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The role of oncogenic KRAS in colorectal cancer: from subcellular localization upon autophagy

induction to new therapeutic drugs

Abstract

Colorectal cancer (CRC) is the third most common cancer worldwide. KRAS mutations
(KRAS™) are among the most frequent alterations in CRC supporting a role in colon carcinogenesis.
Our group showed that KRAS is involved in the regulation of autophagy in CRC. Indeed, we showed
that under nutrient starvation conditions KRAS"™rup-regulates autophagy in the colon model, which
is required for CRC cell survival. Autophagy is an important degradation pathway which regulates
catabolic processes to sustain cellular metabolism and homeostasis. Differences in subcellular
localization of RAS or interaction with other proteins may explain the complexity of their signaling
outputs. Whether starvation induced-autophagy stimulus leads to relocalization of KRAS in CRC
cells is still unknown. In this project, we aimed to understand if under autophagy induced conditions
there were changes in wild-type and mutated KRAS subcellular localization and in interaction with
partner proteins. Our results showed that KRAS co-localize with mitochondria and lysosomes
regardless of autophagy induction and that KRAS* may influence its mitochondria localization.
Moreover, our data suggest that Gal-3 and KRAS co-localize in colon cells and that autophagy does
not interfere with the co-localization. We also observe that KRAS might interact with actin
cytoskeleton, and that autophagy may influence actin remodeling possibly in a KRAS-dependent
manner.

KRAS mutations are a predictive biomarker of resistance in CRC, thus new therapeutic
approaches are needed. MSG-111-cd3 is a phenoxazine derivative which had shown to induce cell
death in yeast with the intervention of the vacuolar protease Pep4p, an orthologue of human
Cathepsin-D (Cat-D). This project also aimed to study the effect of MSG-111-cd3 compound in CRC
cells with different mutations. Our results showed that MSG-111-cd3 decrease cell viability more
efficiently in CRC cells comparing with normal colon cells and that Cat-D seems to have a protective
role in its effect.

Overall, our data increased our understanding on KRAS localization and protein interaction
in response to autophagy stimulus in CRC, which is crucial to understand KRAS signaling
regulation. Furthermore, our data suggest that the new phenoxazine tested might be a promising

candidate for CRC therapy.
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O papel do oncogene KRAS no cancro colorretal: da localizagdo subcelular em resposta a

inducdo da autofagia a novas moléculas terapéuticas
Resumo

O cancro colorretal (CCR) é o terceiro cancro mais comum a nivel mundial. As mutacdes
no KRAS (KRAS"") sdao das mais frequentes no CCR suportando a sua funcao na carcinogénese
do colon. O nosso grupo mostrou que 0 KRAS esta envolvido na regulacao da autofagia no CCR.
Mostramos que sob condices de privacdo de nutrientes as KRAS"™ aumentam a autofagia no
modelo do célon que € necessaria a sobrevivéncia. A autofagia € uma importante via de
degradacdo que regula processos catabdlicos através da sustentacdo do metabolismo e
homeostasia celular. Diferencas na localizacao subcelular do RAS ou interacdo com outras
proteinas, podem explicar a complexidade da sua sinalizacao. Desconhece-se se a autofagia leva
a relocalizacao do KRAS nas células de CCR. Neste projeto, tinhamos como objetivo perceber se
a inducao de autofagia levava a mudancas na localizacao subcelular do KRAS e na interacdo com
proteinas. Os nossos resultados mostraram que o KRAS co-localiza com a mitocdndria e os
lisossomas independentemente da inducdo de autofagia e que as KRAS* parecem influenciar a
sua co-localizacdo com a mitocéndria. Os nossos resultados também sugerem que a Gal-3 e o
KRAS co-localizam nas células do colon e a autofagia ndo parece interferir. Ainda, observamos que
0 KRAS pode interagir com a actina, e que a autofagia pode influenciar a sua remodelacao,
provavelmente por um mecanismo dependente do KRAS.

As mutacées no KRAS sdo um biomarcador de resisténcia nos CCR, e dai serem
necessarias novas abordagens. O composto MSG-111-cd3 é um derivativo da fenoxazina, que
mostrou induzir morte celular na levedura, com a intervencao da protéase vacuolar Pep4p, ortéloga
da Catepsina-D humana (Cat-D). Tivemos também como objetivo estudar o efeito do composto
MSG-111-cd3 em células de CCR com diferentes mutacdes. Os nossos resultados mostraram que
0 MSG-111-cd3 diminuiu a viabilidade celular mais eficazmente nas células de CCR comparando
com as células normais de célon e que a Cat-D parece ter um papel protetor no seu efeito.

No geral, os nossos dados contribuiram para o conhecimento acerca da localizacéo e
interacdes proteicas do KRAS em resposta ao estimulo autofagico no CCR, o que pode ser crucial
para perceber a regulacao da sinalizacdo do KRAS. Para além disso, os resultados sugerem que

0 novo agente pode ser um candidato promissor para a terapéutica do CCR.
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1. Introduction

1.1 Cancer: a heterogeneous genetic disorder

According to Centelles (2012) “Tumors are more than insular masses of proliferating cells.
They are complex tissues of multiple cell types interacting with one another” (Centelles, 2012).

Cancer arises because of a classical three-step process involving initiation, promotion, and
progression. A single mutation is not enough to develop cancer, that results from an accumulation
of genetic and epigenetic changes compromising vital functions such as proliferation, survival, and
differentiation (Centelles, 2012; Schmidt, 2007). Initiation comprises the formation of a malignant
cell due to gene mutations arising spontaneously or induced by exposure to exogenous
carcinogenic agents. When DNA remains unrepaired the uncontrolled growth and accumulation of
cells with mutated genes are stimulated in the so-called promotion phase. Eventually, a benign
tumor becomes evident contributing to tumor progression (Centelles, 2012).

The genes of interest that are involved in genetic alterations can be divided into three
groups: oncogenes, tumor suppressor genes, and DNA repair genes. Under normal conditions,
oncogenes stimulate appropriate cell growth, when mutated there is a ‘gain of function' and the
resulting mutated protein is constitutively activated and induces cell growth even in the absence of
growth signals. Tumor suppressor genes normally arrest the cell cycle or promote programmed
cell death (apoptosis), but when their expression is absent there is a loss of normal inhibitory
control. Finally, DNA repair genes are involved in controlling the rate of gene mutations. When
mutated, repair genes are incapable to repair errors leading to mutations accumulation at a fast
rate (Bertram, 2000; Leslie, Carey, Pratt, & Steele, 2002).

To survive, proliferate and disseminate, tumors must acquire biological capabilities that
were firstly described in 2000 by Hanahan and Weinberg, as Hallmarks of Cancer (Hanahan &
Weinberg, 2000). The Hallmarks include traits such as self-sufficiency in growth signals,
insensitivity to growth-inhibitory signals, evasion from programmed cell death, limitless replicative
potential, sustained angiogenesis, tissue invasion and metastasis capacity, deregulated cellular
energetics, ability to avoid the immune response, tumor-promoting inflammation, and genome

instability and mutation (Figure 1.1.) (Hanahan & Weinberg, 2000, 2011).



These alterations can happen in the germline cells, resulting in hereditary tumors or more
commonly in somatic cells, where their accumulation gives rise to sporadic tumors (Centelles,
2012; Schmidt, 2007; Souglakos, 2007).

Considering the molecular features and capabilities of cancer cells, it is not surprising that
cancer is a leading cause of death worldwide having accounted for 8.2 million deaths in 2012 and

that predictions point to an increase of 19.3 million new cancer cases by 2025 (Ferlay et al., 2015).
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Figure 1.1.The hallmarks of cancer. Charactheristics acquired by tumor cells essential for tumor cell
progression and survival (Adapted from (Hanahan & Weinberg, 2011).

1.1.1. Colorectal cancer overview

Colorectal cancer (CRC) is a malignancy that affects the large intestine wall with a
worldwide prevalence of about 1.4 million individuals. CRC accounts for over 10% of all cancer
incidence and is the fourth commonest cause of cancer-related mortality with 693,900 deaths
reported in 2012 (Armaghany, Wilson, Chu, & Mills, 2012; De Stefano & Carlomagno, 2014; Y.
Guo, Bao, & Yang, 2017; Jia, Zhang, Li, & Li, 2017; Marisa et al., 2013; Tariq & Ghias, 2016).

It is generally accepted that the adenocarcinoma sequence is the process by which most,
if not all, colorectal cancers emerge (Leslie et al., 2002). The first model of colorectal
carcinogenesis that supports this hypothesis was proposed by Fearon and Vogelstein (1990) who
emphasized that rather than a single event, a sequence of events is the leading cause of colonic

mucosal changes (Al-Sohaily, Biankin, Leong, Kohonen-Corish, & Warusavitarne, 2012; Fredericks,
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2015). In this model, the authors proposed that first, an inactivation of the adenomatous polyposis
coli (APC) tumor suppressor gene occurs in the normal colonic mucosa, followed by activating
mutations in the KRAS gene and further mutations that result in adenocarcinoma formation with
several genetic mutations (Fredericks, 2015; Roper & Hung, 2013). Alterations in APC, KRAS,
SMAD4, TP53, and in the mismatch repair (MMR) genes, MLH1 and MSH2 are the genetic changes
predominantly found in CRC (Figure 1.2.) (Arends, 2013).
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Figure 1.2. Adenocarcinoma sequence: the proposed model for colorectal cancer progression. The most
frequent genetic alterations that occur as a very early event occur in APC, mutated in around 80% adenomas
and carcinomas. KRAS and TP53 appear to occur as late events and are seen in 40% and 50%, respectively.
Other genetic or epigenetic changes can happen during this sequence, including loss of a large part of
chromosome 18, containing the SMAD4 and SMAD2 genes, occurring in around 60% CRC, although SMAD4
mutations can be found in up to 35% CRC (Arends, 2013).

Two subtypes of colorectal cancers can be distinguished: a sporadic subtype, normally
without family history involved, and an inherited subtype emerging in the context of hereditary
syndromes (Stigliano, Sanchez-Mete, Martayan, & Anti, 2014). Most of the patients (around 70%
of the cases) have sporadic CRC (nonhereditary) being age and other factors such as a sedentary
life and a poor diet the most likely causes for this high incidence (Al-Sohaily et al., 2012; Souglakos,
2007). Concerning CRC types that have an inherited predisposition, they can be subdivided
according to whether or not colonic polyps are present. Polyposis syndromes account for about 1%
of colorectal carcinomas and the most common is the familial adenomatous polyposis coli (FAP)

(Ellis, 2005; Grande Pulido, 2011; Jasperson, Tuohy, Neklason, & Burt, 2010; Rustgi, 2007).
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Hereditary nonpolyposis colorectal cancer (HPNCC) or Lynch syndrome is associated with 5% to
8% of colorectal cancers (Ellis, 2005; Jasperson et al., 2010).

