts were transformed with two isoforms of this 

protein, to evaluate the influence of KRAS on BAX-mediated cell death. In cells expressing BAXWT, KRASWT 

and KRASG13D seem to have similar behaviors, leading to the highest values of cell death. On the other 

hand KRASG12D and KRASG12V, lead to a protection against BAX-mediated cell death. In cells expressing 

BAXP168A, an activated form of BAX, KRASG13D partially reverted the BAX-induced cell death, presenting 

significant lower loss of cell viability only at initial hours of Bax expression. However, KRASWT, KRASG12D and 

KRASG12V also did not present higher values of cell death. These results are consistent with the fact that 

colorectal tumors carrying KRAS codon 12 mutations tend to be more resistant to apoptosis than 

colorectal tumors carrying KRAS codon 13 mutations (Guerrero et al., 2000). 

Our data also showed that, in the presence of BAX, a higher amount of KRAS is observed at the 

mitochondria. In this organelle, KRASm may modulate BAX-induced cytochrome c release and thus can 

induce resistance to BAX-mediated cell death. Furthermore, we observed that KRAS does not influence 
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BAX localization. Altogether the results suggest that KRAS may interact with BAX at the mitochondria and 

modulate its activity. 

Considering the high incidence of KRASm and the poor prognosis associated with them, it is 

urgent to find new approaches for the treatment of CRC and the elucidation of KRASm involvement in 

apoptosis regulation may contribute to such aim. 

 

 

5.1 Future perspectives 

 

Although these results contributed to better clarify the role of KRASm in apoptosis regulation, 

some questions remained unanswered which should be explored in the future, namely: 

 To clarify the influence of KRASm on BAX mitochondrial addressing, mitochondrial isolation of 

strains that express all KRASm included in this study is needed. 

 Determine the effect of KRASm on BAX activation by a complementary approach. Activation of 

BAX involves the release of cytochrome c from mitochondria to cytosol and this decrease of cytochrome 

c amount in mitochondria can be evaluated through redox spectrophotometry (Renault, Dejean and 

Manon, 2017). These results will complement what is observed in mitochondria isolation by Western Blot 

assays. 

 Understand the effect of KRASm on mitochondria functional status by assessing of O2 

consumption rates and ROS accumulation. 

 Observe the intracellular distribution of KRASm and realize the influence of KRASm on BAX 

mitochondrial addressing, through mitochondrial isolation, in CRC cell lines. Compare the results 

obtained in S. cerevisiae with CRC cell lines, to better understand the role of KRASm. 
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