There are at least three major molecular pathways to CRC including chromosomal
instability (CIN), microsatellite instability (MSI) and the CpG island methylator phenotype (CIMP)
pathway (Worthley & Leggett, 2010).

CIN tumors constitute not only most of the sporadic tumors (85%) but also involve FAP
cases associated with germline mutations in the APC gene (Fearon & Vogelstein, 1990; Walther et
al., 2009). The CIN pathway is characterized by widespread imbalances in chromosome number
resulting in aneuploid karyotype, frequent loss-of-heterozygosity (LOH) and chromosomal
rearrangements (Stigliano et al., 2014). Moreover, CIN tumors are distinguished by the
accumulation of mutations in specific oncogenes and tumor suppressor genes (e.g., APC, KRAS,
PIK3CA, BRAF, SMAD4, and TP53), thereby activating pathways critical for carcinogenesis
(Worthley & Leggett, 2010; Yamagishi, Kuroda, Imai, & Hiraishi, 2016).

Another important type of genomic instability is MSI pathway caused by dysfunction of DNA
MMR genes (essential to maintain genomic stability). MSI is found in only 15% of sporadic CRCs
and in contrast, MSI is the hallmark of Lynch syndrome (Al-Sohaily et al., 2012; Armaghany et al.,
2012) and is seen in more than 95% of these patients. According to defined markers, MSI CRC are
classified as microsatellite high (MSI-H), microsatellite low (MSI-L) or microsatellite stable (MSS).
Inactivation of MMR enzymes can result either from abnormal methylation of promoter CpG islands
or from point mutations in MMR family members (Armaghany et al., 2012; Imai & Yamamoto,
2008).

The CIMP pathway is the second most common pathway to sporadic CRCs accounting for
approximately 15% of sporadic cases (Yamagishi et al., 2016). It is characterized by a vast
hypermethylation of promoter CpG island sites (methylation of repetitive sequences between
cytosine and guanine), resulting in the inactivation of several tumor suppressor genes (e.g. p16,
MINT1, NEUROG1, MLH1) (Grande Pulido, 2011; Nazemalhosseini Mojarad, Kuppen, Aghdaei, &
Zali, 2013).

1.1.1.1. Colorectal cancer associated mutations: role and significance

Several mutations in key regulatory genes have been implicated in the progression of
colorectal cancer. Modifications in genes such as EGFR, BRAF and KRAS, have been ascertained

to be present in colorectal cancer and will be briefly discussed next (Sameer, 2013).



The epidermal growth factor receptor (EGFR) is a cell-surface receptor that belongs to the
ErbB family of receptors, a family of four tyrosine kinase receptors, EGFR (ErbB-1), HER2 (ErbB-
2), HER3 (ErbB-3) and HER4 (ErbB-4) (Oh, Lee, Chung, & Kim, 2011). EGFR is involved in cell
growth and proliferation, metastasis and cell death through its role in the RAS/ RAF/MAPK pathway
and the PI3K/AKT pathway (Markman, Javier Ramos, Capdevila, & Tabernero, 2010). Several
epithelial tumors are known to express high levels of the EGFR, including CRC, where its
overexpression is found in about 65-75% of mCRC patients and is related to progression,
differentiation and recurrence of colorectal cancer (Markman et al., 2010; Oh et al., 2011).
Currently, two different monoclonal antibodies (mAbs), Cetuximab and Panitumumab, are being
used to prevent EGFR activation by binding to its extracellular domain (Metzger et al., 2011).
However, this clinical approach presents low response rates that aside from the KRAS mutational
status (discussed hereafter), could be explained by the variation of the EGFR receptor copy number
(Metzger et al., 2011). Unlike non-small-cell lung carcinomas (NSCLC), where a correlation with
the EGFR mutation has been reported, for colorectal cancer, only the incidence rate of the mutation
has been demonstrated (Nagahara et al., 2005).

BRAF is a serine/threonine protein kinase activated by the RAS small GTPase that plays a
critical role not only in the (EGFR)-mediated-activated protein kinase (MAPK) signaling pathway that
strictly controls cell proliferation, growth and differentiation but also in other vital cellular processes
namely apoptosis (through the regulation of Bcl-2) and cell migration (through RHO small
GTPases). Therefore, it is not surprising that activating mutations in this gene are found in about
15% of all human known types of cancer (Barras, 2015). The most widespread activating mutation
found in this gene is characterized by GTG > GAG substitution at position 1799 of exon 15, which
results in the V6OOE amino acid change leading to sustained MAPK signaling pathway. Oncogenic
BRAFw: is prevalent in about 10% of CRCs and is related to poor prognosis and treatment
resistance in MCRC patients (Korphaisarn & Kopetz, 2016).

KRAS mutations are found in approximately one third of all human cancers, including up
to 50% of CRCs (Hisamuddin & Yang, 2006) and mostly appear during early stages of tumor
progression supporting a causative role of KRAS in human tumorigenesis (Cox, Fesik, Kimmelman,
Luo, & Der, 2014; Fernandez-Medarde & Santos, 2011). Interestingly, the frequency of KRAS
mutations in CRC varies worldwide suggesting an influence of ethnicity and geographical
distribution in its occurrence (J. Zhang et al., 2015). In fact, the effect of geographic area on KRAS

mutation rate in CRC cases has been previously described and it was reported that patients from



Western Europe had the highest frequency of mutation (44.7%) followed by Eastern Europe (35.8%)
while those from outside Europe had the lowest (19.5%) (Zekri, 2016).

Oncogenic mutations of all RAS family members are concentrated within 3 hotspots
(around codons 12, 13 and 61) of the primary nucleotide sequence. However, the incidence of
mutation in these sites varies among the RAS isoforms (Figure 1.3.). In KRAS, clear majority of
mutations are marked by the substitution of glycine by aspartate/valine at codon 12 (KRASs» /
KRAS¢%) and aspartate at codon 13 (KRASe:) accounting for about 99% of the mutations detected
(86% and 13%, respectively), whereas mutations affecting Glutamic acid 61 (Q61), the other
possible hotspot in RAS proteins, account for the remaining 1% (Fernandez-Medarde & Santos,
2011; Rajasekharan & Raman, 2013; Szpon et al., 2016). Codon 12 GGT and codon 13 GGC are
responsible for incorporation of glycine into KRAS protein formed during translation (a biogenic
amino-acid with no side chain). Glycine at position 12 is situated in a tight loop to which the GAP
protein binds. Any mutation in this position will result in the incorporation of a side-chain amino-
acid and thus prevent, in terms of spatial architecture, the transition of the protein to inactive
status. KRAS mutations result therefore in a continuous activation status of this protein and
consequently, this leads to uncontrolled cell growth and cell division rates (Szpon et al., 2016).

KRAS mutations in colon cancers were associated with a lower survival rate, compared
with wild-type KRAS patients, increased tumor aggressiveness and cancer recurrence (Cabrera-
Mendoza, Gainza-Lagunes, Castaneda-Andrade, & Castro-Zarate, 2014; Dinu et al., 2014).
Additionally, KRAS mutations are established biomarkers for predicting the poor efficacy of anti-
EGFR monoclonal antibodies in patients in advanced stages of CRC (H. S. Kim et al., 2016).

The determination of KRAS mutations development may be supplementary to existing
diagnostic methods in early-stage CRC, and particularly may be an additional parameter for
evaluation of the degree of malignancy in CRC (Szpon et al., 2016). This makes KRAS mutations
a special case, that draw the attention of the scientific community (Cox et al., 2014; Matallanas et

al., 2011).
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Figure 1.3. Mutations incidence among the main RAS isoforms. RAS genes mutations associated to cancers
are characterized by single base missense mutations, 98% of which are found at residues G12 (at green),
G13(at dark blue) or Q61(at light blue). G12 mutations are predominant in KRAS and HRAS whereas Q61
mutations are predominant in NRAS (Adapted from (Cox et al., 2014)).

1.2. RAS at a glance

The three canonical members of the RAS gene family, HRAS, NRAS and KRAS, were
identified more than 30 years ago because of their frequent oncogenic activation in human tumors
(Castellano & Santos, 2011). They are broadly conserved across eukaryotic species and play
functionally significant roles in numerous cellular key roles. Their expression is nearly ubiquitous,
although there are quantitative and qualitative differences of expression depending on the tissue
and/or developmental stage under consideration (Castellano & Santos, 2011). RAS mutations are
involved in several cancers with RAS isoforms exhibiting different distributions among them; For
example, KRAS mutations are enriched in pancreatic (70%-90%) and colon cancer (35%-50%) as
well as lung cancer (20%-35%), while NRAS mutations are most common in
hematopoietic/lymphoid (10%) and skin cancers and HRAS mutations dominant in cervical (9%)
and salivary gland tumors (15%) (Hunter et al., 2015).

The biochemical and structural basis as well as the pathways that RAS promotes are well
known, however, the precise mechanisms by which RAS proteins function are less clear. Thus,
understanding RAS interactions within the cell and its action is essential to intervene in RAS-driven

diseases (Gysin, Salt, Young, & McCormick, 2011).

1.2.1. RAS effector signaling
RAS oncoproteins are the founding members of RAS superfamily of small GTPases and

have been the subject of intense research mainly because of their critical roles in human



oncogenesis (Wennerberg, Rossman, & Der, 2005). Conventionally, RAS superfamily has been
divided into five subfamilies - RAS, RAN, RHO, ARF, and RAB - on the basis of sequence and
functional similarities (Bos, Rehmann, & Wittinghofer, 2007; Vigil, Cherfils, Rossman, & Der,
2010). Whereas RAN family is best known for its function in nucleocytoplasmic transport of proteins
and RNA, RHO family regulates cytoskeleton dynamics, gene expression and cell cycle progression.
Finally, ARF and RAB families are involved in vesicular transport (Cazzanelli et al., 2018).

Small GTPases are molecular switches capable of alter between an inactive GDP-loaded to
an active form that binds GTP (Boland, Sinicrope, Brenner, & Carethers, 2000). This process is
regulated by guanine nucleotide exchange factors (GEFs), namely SOS1 and SOS2 (recruited via
the adaptor Grb?2), that stimulate nucleotide exchange and by GTPase activating proteins (GAPs)
that accelerate the intrinsic GTP hydrolysis activity of RAS (Zeitouni, Pylayeva-Gupta, Der, & Bryant,
2016). Once activated, RAS-GTP interacts with a spectrum of catalytically diverse downstream
effectors that then regulate a myriad of cellular functions such as cell proliferation, differentiation,
survival, cell cycle entry and cytoskeletal dynamics (Fernandez-Medarde & Santos, 2011; Hancock
& Parton, 2005). Upon stimulation of receptor tyrosine kinase (RTK) among which the most studied
is the epidermal growth factor receptor (EGFR), GEFs are recruited leading to RAS activation,
through the process described above. Activated KRAS can bind at least to 20 effectors, among
which RAF (rapidly-accelerated fibrosarcoma) kinases and phosphatidylinositol 3-kinase (PI3K) are
the best characterized (Johnson & Chen, 2012; Prior & Hancock, 2012). Other effectors are RAL
guanine nucleotide dissociation stimulator (RALGDS), pl120GAP, T lymphoma invasion and
metastasis-inducing 1 (Tiam 1), PLCe and PKC{ (Figure 1.4.) (Cazzanelli et al., 2018).

Interaction of activated RAS with RAF initiates the RAF— MEK— ERK kinase (also called
MAPK) cascade. Activated ERK can then phosphorylate many substrates, that control cell cycle
progression, proliferation and survival (e.g. autophagy) (Fernandez-Medarde & Santos, 2011).

In the other pathway, RAS activation of PI3K triggers production of the PIP3
(phosphatidylinositol-3,4-triphosphate) by phosphorylating PIP2  (phosphatidylinositol-4,5-
diphosphate), process that can be reversed by the phosphatase PTEN (phosphatase and tensin
homolog deleted in chromosome ten) (Rajasekharan & Raman, 2013). PIP3 activates
phosphatidylinositol dependent kinase 1 (PDK1), which promotes activation of AKT (Protein Kinase
B (PKB)). AKT main downstream is mTOR (mammalian target of rapamycin), a serine/threonine
kinase, that through its downstream effectors (e.g. S6K), controls several aspects related to cell

growth and metabolism (Porta, Paglino, & Mosca, 2014). In cells, mTOR can be divided in two



distinct complexes, mTOR complex 1 (MTORC1) and mTOR complex 2 (mTORC?2) and is mTORC1
that appear to play critical roles in cell growth in response to nutrients (Kang, Zeh, Lotze, & Tang,
2011).

AKT-mediated phosphorylation also inhibits some pro-apoptotic proteins (Bad, Fox0O), and
stimulates others (Mdm?2) that promote cell survival (Fernandez-Medarde & Santos, 2011;
Hancock, 2003; Jancik, Drabek, Radzioch, & Hajduch, 2010; Overmeyer & Maltese, 2011;
Rajasekharan & Raman, 2013).
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Figure 1.4. Signaling pathways influenced by RAS proteins. Following RAS activation, multiple effectors can
be modulated, dictating different signal outputs. Among the most studied downstream RAS effectors, RAF-
mediated MAPKs and PI3K/AKT-mediated cascades promote pro-growth signaling whereas RALGDS
stimulate cell cycle progression (Cazzanelli et al., 2018).

1.2.2. Differential trafficking and localization of RAS proteins

The RAS family includes three genes: HRAS, NRAS, and KRAS. These three loci encode
four different protein isoforms: HRAS, NRAS, KRAS4A, and KRAS4B. The two KRAS isoforms differ
due to the alternative splicing of exon 4 in the KRAS locus, with KRAS4B being the predominant



isoform expressed in most tissues (Zeitouni et al., 2016). All isoforms are similar in their primary
amino acid sequence (~85%) in the G-domain, which is responsible for GTP/GDP binding with
major differences concentrated in the hypervariable region (HVR). This region incorporates a crucial
signal, at the extreme C terminus, for localizing RAS to the inner surface of the plasma membrane,
the CAAX box (C = cysteine, A = aliphatic amino acid, and X = serine/methionine) (Figure 1.5.)
(Cazzanelli et al., 2018; Matallanas et al., 2003).
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Figure 1.5. RAS proteins primary structure. Green boxes refer to the epitopes responsible for interaction
with guanine nucleotides. The red box represents the area of interaction with downstream effectors. The
areas corresponding to the striped box (switch 1) and the squared box (switch 1) undergo conformational
changes depending on RAS binding to GDP or GTP. The unique cysteine residue located in the CAAX box
(red) is farnesylated, whereas the immediately upstream cysteine residues (green) located in the
hypervariable region can be palmitoylated (Castellano & Santos, 2011).

For proper function and oncogenic potential RAS proteins must be associated with the
inner leaflet of plasma membrane (Niv, Gutman, Kloog, & Henis, 2002). For that, the newly
synthesized, cytosolic, inactive RAS precursors need to bear several postransductional
modifications to attain proper activation (Castellano & Santos, 2011). The C-terminal CAAX motif
is the target of the first set of three modifications that are common to all RAS isoforms. First, the
cysteine residue of CAAX motif is farnesylated by the cytosolic enzyme protein farnesyl transferase
(PFT). Next, the AAX sequence is removed by Rcel. Finally, the now C-terminal farnesyl cysteine
is carboxymethylated by ICMT (Figure 1.6.) (Abankwa, Gorfe, & Hancock, 2007). However, for
proper targeting of RAS to membranes each of the proteins H-, N-, and KRAS suffer further
modifications. Whereas HRAS is palmitoylated on C181 and C184, NRAS is palmitoylated on C181
and KRAS4B does not have any palmitoylation at all (Rajalingam, Schreck, Rapp, & Albert, 2007).

Instead, KRAS4B is constituted by a polybasic region (a stretch of lysines) that enables an
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electrostatic interaction with the negatively charged plasma membrane phospholipids (Agudo-
Ibanez, Herrero, Barbacid, & Crespo, 2015).

Once CAAX processing is complete, RAS isoforms have different traffickings. Palmitoylated
isoforms visit the Golgi where they are acylated and thereby trapped in its’ membranes from where
they traffic, via vesicular transport, to the plasma membrane (Ahearn, Haigis, Bar-Sagi, & Philips,
2011). Alternatively spliced KRAS4A is believed to follow this traffic as this splice variant does not
have the polybasic domain and it is palmitoylated at C180 (Rajalingam et al., 2007). In contrast,
KRAS4B cannot be trapped on the Golgi and is directly routed from the endoplasmic reticulum to
the plasma membrane by a still poorly understood delivery system that could involve cytosolic

chaperones (Figure 1.6.) (Ahearn et al., 2011; Cazzanelli et al., 2018).
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Figure 1.6. RAS modifications and localization. Cytosol is where RAS proteins are synthesized; Here, RAS
proteins are farnesylated by protein farnesyl transfeRASe (PFT) at the cysteine residue of the CAAX motif (A
is an aliphatic amino acid and X is any amino acid). Then, RAS converting enzyme 1 (Rce 1) and
Isoprenylcysteine carboxylmethyl transferase (ICMT) mediate the cleavage of AAX tripeptide and
methylation, respectively, at the cytosolic surface of the ER. H- and NRAS further undergo palmitoylation in
the hypervariable region (HVR) on the Golgi to reach the plasma membrane via vesicular transport, while
KRAS reaches the plasma membrane by a yet uncharacterized pathway. Depalmitoylation of H- and NRAS
will lead to the localization of these two isoforms in the Golgi (Rajalingam et al., 2007).

1.2.2.1. Galectin-3 and actin cytoskeleton as modulators of KRAS signal output

Due to their different posttranslational modifications (PTMs), the palmitoylated and

polybasic-targeted RAS isoform proteins are conducted to different localizations in the plasma
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membrane, where they incorporate into nanoclusters, unique locations for effector recruitment and
activation, thus essential for signal propagation (Castellano & Santos, 2011). Approximately 40%
of RAS proteins are organized into nanoclusters, whereas the remainder freely diffuse as monomers
in the cytoplasm (Ahearn et al., 2011). These nanoclusters display different features: HRAS GDP-
loaded nanoclusters are recruited to cholesterol-rich microdomains (lipid rafts and caveolae) in the
plasma membrane but are absent from rafts when are GTP-loaded. Apparently, exchange of GDP
for GTP causes HRAS migration into disordered plasma membrane regions in a Galectin-1
dependent manner (Ahearn et al., 2011). In contrast, NRAS nanoclusters localize preferentially
into the lipid rafts when they are active, but when GDP-loaded they reside on the nonraft domain
(Roy et al.,, 2005). In the case of KRAS, its nanoclusters are actin-dependent, since early
experiments have shown that perturbing actin cytoskeleton inhibits KRAS nanoclustering and
abrogates its signaling pathways (Hancock & Parton, 2005). Moreover, it is described that , when
mutated, KRAS is capable to maintain the cytoskeleton organization through the MEK-ERK pathway
(Pollock, Shirasawa, Sasazuki, Kolch, & Dhillon, 2005). Also, available data show that actin
cytoskeleton has an active role in membrane organization, regulating its lipids distribution and thus
determining the proteins distribution at the membrane with subsequent influence in their signaling
outputs (Chichili & Rodgers, 2009; Gomez-Llobregat, Buceta, & Reigada, 2013).

Furthermore, KRAS nanoclusters are not localized in cholesterol-rich microdomains,
meaning that are cholesterol-independent and seem to be stabilized by Galectin-3 (Gal-3) (Heo et
al., 2006; Kenworthy, 2007; Tian, Plowman, Parton, Kloog, & Hancock, 2010). Gal-3 is a unique
chimeric member of B-galactosidase binding protein family that stabilize KRAS in its active state
(by decreasing the efficiency of GAP-mediated GTP hydrolysis) thus promoting its association with
several effectors, apparently by activation of RAF and PI3K signaling pathways (Elad-Sfadia, Haklai,
Balan, & Kloog, 2004; R. Levy, Biran, Poirier, Raz, & Kloog, 2011). Thus, through this mechanism,
Gal-3 is capable to determine the strength, duration, and selectively of the KRAS signal (Elad-Sfadia
et al., 2004).

1.2.2.2. RAS localization matters: are lysosomes and mitochondria important signaling platforms?

Like the partitioning of RAS into membrane microdomains, its trafficking between
organelles is also regulated by PTMs. In addition to plasma membrane, as a platform from which
RAS proteins activate their effectors, increasing evidences show that when located on the

membranes of endomembranous organelles these proteins are still capable of activating their
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signaling pathways (Choy et al., 1999; Hancock, 2003; Jiang & Sorkin, 2002). It was reported that
KRAS translocate onto early and late endosomes through a clathrin-dependent pathway
independently of CaM and protein kinase C (PKC) phosphorylation (Lu et al., 2009). From the early
endosomes, KRAS but not HRAS nor NRAS, was transported to late endosomes (Les) and
eventually targeted to lysosomes, confirmed by confocal microscope images where was possible
to observe co-localization between GFP-KRAS and both LAMP1 and LAMP2, which are lysosomal
markers (Lu et al., 2009). Using fluorescent probes, it was shown that KRAS was active on Les
since it elicited a signal output through RAF to promote MAPK signaling cascade (Lu et al., 2009).
Moreover, KRAS was found to dissociate from the plasma membrane and relocate to ER, Golgi
and, mitochondria after action of PKC maintaining the capacity to induce MAPK pathway after EGF
stimulation (Bivona et al., 2006; Cazzanelli et al., 2018; Prior & Hancock, 2012).

Hereupon, RAS is present in different cellular compartments and plasma membrane
microdomains, and the same isoform activates different signaling networks according to its specific
localization (Fey, Matallanas, Rauch, Rukhlenko, & Kholodenko, 2016). Therefore, understanding
how RAS is targeted to cellular compartments can give us valuable information about RAS-mediated
signaling and, ultimately, about how RAS is involved in the tumorigenic process (Castellano &

Santos, 2011).

1.3. Autophagy: a double edge sword in cancer

Autophagy, the process of cellular self-eating, has long been recognized as an important
protein degradation pathway, particularly during starvation or stress. It refers to a collection of
tightly regulated catabolic processes, all of which deliver damaged cytoplasmic components to the
lysosome for degradation, sustaining cellular metabolism and homeostasis (Kaur & Debnath,
2015; Mah & Ryan, 2012). Thus, autophagy exerts opposing and context-dependent roles in
cancer, since it confers stress tolerance, limits damage and sustains viability under adverse
conditions acting either as a tumor suppressor and tumor promoting mechanism (Mathew,

Karantza-Wadsworth, & White, 2007).

1.3.1. Molecular mechanism of autophagy
Autophagy describes the process by which cellular proteins, organelles, and pathogens are
sequestered within a membranous crescent that elongates to form a double membrane-bound

structure called autophagosomes which subsequently fuses with the lysosome, where their
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contents are degraded and recycled into metabolic precursors (Greenfield & Jones, 2013;
Mizushima, 2007; Mizushima & Klionsky, 2007).

The molecular mechanism of autophagy can be broken down into several stages: initiation
and nucleation, elongation, maturation and cargo degradation (Figure 1.7.). Each step involves
several Atg (autophagy-related) proteins, most of which were first identified in yeast, suggesting
that autophagy is a highly conserved pathway through evolution (Badadani, 2012; He & Klionsky,
2009).

Phagophore initiation is triggered by inactivation of mammalian target of rapamycin
(mTOR) by certain signals including rapamycin and nutrient deprivation (Greenfield & Jones, 2013;
Yang, Chee, Huang, & Sinicrope, 2011). Under the control of mTORC1 is the ULK complex (ULK1,
Atgl3, Atgl01 and FIP200). When mTOR is inactivated, Atgl3 and FIP200 are phosphorylated by
ULK1 and the entire complex is relocated to the phagophore (Hale, Ledbetter, Gawriluk, & Rucker,
2013). The nucleation phase involves the formation of a phospholipid bilayer membrane known as
the isolation membrane or phagophore that will be the precursor to the mature autophagosome
membrane. It is a highly orchestrated process relying on class Ill phosphatidylinositol 3-kinase
(PI3K) complex, consisting of Vps34, Beclin 1, Vps15 and Atgl4L (Hale et al., 2013). This complex
serves to produce phosphatidylinositol-3-phosphate (Ptdins3P or PI3P) that recruit's complexes
and lipids from several membrane sources including endosomes and mitochondria (Kruppa,
Kendrick-Jones, & Buss, 2016) to elongate the phagophore membrane (Hale et al., 2013; Wong,
Cheung, & Ip, 2011).

The elongation of the phagophore involves two ubiquitin-like conjugation pathways
(Badadani, 2012). The first is the Atgb- Atgl2-Atgl6Ll complex and the second is the
microtubule-associated protein light chain 3 (LC3)-phosphatidylethanolamine complex (Greenfield
& Jones, 2013). LC3 is required for the elongation and remains associated with the completed
autophagosome (Y. K. Lee & Lee, 2016; Wong et al., 2011).

Following elongation, maturation of the autophagosome and degradation of the cargo
occurs. These steps involve fusion of the outer membranes of the autophagosome and lysosome
to form the autophagolysosome, which becomes acidified and delivers lysosomal hydrolases,
including cathepsins, into the compartment, ultimately degrading its contents (Greenfield & Jones,

2013).
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Aside from the Atg’s and the mTOR pathway, other proteins also participate in the process
of autophagy such as some of RAS downstream substrates, including JNK and ERK (Schmukler,

Kloog, & Pinkas-Kramarski, 2014).
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Figure 1.7. Major stages of the autophagic process. Autophagic process follows several stages:
autophagosome initiation and nucleation, where Beclin 1 association with the class Il phosphatidylinositol
3-kinase/Vps34 is essential; Elongation, involving the two ubiquitin-like conjugation pathways Atgl2-Atgl5
and LC3, and maturation and cargo degradation, characterized by fusion of the outer membranes of the
autophagosome and lysosome to form the autophagolysosome, which becomes acidified and delivers
lysosomal hydrolases into the compartment, ultimately degrading its contents (Adapted from (Meijer &
Codogno, 2009).

1.3.2. Role of autophagy in cancer

The findings of Yoshinori Ohsumi about the mechanism of autophagy, that award him the
Nobel Prize for Physiology or Medicine, highlighted the importance of autophagy in health and
disease (J. M. M. Levy, Towers, & Thorburn, 2017). Arguably, the disease in which the functional
status of autophagy has been investigated the most is cancer in which is thought to prevent its
progression as well as to enable tumor cell survival showing a controversial role (J. M. M. Levy et
al., 2017). Evidence suggests that autophagy may prevent cancer promotion in pre-malignant
lesions but contributes to tumor survival during cancer progression (Choi, 2012). Furthermore,
tumor cells are capable to use autophagy to escape from several anti-cancer therapies (Chen &
Karantza-Wadsworth, 2009). Thus, an important question arises in cancer therapy: autophagy

should be enhanced or inhibited?
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Cancer cells experience higher metabolic demands and stresses comparing to normal
cells, due to their rapid proliferation and altered glycolytic metabolism, therefore, autophagy plays
a similar role in tumor cells as it does in normal cells, but because the inherent stress tumor cells
encounter is greater, the dependence on autophagy may be more substantial (White & DiPaola,
2009).

Autophagy has been proposed to suppress tumorigenesis by preserving genomic stability,
disposing endogenous sources potentially mutagenic, maintaining normal bioenergetic functions
and degrading oncogenic proteins (Galluzzi et al., 2015). The most important evidences supporting
the role of autophagy in tumor suppression come from studies involving the essential autophagy
gene beclin 1 (Choi, 2012). Allelic loss of beclin 1 is frequent in human breast, ovarian and
prostate cancers (White & DiPaola, 2009) and its impaired function is described to lead to higher
incidence of lymphoma, liver and lung cancer in mice (Qu et al., 2003; Yue, Jin, Yang, Levine, &
Heintz, 2003). Also, the constitutive activation of the PI3K/AKT/mTOR pathway, that is frequently
altered in cancers, is known to suppress autophagy, thus promoting tumor cell proliferation and
survival (Martelli et al., 2007). Moreover, autophagy may protect against malignant transformation
through limiting necrosis and chronic inflammation (Z. J. Yang et al., 2011).

On the other hand, once malignant transformation is established, autophagy is believed to
promote tumor progression and resistance to therapy because under metabolic stress, cells seek
an alternative source of energy and metabolites, that autophagy is capable to satisfy (Degenhardt
et al., 2006). It is described that autophagy is able to promote tumor progression by improving the
resistance of cancer cells to endogenous conditions that normally induce cell death, ensuring the
maintenance of the transdifferentiation complex epithelial-to-mesenchymal transition (EMT) and
sustaining the survival of cancer cells that enter a state of dormancy or senescence in response to
therapy (Galluzzi et al., 2015). In a number of studies where established tumors were subjected to
genetic or pharmacological inhibition of autophagy, were demonstrated high sensitivity of cancer
cells to exogenous stimuli (Amaravadi et al., 2007; Boya et al., 2005; Kroemer, Marino, & Levine,
2010). Accordingly, tumors with impaired autophagy are usually less resistant to a wide range of
therapeutic agents as well as to radiotherapy comparing to their autophagy-proficient counterparts
(Janku, McConkey, Hong, & Kurzrock, 2011; Ko et al., 2014; J. M. Levy et al., 2014).

Summing up, autophagy has competing and context-dependent effects that are not
completely understood, however, the pharmacological modulation of this mechanism seems to

have significant clinical potential (Choi, 2012). Therefore, unraveling the context-dependent effects
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of autophagy on cancer is essential and should enable tailor interventions to specific situations (J.

M. M. Levy et al., 2017).

1.3.3. Relevance of actin cytoskeleton in autophagy

Actin, the major component of the cytoskeleton, is a 42 KDa globular protein (G-actin) that
polymerizes to form filaments (F-actin) in a reversibly manner. The assembly of actin filaments is
essential for correct performance of the multiple biological processes where actin is involved such
as cell motility and contraction, vesicle trafficking, intracellular organization and autophagy
(Desouza, Gunning, & Stehn, 2012). Actin dynamics is mainly regulated by the RHO family of
GTPases (namely RHOA, RAC1 and, CDC42) which play important roles in shaping the actin
cytoskeleton. Because voluntary actin filament assembly is difficult and is limited by the nucleation
of actin dimers and trimers, cells use the ARP2/3 complex and nucleation promoting factors such
as WHAMM and WASH to nucleate actin and overcome this limitation (Kruppa et al., 2016).

The general importance of the actin cytoskeleton in autophagy was demonstrated when
actin polymerization abolishment lead to impaired autophagosome formation, showing that
polymerization of actin is important at certain steps during the autophagic process after starvation
induction (Aguilera, Beron, & Colombo, 2012). Molecules such as Atgl4 and Beclin 1 were shown
to co-localize with actin during starvation induced autophagy, in contrast with LC3 that co-localized
only in some occasions leading the authors to conclude that actin is involved in very early stages
of autophagosome conception, likely at the omegasome (platforms that manufacture
autophagosomes) (Aguilera et al., 2012). Supporting these results, recently reports demonstrated
that upon autophagy induction, the actin nucleator WHAMM recruits ARP2/3 complex to
omegasomes providing the necessary conditions for phagophore expansion and subsequent
autophagosome formation (Kast, Zajac, Holzbaur, Ostap, & Dominguez, 2015). Together the data
support a role for WHAMM in autophagosome formation through an Arp2/3-dependent actin comet
tail mechanism (Coutts & La Thangue, 2016).

Interestingly, evidence suggests that in addition to its role in the initial stages of
autophagosome formation, the actin cytoskeleton is also required for the fusion of autophagosomes
with lysosomes. Lee and colleagues have demonstrated that during selective autophagy (not in
starvation-induced autophagy) histone deacetylase 6 (HDAC6)-mediated actin remodeling is
required for fusion of autophagosomes to lysosomes. Apparently HDAC6 recruits the actin

remodeling factor cortactin to autophagosomes thus promoting actin polymerization and
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reorganization which stimulates F-actin network assembly enabling fusion of the autophagosome

with the lysosomes and subsequent cargo degradation (J. Y. Lee et al., 2010).

1.3.4. Autophagy and its impact on colorectal cancer

The autophagic process is regulated by important signaling pathways that are frequently
altered in CRC (Burada et al., 2015). Activating mutations in class | PI3K, AKT and RAS, or
inactivating mutation in PTEN, have been shown to decrease autophagy through activation of
mTORC1 (Maiuri et al., 2009; Morselli et al., 2009). Moreover, it was reported that inactivating
mutation in PTEN impairs tight junction integrity, and consequently, stimulates tumor growth and
metastatic potential of colon cells (Langlois et al., 2010).

In advanced CRC cases, a high activity of mTOR has been observed, which is associated
with increased /n7 vifro and /n vivo cell growth, demonstrating the importance of mTOR pathway in
CRC progression and the possible role of autophagy in CRC (Y. J. Zhang et al., 2009).

In addition, other proteins and genes involved in the autophagy machinery may
demonstrate the impact of autophagy in CRC. For example, LC3-Il is overexpressed in CRC
compared to normal tissue, especially in advanced stages. Zheng et a/. reported that LC3-ll was
overexpressed in cancer cells and that autophagy enhanced the aggressiveness of CRC. Also,
BECN1, that encodes the Beclin 1 protein, is overexpressed in most colorectal carcinomas (95%)
compared to normal colon mucosa, being especially associated with advanced stages of CRC
(Burada et al., 2015; Mokarram et al., 2017). Moreover, mutations in UVRAG leads to the
expression of its truncated form in CRC enhancing metastasis through activation of the small

GTPase RAC (Mokarram et al., 2017).

1.3.5. KRAS and autophagy regulation in colorectal cancer: a tight bond

Since RAS isoforms have been implicated in autophagy regulation and mutation of the
KRAS oncogene is highly frequent in colorectal cancer, the scientific community questioned
whether/how mutant KRAS alleles regulate autophagy in CRC and its implications (Alves et al.,
2015). Yoo and colleagues have shown that oncogenic KRASe® blocks autophagy by down-
regulating Beclin 1 in colon epithelial cells (Yoo et al., 2010). However, Alves et a/. (2015), using
colorectal cancer cell lines, have reported that mutated KRASe:»and KRAS=» up-regulate autophagy
to a higher extent than wild-type KRAS in response to nutrient limitation, by up-regulating ERK
pathway and down-regulating the PI3K/AKT pathway (known to activate the autophagy inhibitor
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mTOR) (Alves et al., 2015). Also, to understand whether autophagy and/or KRAS are required for
CRC cell survival Zhai and colleagues (2013) have disrupted the autophagic flux in two colorectal
cancer cell lines (HCT116 and SW480) through the overexpression of microRNAs, what led to cell
growth inhibition both /n vitro and in vivo (Zhai, Song, Xu, Zhu, & Ju, 2013). Moreover, Sakitani
and co-workers (2015), demonstrated that mice deficient in Atgb exhibit increased expressions of
caspase 3 (key enzyme during apoptosis) in colon tumors and reduced tumor size (Sakitani et al.,
2015). Furthermore, Alves et al. (2015), depleted KRAS, Atgb and BECN1 by siRNA in the
colorectal cell line SW480 and observed that KRAS knockout increased the cell death compared to
control siRNA- transfected cells, being these results particularly evident under starvation conditions.
Depletion of Atgb or BECN1 had the same effect, though to a slightly lesser extent (Alves et al.,
2015).

To sum up, the interplay between RAS and autophagy on the survival of colorectal cancer
cells is complex, as it may have both pro- and anti-tumorigenic roles. However, recent data indicate
that autophagy mediated by activating KRAS mutations has a pro-survival role in CRC, suggesting
that blocking autophagy may be an effective treatment approach (Z. J. Yang et al., 2011).

1.4. Therapy in colorectal cancer

1.4.1. KRAS: a marker of therapy resistance in colorectal cancer

Regardless the fact that 25-30% of human cancers harbor mutations in RAS genes
(Fernandez-Medarde & Santos, 2011), and despite the increasing interest in exploring anti-RAS
therapeutic strategies and decades of deep investigation and attempts, none anti-RAS therapeutics
have reached clinical application (Hobbs, Der, & Rossman, 2016). This is also true for CRC
harboring KRAS mutations.

The main curative treatment for patients with CRC is surgery (Boland et al., 2000).
However, 50% of the patients with CRC develop metastases, and most patients with metastatic
colorectal carcinoma (mCRC) eventually die of their disease. Hence, chemotherapy plays an
important role in the treatment of patients with metastatic disease. Drugs that target the synthesis
of DNA such as 5-fluorouracil (5FU), oxaliplatin, irinotecan, and monoclonal antibodies (mAbs) that
block epidermal growth factor receptor (EGFR) signaling, such as cetuximab and panitumumab,

have been used in clinical trials (Hohla et al., 2014).
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In the last years, therapies that involve targeting of the EGFR with drugs such as cetuximab
and panitumumab, demonstrated effectiveness for patients with RAS*"mCRC, however, only a
small percentage of the patients respond to these therapies (Bokemeyer et al., 2011) and even
those who initially respond, eventually develop resistance to it (Volker Heinemann et al.).

Although little is known about the mechanism involved, KRAS mutations are a predictive
biomarker of resistance to EGFR inhibitors in mCRC and for that reason have been used to plan
the appropriate treatment decision (Heinemann, Douillard, Ducreux, & Peeters). Over the last
years, several trials have suggested that KRAS mutations in codon 12 or 13 do not benefit from
anti-EGFR therapy (Allegra et al., 2009; Van Cutsem et al., 2011). However, conflicting opinions
exist about KRAS mutation in codon 13 since some authors reported that patients carrying these
mutations might respond to anti-EGFR therapies (De Roock et al., 2010) whereas others showed
that patients with these mutations are unlikely to respond to these kind of therapeutic approaches
(Gajate et al., 2012).

In normal cells, upon growth factor (EGF) stimulation and the activation of its receptor
(EGFR), the inactive RAS protein changes transiently to the active form. However, KRAS"r sustains
the activated RAS-GTP form. This causes constitutive activation of downstream effectors, mainly
RAF in the RAF-MEK-ERK pathway and PI3KCA in the PISK-AKT-mTOR. This phenomenon possible
explains why treatments that block EGFR signaling are not efficient since KRAS oncogene is
unaffected by EGFR signaling (Tsuchida, Murugan, & Grieco, 2016). Furthermore, in addition of
being a key driver of primary resistance, KRAS mutations also participates in acquired resistance
since Bouchahda ef a/. (2010) reported that after treatment with cetuximab, patients developed
resistance, and when samples were screened for KRAS mutations, that previously did not exist,
KRAS mutations were detected, suggesting a late switch in KRAS mutational status after treatment
with anti-EGFR drugs (Bouchahda et al., 2010).

Besides KRAS, additional studies have shown that patients with NRAS, PI3KCA, and BRAF
oncogene mutations are also resistant to anti-EGFR therapy (Zhao et al., 2017). Because several
biomarkers and pathways are associated with resistance to anti-EGFR therapy, currently
approaches consist in targeting in a simultaneous or sequential manner different aberrant

biomarkers to improve treatment efficiency (Di Nicolantonio et al., 2008).
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1.4.2. New phenoxazine derivatives in cancer

Discovery of novel organic compounds for science life applications are currently the focus
of intense research because of their biological activity and modes of action. Among these, are the
cationic polycyclic phenoxazine derivatives, which are fluorescent markers that have assumed
increasing importance not only as probes but also as antiproliferative compounds with potential
antimicrobial and antitumoral applications (Abe, Yamane, & Tomoda, 2001; Bolognese et al.,
2002). Benzo[a]phenoxazines are derived from the oxazine heterocycle (Figure 1.8 A) and are
structurally characterized by the presence of a benzene ring fused with the a face of the
phenoxazine structure (Figure 1.8. B and C) (Jose, 2006). Besides the central structure of
benzophenoxazine, the major similarity between them, is the presence of an amine function at 9-
position (Jose, 2006). Furthermore, benzo[a]phenoxazines can have a functional group (amine,
carboxyl or hydroxyl group) at position 5 (Figure 1.8. C) that is essential for covalent labeling of
molecules as well as to enable other chemical modifications (V. Frade, Sousa, M.J., Moura, J., and

Goncalves, M.S., 2007).
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Figure 1.8. Molecular structure of Oxazine (A), Phenoxazine (B) and Benzo[a]phenoxazines (C).

Due to the presence of an extended aromatic system, it is suggested that their antitumoral
activity is exerted through intercalation between specific DNA base pairs, which is known to
influence DNA properties (Bolognese et al., 2006). Lewis et a/. (1949) reported that when oxazine
dyes and derivatives, were oral administered in tumor-bearing mice, these compounds had the
ability of retarding tumor growth, with benzo[a]phenoxazine derivatives demonstrating high
potential from a therapeutic point of view. Moreover, they shown that different substitutions give
rise to compounds with significantly differences in toxicity and selectivity (Lewis, 1949). Suzuki and
co-workers (2007), compared several phenoxazine derivatives in human normal and cancer cells

and among the compounds tested, it was WM7 33 compound (a benzo[a]phenoxazine salt) that
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presented the highest affinity and specificity to tumor tissues. The cell death mechanism induced
by this compound was also studied and it was found that apoptosis was not involved, since DNA
was not fragmented, and apparently autophagosome formation was inhibited (Suzuki, 2007). In
contrast, some reports have demonstrated that some phenoxazine derivatives display apoptotic
activity against different cell lines (Abe et al., 2001; Kucukkilinc, 2007) showing the huge versatility
of this class of compounds.

Importantly, the fact that these compounds tend to accumulate preferentially in tumor
cells, makes them potential cancer therapy agents that need further exploitation in order to

maximize their use.

1.4.2.1. MSG-111-cd3: a promising anticancer agent against colorectal cancer?

In the past years Professor Maria Jodo Sousa group in collaboration with the group of
Professor Sameiro Goncalves (University of Minho, Portugal) have been exploring the potential use
newly synthetized benzo[a]phenoxazine compounds as antifungal agents (V. Frade, Sousa, M.J.,
Moura, J., and Goncalves, M.S., 2007; V. H. J. Frade, Sousa, M. J., Moura, J. C. V. P., and
Goncalves, M. S. T., 2008). Among those, one in particular have attracted their interest, due to its
high antifungal activity, the N-(5-((4-ethoxy-4-oxobutyl)amino)-10-methyl-9H-
benzo[a]phenoxazin-9-lidene), also designated as MSG-111-cd3 (Figure 1.9.).

The studies using Saccharomices cerevisiae as a model, shown that MSG-111-cd3
accumulates at the vacuolar membrane with subsequent vacuolar membrane damage and
vacuolar permeabilization (Carvalho, 2011). Moreover, several cell death markers such as ROS
accumulation, vacuole membrane permeabilization, chromatin condensation and nuclear release
of Nhp6Ap (protein that remodels nucleosomes) were tested and it was observed that the
compound lead to Nhp6Ap release from the nucleus to the cytosol in yeast cells without loss of
plasma membrane integrity (J. C. C. Ferreira, 2014; Lopes, 2015). Furthermore, previous results
suggested that MSG-111-cd3 toxic effects may be due vacuolar membrane damage and vacuolar
permeabilization (Lopes, 2015). In order to further elucidate the cell death process induced by this
compound, Ferreira (2017) studied the consequences of vacuolar permeabilization, mainly the role
of Pep4p (vacuolar protease) in the cell death process and also explored the involvement of
autophagy. With these experiments, it was shown that MSG-111-cd3 yeast cell death is dependent
on Pep4dp and that the vacuole permeabilization lead to its translocation from the vacuole to the

cytosol. Moreover, autophagy seems not to be involved in the cell death mechanism induced by
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MSG-111-cd3. Indeed, the compound appears to block autophagy induction (J. C. C. Ferreira,
2017).

Because this compound has been exhibiting interesting results and arising several
questions in the yeast model, we tested for the first time this compound as a potential anticancer
agent in CRC derived cells and explore its mechanism based on the discoveries already made in

the yeast model.
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Figure 1.9. N-(5-((4-ethoxy-4-oxobutyl)amino)-10-methyl-9H-benzo[a]phenoxazin-9-lidene) (MSG-111-
cd3) structure.
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2. Rationale and aims

During the thesis project we had two different purposes:

Rationale 1: Several data available support a central role of mutated KRAS-signaling pathways in
the control of autophagy, which has been proved to have a protective role in colorectal cancer cells
(Alves et al., 2015; J. Y. Guo et al., 2011; J. Y. Guo et al., 2013; S. Yang et al., 2011). Differences
in subcellular localization of KRAS are able of generate different signal outputs. The localization of
KRAS" upon autophagy induction is still unknown. Here, we hypothesized that KRAS™™ might
regulate autophagy from specific intracellular compartments such as mitochondria and lysosomes,
and/or from organized molecular complexes with Gal-3 or actin filaments, that were already
described as important KRAS signal output modulators (Elad-Sfadia et al., 2004; Pollock et al.,
2005). Understand the interaction between KRASwr with different subcellular organelles or
molecules can provide valuable insights about KRAS"" signaling and might lead to the identification

of new molecular targets for new therapeutic approaches in CRC.

We specifically aimed to answer the following questions:

1. Does autophagy induction by starvation lead to co-localization of KRAS wild-type and mutated

proteins to mitochondria or lysosomes?
2. Are the complexes KRAS-Gal-3 and KRAS-actin affected under starvation-induced autophagy?

For this purpose, we performed immunofluorescence assays to assess co-localization and
protein-protein interaction. For that matter we used a normal colonic epithelial cell NCM460 model
where the wildtype KRAS (KRAS") and a specific hotspot KRAS mutation (KRASe2) were

individually overexpressed (Alves et al., 2015).

Rationale 2: KRAS mutations are a predictive biomarker of resistance to EGFR inhibitors, thus new
approaches to overcome this resistance are needed. The search for the discovery of new drugs
has increased all over the years. New phenoxazine derivatives have been synthesized in the
Department of Chemistry and have proven to be very promising. A new phenoxazine derivative
(MSG-111-cd3) was already tested in Saccharomyces cerevisiae and appears to block autophagy

induction and to induce cell death by a Pep4p (human Cat-D orthologue) dependent mechanism.
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Interestingly, we have previously demonstrated that yeast is an important translational model for
colorectal cancer concerning induction of lysosomal membrane permeabilization with Cat-D release
in response to acetate, a short chain fatty acid (Marques et al., 2013). Thus, we thought it would
be interesting to further investigate the effect of the MSG-111-cd3 agent in CRC cells, as a possible
new drug to be potentially used in CRC therapy.

We specifically aimed to answer the following questions:

1. Which is the effect of this newly synthesized compound MSG-111-cd3 in human colorectal
cancer cells? Is the mechanism of action in CRC cells similar to yeast? Could this compound be

promising anti-cancer agents for treatment of CRC with KRAS mutations?

To achieve our aim, we used the parental normal colonic epithelial cell line NCM460 and
CRC-derived cell lines RKO and SW480 harboring different genetic background and performed SRB
assay to analyze the effects of this compound in cell proliferation. Furthermore, to confirm if Cat-D
(Pep4p homologous) is involved in MSG-111-cd3 effect on CRC cells we silenced Cat-D using a
RNA interference (RNAI) approach.
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3. Material and methods

3.1. Cell lines and culture conditions

In order to perform the different experiments hereafter described, we used a noncancerous
NCM460 cell line and CRC-derived cell lines RKO and SW480.

NCM460 cell line, derived from healthy mucosal epithelium from the human colon and
was earlier transfected by our research group with lentiviral vectors (Alves et al., 2015) to express
a FLAG-tagged wild-type KRAS (KRAS") and a FLAG-tagged KRAS hotspot mutation (KRAS¢#). RKO
and SW480 are colorectal cancer-derived cell lines that harbor a mutation in BRAF*cand KRAS##,
respectively (Ahmed et al., 2013).

NCM460 and SW480 cells were grown in Roswell Park Memorial Institute (RPMI) 1640
medium with stable glutamine (Biowest) supplemented with 1% penicillin-streptomycin (Biowest)
and 10% heat-inactivated fetal bovine serum (FBS; Gibco, Invitrogen); RKO cells were grown in
Dulbecco’s Modified Eagle’s Medium (DMEM) High Glucose (Biowest) supplemented with 1%
penicillin-streptomycin (Biowest) and 10% heat-inactivated FBS (Gibco, Invitrogen). All cell lines
were plated onto 25 cm:tissue culture flasks, maintained in a humidified incubator with 5% CO. at
37 °C and seeded in sterile test plates for the different assays. For autophagy induction, cells
growing in complete medium were washed three times with phosphate buffer saline (PBS) 1x and
incubated for 6 hours in Hank's Buffered Salt Solution (HBSS; PAA, Austria) buffered with 2.2 g/I
NaHCO:..

To determine whether cells were infected with Mycoplasma, cultures were regularly tested
using a commercial kit (VenorTM GeM Mycoplasma Detection Kit, Sigma Aldrich), according to the

manufacturer’s protocol. Cells with positive results for Mycoplasma contamination were discarded.

3.2. Immunofluorescence assays and confocal microscopy

To understand if the subcellular localization of KRAS proteins changed under autophagy
induction by starvation we performed immunofluorescence assays with antibodies that targeted
specific molecules (Table 3.1.), in the NCM460 cell lines stably expressing the different FLAG-KRAS
constructs.

NCM460 cells were seeded on glass coverslips at 3 x 10¢ cells/well in 12-well plates. After

autophagy induction by nutrient starvation, cells were fixed in 4% paraformaldehyde (PFA) in PBS
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7.4 for 12 minutes at room temperature (RT) followed by washes with PBS 1x. Cells were
permeabilized with PBS-Triton X-100 0.2% for 7 minutes and blocked with 10% FBS for 30 minutes
at RT. Afterwards, the different protocols of immunofluorescence performed vary (Table 3.2.).

In one of the protocols, we used the primary antibodies TOMM20 and FLAG. It was
performed a simultaneous incubation of the antibodies, cells were incubated for 3h with TOMM20
and FLAG in a dilution of 1:500 and 1:150, respectively, at RT. On the other hand, in the
immunofluorescence protocols with LAMP2 and Gal-3 together with FLAG, we performed a
sequential incubation where we incubated one primary antibody at a time. In LAMP2 + FLAG
protocol we incubated cells first with LAMP2 antibody overnight (ON) in a concentration of 1:100
at 4°C and in the next day we added FLAG antibody for 3h in a dilution of 1:100, at RT. In Gal-3 +
FLAG protocol cells were first incubated with Gal-3 antibody ON at 4°C in a concentration of 1:100
and in the next day FLAG antibody was added during 1h30 in a dilution of 1:100, at RT. Following
primary antibodies, the secondary antibodies were added. The secondary antibodies used in these
assays were AlexaFluor488 Chicken Anti-Rabbit (Invitrogen™, A21441), AlexaFluor™ 488 Donkey
Anti-Goat (Santa Cruz Biotechnology, sc-2020) and, AlexaFluor™594 Goat Anti-Mouse (Invitrogen™,
R37121). Independently of the immunofluorescence protocol, secondary antibodies were added
simultaneously for 1h at RT, in a concentration of 1:2000.

The immunofluorescence protocol performed for phalloidin with FLAG is a different
protocol once the AlexaFluor™ 647 phalloidin (ThermoFisher Scientific, A2287) provide
fluorescence for itself not being necessary the use of a secondary antibody. In this case, we
incubated cells with the primary antibody FLAG for 3h, RT, in a dilution of 1:150, followed by the
incubation with the secondary antibody AlexaFluor™ 594 Goat Anti-Mouse for 1h, RT, in a dilution
of 1:2000. At last, AlexaFluor™ 647 phalloidin was added to the cells, in a dilution of 1:40 for 20
minutes, in the dark.

At the end, after the immunostaining process and independently of the
immunofluorescence protocol that was being followed, cells were stained with DAPI (Invitrogen™,
D1306) for 5 minutes and the coverslips were mounted with a mouting solution. Finally, images
were acquired in a confocal microscope in a magnification of 60x or 100x and processed with LAS

AF Leica Microsystems software.
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3.2.1. Co-localization analysis

After immunofluorescence images were obtained, the amount of co-localization between

the different probes was measured with the Just Another Co-Localization Plugin (JACop) of Image

J software. After set a suitable threshold, JACop plugin generated several coefficients that permitted

co-localization evaluation such as the Pearson’s coefficient, M1& M2 coefficients and overlap

coefficients for each image. All data were collected, analysed and the mean for each condition was

obtained and compared for main conclusions. Note that the same threshold was used for each

fluorochrome and applied for all conditions.

Table 3.1. Some specifications of the antibodies used in the immunofluorescence assays.

Primary antibody Temp. (°C) Target Biological source | Secondary antibody used
FLAG 20 FLAG-KRAS Mouse AlexaFluor™ 594 Goat
Sigma Aldrich, F1804 constructs Anti-Mouse
TOMM20 20 Mitochondrial Rabbit AlexaFluor™ 488 Chicken
Sigma Aldrich, mass Anti-Rabbit
hpa 011562
LAMP2 4 Lysosomal Rabbit AlexaFluor™ 488 Chicken
Abcam, ab18528 membrane Anti-Rabbit
Gal- 3 4 Galectin-3 Goat AlexaFluor™ 488 Donkey

Santa Cruz Biotechnology,

sc-19280

Anti-Goat
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Table 3.2. Variations between the immunofluorescence protocols performed.

Immunofluorescence | Primary antibodies dilution | Simultaneous primary Sequential primary
protocol antibodies incubation? antibodies incubation?
TOMM20 - 1:500 in 5% Yes
TOMM20 + FLAG FBS-PBS/Tween20 TOMM20 is incubated No
FLAG - 1:150 in 5% FBS- together with FLAG
PBS/Tween20 antibody for 3h'in a
humidified atmosphere.
LAMP2 - 1:100 in 1% FBS- Yes
LAMP2 + FLAG PBS/Tween20 No LAMP? is incubated ON at
FLAG - 1:100 in 1% FBS- 4°C whereas FLAG is
PBS/Tween20 incubated for 3h, in the next
day. Both are incubated in a
humidified atmosphere.
Gal-3- 1:100 in 5% FBS- Yes
Gal-3+ FLAG PBS/Tween20 No Gal-3 is incubated ON at
FLAG - 1:100 in 5% FBS- 4°C whereas FLAG is
PBS/Tween20 incubated for 1h30, in the
next day. Both are incubated
in a humidified atmosphere.
Phalloidin - 1:40 in PBS Yes
Phalloidin + FLAG 1x No FLAG is incubated for 3h in
FLAG - 1:150 in 5% FBS- a humidified atmosphere
PBS/Tween20 following incubation with the

respective secondary
antibody for 1h. At last,
Phalloidin is added for 20

min. in the dark.
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3.3. Sulphorhodamine B (SRB) assay and determination of MSG-111-CD3 ICxin
RKO, SW480 and NCM460 cell lines

MSG-111-cd3 compound is a phenoxazine derivative described as a promising antitumoral
agent synthetized by Professor Sameiro Goncalves group (University of Minho, Portugal). The
effects of the MSG-111-cd3 compound on cell proliferation were determined by the SRB assay in
RKO, SW480 and NCM460 KRAS* cell lines. The basis of this assay is the ability of SRB dye to
bind in a pH dependent manner with cellular proteins. Because this is a stoichiometric binding,
the amount of dye extracted from stained cells is directly proportional to the cell mass.

Cells were plated with a density of 4x10+(RKO), 1,75x10s (SW480), and 3x10s (NCM460)
cells/well and allowed to adhere for 24h at 37 °C, with 5% CO.. On the next day, increasing
concentrations (1 uM, 2.5 uM, 5 uM, and 7.5 uM) of the MSG -111-cd3 compound were added
to the respectively wells and the plates were incubated for 48h. For the SW480 cell line a 6 UM
concentration of MSG-111-cd3 was also tested. Besides the negative control only with cells and
growth medium, the highest concentration of the solvent where the compound was dissolved
(DMSO 0.1%) was also used as a second negative control, in order to discard any influence of
DMSO in the results. Briefly, after the incubation period, medium was discarded, and the cells
were fixed with 1 mL of ice-cold methanol in 1% acetic acid for at least 90 minutes at -20 °C. The
fixation solution was then removed, and plates were allowed to dry. Afterwards, 250 uL of 0.5%
SRB in 1% acetic acid solution were added and plates were incubated in the dark at 37 °C for 90
minutes. After the incubation time, plates were washed with 1% acetic acid, in order to remove
unbound dye, and after dry, 1 mL of Tris 10 mM was added. Finally, the absorbance at 540 nm
was read in a multi-plate reader (SpectraMax 340PC Molecular Devices). Values of inhibition of
cellular proliferation were expressed against the negative control (untreated cells), which was
considered as 100% of proliferation.

The results were obtained from at least three independent experiments, each experiment
was done in triplicate. The statistical analysis of comparisons of data from different groups versus
negative control were performed by ordinary one-way ANOVA followed by Dunnett's multiple
comparisons test, using GraphPad Prism version 6.01 for Windows, GraphPad Software, La Jolla
California USA. The ICs was determined applying a dose s response (variable slope) non-linear
regression using GraphPad Prism version 6.01 for Windows, GraphPad Software, La Jolla California

USA.
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3.4. RNA interference assay

RNA interference (RNAI) is a regulatory mechanism that uses small double stranded RNA
(dsRNA) molecules to direct homology-dependent control of gene activity (Aagaard & Rossi, 2007).
RNAi pathways are guided by small interfering RNAs (siRNAs), which derive from dsRNAs cleavage
by RNaselll endonuclease Dicer (D. Kim & Rossi, 2008). Each resulting siRNA is loaded into
Argonaute 2 (AGO2) and the RNA-induced silencing complex (RISC). The siRNA guide strand
recognizes target sites to direct mRNA cleavage through the catalytic domain of AGO2. Finally, the
endoribonuclease in the RISC cleaves the targeted mRNA leading to specific gene silencing (Sui &
Shi, 2005).

To unravel if Cathepsin-D is directly related to MSG-111-cd3 compound effects in RKO and
SW480 cells proliferation we silenced Cathepsin-D in cells treated with MSG-111-cd3 ICs and
performed SRB assays. For this assay the siRNA targeting cathepsin-D was purchased from
Dharmacon™ (A-003649-16-0005). The sense siRNA target sequence was: 5 -
GAAUGGUACCUCGUUUGAC - 3° for Human CTSD (Cathepsin-D). The control (non-silencing)
siRNA target sequence was 5 - AATTCTCCGAACGTGTCACGT - 3’ and was purchased from
Qiagen.

On the first day, RKO and SW480 were plated in 24-well plates at a density of 1.75x10¢
cells per well in complete DMEM and RPMI medium, respectively. Next day, after a 60% cell
confluence reached, cells were washed with PBS 1x and 375 L of OPTIMEM (Gibco) were added
to wells for 1h30. During this incubation time two distinct mixes were prepared under RNase free
conditions (Table 3.3.). Mix | was composed by OPTIMEM and siRNA whereas Mix Il was composed
by Lipofectamine 2000 (Invitrogen) and OPTIMEM. After prepared in separate, Mix Il was added to
Mix | followed by a 20-minute incubation at RT. Finishing the 1h30 incubation with OPTIMEM the
solution with both mixes was added to the cells for 14h. After the 14h of transfection, siRNA was
removed from the wells and cells were treated with MSG-111-cd3 ICs, previously determined. In
the remaining cells that were not treated with MSG-111-cd3, siRNA was removed and replaced by
complete DMEM or RPMI medium. After 48h incubation, SRB assay was performed according to
the described above.

The results were obtained from two independent experiments for RKO and from one
experiment for SW480, each experiment was done in triplicate. The statistical analysis of

comparisons of data from different groups versus negative control were performed by ordinary one-

32



way ANOVA followed by Dunnett’s multiple comparisons test, using GraphPad Prism version 6.01

for Windows, GraphPad Software, La Jolla California USA.

Table 3.3. RNAi assay Mix | and Mix Il composition. These values are calculated per well, for 24-well plates.

Mix | Mix 11
Conditions SiRNA Cat-D (uL) OPTIMEM (uL) Lipofectamine OPTIMEM (uL)
(Stock: 20 pM) 2000 (uL)
Negative control - 125 - -
(untreated cells)
siRNA scramble 2,5 60 3 59,5
(100 nM)
siRNA Cat-D 2,5 60 3 59,5
(100 nM)

3.4.1. RNA interference controls

Besides the usual controls of siRNA assays consisting of a negative control composed by
untreated cells and a non-silencing siRNA control (siRNA scramble), we did an extra control to
guarantee that Cat-D is silenced. For that, at the same time we performed the siRNA assay in the
24-weel plates, we plated RKO and SW480 cells in a 6-well plate and did another siRNA assay
without MSG-111-cd3 treatment. We follow the protocol described above, however, after the 48h
incubation cells were collected, protein extraction and quantification were performed and, finally,
samples were run in a polyacrylamide gel by western blotting to detect or not the presence of Cat-

D antibody.

3.4.1.1. Sample preparation for western blotting: cell lysis and protein extraction

After performed the siRNA Cat-D silencing protocol, cells in suspension were collected to
a 15mL falcon tube which was maintained on ice during all the process. In order to also collect
attached cells trypsin 0.05% (v/v) (dissolved in phosphate buffer saline - ethylenediamine tetra
acetic acid (PBS-EDTA)) (Gibco) was added to each well and transferred to the same 15 mL falcon
tube. Between these steps wells were washed with PBS 1x that was once again placed into the
15mL falcon tube to ensure the collection of all the cells. Cells were then centrifuged at 2000 rpm

for 10 minutes at 4°C and the pelleted cells resuspended in PBS 1x and transferred to
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microcentrifuge tubes. After another centrifugation at 1200 rpm for 5 minutes at 4°C, pellets were
suspended in RIPA Buffer and chilled on ice for 20 minutes. RIPA Buffer (50 mM Tris-HCI pH 7.5,
150 mM NaCl, 2 mM EDTA, 1% NP-40) disrupt cells enabling the extraction of membrane,
cytoplasmic and nuclear proteins and must be supplemented with 20 mM NaF, 20 mM Na.VO,, 1
mM PMSF and 50 uL/mL protease inhibitor cocktail (Roche) to prevent proteolysis and maintain
protein phosphorylation. After a final centrifugation at 14 000 rpm for 15 minutes, the protein
extracts present in the supernatants were transferred to a new microcentrifuge tube and kept at -

20 °C until protein quantification.

3.4.1.2. Sample preparation for western blotting: protein quantification

The estimation of protein concentration necessary for assessing the levels of specific
protein for western blotting was performed using a Bio-Rad DC Protein Assay Kit. This assay is
based on a principle where protein reacts with an alkaline copper tartrate solution and subsequently
reduces the folin reagent and leads to color development. The method entails the preparation of
five protein standards (from 0.25 mg/mL to 5 mg/mL) in RIPA buffer from a 10% BSA (bovine
serum albumin) stock solution. After this preparation, the wells of a 96-well plate were filled with 5
WL of each protein standard, 1 uL of sample + 4 uL of RIPA buffer and 5 uL of RIPA buffer (blank).
Afterwards, 25 L of reagent A’ (1000 L reagent A + 20 ulL reagent S) and 200 L of reagent B
were added to each well followed by a 15-min incubation in the dark at RT. After 15 min,
absorbances were read at 720 nm (Spectra Max 340PC - Molecular Devices) and the calibration
curve was obtained using the values of the BSA standards from which the concentration of the

samples was extrapolated.

3.4.1.3 Western blotting

Western blotting is a technique used to visualize proteins that have been separated by gel
electrophoresis. Firstly, samples were prepared by dilution in dH-0, addiction of Laemmli 4x buffer
(9.2% SDS, 5% [ - mercaptoethanol, 40% glycerol, 0.5% bromophenol blue and 0.25M Tris-HCl)
and denaturation by heat (at 95°C for 5 min). After this, samples were put on ice and were
prepared to be loaded onto the polyacrylamide gel.

The polyacrylamide gel used is divided into an upper stacking gel (625 yL 4x Tris-HCI pH
6.8, 50 uL SDS 10%, 625 uL 30% Acrylamide:0.8% Bisacrylamide, 50 uL 10% APS and 5 pL
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TEMED) of low percentage (with large pore size) and low pH, where the protein bands get squeezed
down and a resolving gel at a concentration of 10% (3353 uL 4x Tris-HCI, 70 uL 10% SDS pH 8.8,
1750 pL 30% Acrylamide:0.8% Bisacrylamide, 70 uL 10% APS and 7 pL TEMED) (pH 8.8) with
smaller pores that allow separation of the proteins in the sample based on their molecular weight.
Equal amounts of protein (25 ug) were loaded into the wells of the polyacrylamide gel, along with
molecular weight marker (4 uL) (Precision Plus Protein™ Dual Color Standards, Bio-Rad) and
electrophoresis run in a Mini-Protean lll electrophoresis system at 90 — 100V for about 1h30. The
running buffer 1x used during the run was diluted from running buffer 10x which was composed
by 0.25 M Tris base, 1.92 M Glycine and 1% SDS. After electrophoretic separation, proteins were
transferred to PVDF (polyvinylidene difluoride; Thermo Scientific) membranes after its’ activation
with methanol for 5 seconds, with the help of the Mini Trans-Blot System (Bio-Rad) at 100V for
1h30 in a cold environment. The transfer buffer 1x used in this step was diluted from transfer
buffer 10x which contains 0.25 M Tris base, 1.92 M and Glycine. As for the blocking step, which
consists in eliminating nonspecific binding sites, membranes were blocked for at least 1h at RT,
with 5% soy milk in PBST (PBS 1x and 0.1% Tween 20). After this procedure, membranes were
briefly washed with PBST and incubated overnight with the recommended dilution of primary
antibody at 4°C, using a roller mixer. On the next day, membranes were washed several times
with PBST and incubated with the secondary antibody conjugated with IgG horseradish peroxidase,
for 1h at RT. Finally, membranes were washed again with PBST and signal was developed and
detected using the Immobilon solutions (Millipore, Billerica) under a chemiluminescence detection
system, the Chemi Doc XRS (Bio-Rad Laboratories, Inc.).

The primary antibody used was anti- cathepsin-D (Merck chemicals, IMO3) in a dilution of
1:100 in 5% soy milk/PBST. The secondary antibody used was peroxidase conjugated AffiniPure

goat anti mouse IgG (Jackson ImmunoResearch) in a dilution of 1:1000 in 5% soy milk/PBST.

35



36



4. Results

4.1. KRAS cellular localization in NCM460 cells upon autophagy induction
Differences in subcellular localization of RAS isoforms or interactions with other proteins
provides one explanation for the apparent complexity of their signaling outputs (Hernandez-
Valladares & Prior, 2015; Prior & Hancock, 2012).
To investigate the possibility of KRAS co-localization with mitochondria, lysosomes, Gal-3
and actin filaments upon autophagy induction by starvation, we performed immunofluorescence

assays in a noncancerous NCM460 cell line expressing a FLAG-tagged wild-type KRAS (FLAG -
KRAS") and a FLAG-tagged KRAS hotspot mutation (FLAG - KRAS®?). For that, five antibodies were
used: FLAG antibody — which allow us to assess the localization of FLAG — KRAS""and FLAG -

KRAS®? constructs; a TOMMZ20 antibody to detect the mitochondrial network; a LAMP2 antibody
which is a lysosomal marker; a Gal-3 antibody to assess Galectin-3 protein and Phalloidin used to
stain and visualize F-actin.

We needed to optimize the dilution of FLAG, TOMM20 and LAMP2 antibodies (Figure 4.1.)
since our group never used these antibodies for immunofluorescence. The optimization assays
were performed in the NCM460 FLAG-KRAS""cell line under complete and starvation conditions.
The antibodies dilutions tested are summarized below, in table 4.1. After observation under the
fluorescence microscope, the best dilutions of the antibodies were 1:500 for TOMM?20, 1:100 for
LAMP?2 and 1:150 or 1:100 for FLAG antibody, depending on the second antibody used (Figure
4.1).

For the following immunofluorescence assays performed, the negative controls were
constituted by both secondary antibodies (except for the assay of KRAS-FLAG + Phalloidin 647,
where only the secondary antibody of FLAG-KRAS was used), under complete medium conditions,

and they did not cross-react when incubated together without the primary antibodies (Figure 4.2.).
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Table 4.1. Dilutions tested for the antibodies TOMM20, LAMP2, and FLAG.

Secondary

antibodies control

Primary antibody Dilutions tested Secondary antibody Dilutions tested
TOMM20 1: 200 and 1:500 AlexaFluorm488 1:2000
Chicken Anti — Rabbit
LAMP2 1:100; 1:150 and AlexaFluor488 1:2000 and 1:1000
1:200 Chicken Anti — Rabbit
FLAG 1: 100 and 1:150 AlexaFluorm594 Goat 1:2000
Anti — Mouse
NCM460 FLAG-KRAS"
DAPI AlexaFluor 594 AlexaFluor 488 Merge

FLAG-KRAS (r
1:150

TOMM20 (gre
1:500

FLAG-KRAS (red)

1:100
LAMP2 (gree
1:100
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FLAGKRAS (red)
1:150
TOMM20 (green)
1:500

E

wnipaw SSaH

FLAG-KRAS (red)
1:100
LAMP2 (green)
1:100

Figure 4.1. Optimized dilutions for TOMM20, LAMP2, and FLAG antibodies in NCM460 FLAG-KRAS* cell
line in complete and HBSS medium. A. Secondary antibodies control Goat Anti-Mouse 594 (red) and
Chicken Anti-Rabbit 488 (green). B. Fluorescence microscopy images of FLAG-KRAS and TOMM20
antibodies in NCM460 FLAG-KRAS*in complete medium — 60x magnification. C. Fluorescence microscopy
images of FLAG-KRAS and LAMP2 antibodies in NCM460 FLAG-KRAS" in complete medium - 100x
magnification. D. Fluorescence microscopy images of FLAG-KRAS and TOMMZ20 antibodies in NCM460
FLAG-KRAS"in HBSS medium - 60x magnification. E. Fluorescence microscopy images of FLAG-KRAS and
LAMP2 antibodies in NCM460 FLAG-KRAS"in HBSS medium - 100x magnification.
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FLAG-KRAS + LAMP2 FLAG-KRAS + TOMM20

FLAG-KRAS + Gal-3

FLAG-KRAS + Phalloidin

NCM460 FLAG-KRAS"
DAPI AlexaFluor 594 AlexaFluor 488 (green) Merge

Figure 4.2. Secondary antibodies negative controls of the different immunofluorescence assays performed.

NCM460 FLAG-KRAS™

AlexaFluor 594

AlexaFluor 488 (green)

Merge
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4.1.1 KRAS* but not KRAS=> co-localize with mitochondria

Here we wanted to understand if or to what extent mitochondria and KRAS co-localized
and if KRAS activating mutations induce changes in the localization. For that matter we used
TOMM?20 and FLAG antibodies and evaluated if autophagy induction under starvation conditions
(upon incubation with HBSS medium) led to mitochondrial network changes or KRAS relocalization
within the cell, in the two NCM460 cell lines: NCM460 FLAG - KRAS* and NCM460 FLAG -
KRASe2,

We observed that mitochondria have a well-defined network pattern in cells incubated in
complete medium in comparison with cells incubated in HBSS medium where an elongated
mitochondrial network as well as a more punctuate pattern are observed both in NCM460 FLAG -
KRAS* and NCM460 FLAG - KRASe=, Moreover, mitochondria seem to gain a perinuclear
localization when cells were exposed to nutrient limitation conditions (Figure 4.3.A and 4.4.A). Also,
it was evident that KRAS re-localized within the cell, as it has been already reported by previously
studies made by our group (Sara Alves, PhD thesis). In complete medium conditions KRAS
distributes along the plasma membrane whereas when cells were incubated with HBSS medium

KRAS became also cytosolic (Figure 4.3.B and 4.4.B).
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NCM460 FLAG-KRAS"

Complete medium HBSS medium
TOMM20 DAPI + TOMM20 TOMM20 DAP| + TOMM20
Complete medium HBSS medium
FLAG - KRAS DAPI + FLAG - KRAS FLAG - KRAS DAPI + FLAG - KRAS

o

Figure 4.3. Starvation leads to morphological alterations in mitochondria and causes KRAS relocalization,
in NCM460 FLAG - KRAS" cell line. A. After starvation induction by 6h incubation with HBSS medium,
mitochondria network has a more punctuate aspect and becomes perinuclear. B. KRAS acquires a cytosolic

distribution within the cell when starvation is induced instead of maintaining its typical plasma membrane
localization — 60x magnification.
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NCM460 FLAG-KRAS™

Complete medium HBSS medium
TOMM20 DAP| + TOMM20 TOMMZ20 DAPI + TOMM20
Complete medium HBSS medium
FLAG - KRAS DAPI + FLAG - KRAS FLAG - KRAS DAPI + FLAG - KRAS

B =

Figure 4.4. Starvation leads to morphological alterations in mitochondria and causes KRAS relocalization,
in NCM460 FLAG - KRAS*= cell line. A. After starvation induction by 6h incubation with HBSS medium,
mitochondria network has a more punctuate aspect and becomes perinuclear. B. KRAS acquires a cytosolic
distribution within the cell when starvation is induced instead of maintaining its typical plasma membrane
localization — 60x magnification.
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Observation of the double staining microphotographs of KRAS with mitochondria TOMM20
marker (Figure 4.5.), suggest that KRAS does not seem to co-localize with this organelle although
in NCM460 KRAS" in starvation conditions this conclusion was not so clear. Because our eyes are
not accurate tools to take this kind of conclusions we performed an analysis using the Just Another
Co-Localization Plugin (JACop) of Image J software that uses specific algorithms which calculate
several coefficients, such as Pearson’s Correlation Coefficient (PCC), Overlap Coefficient (OC) and
Mander's Overlap Coefficient (MOC), M1 and M2, in order to evaluate in a quantitative manner,
the amount of co-localization between the dyes through pixel intensity measurement.

PCC, ranging from -1 to 1, estimates the association strength between two proteins and
for that reason -1 indicates an inverse correlation; O no correlation whereas 1 a positive correlation
that can suggest partial or complete co-localization. Values between -0.5 and 0.5 do not allow to
conclude anything. Although PCC is a good parameter because it is independent of background
noise, it is insensitive to differences in signal intensities which is a limitation when working with
proteins with very different levels of expression (which is not our case). Thus, looking at PCC values
(Table 4.2.) it is possible to say that in both NCM460 cell lines seems to exist a positive correlation
between KRAS and mitochondria since we do not have negative results, however, we cannot
conclude anything because we have values below 0.5.

OC refers to an upgrade of PCC that considers the differences in intensities between two
channels and the background noise. It ranges from O to 1 meaning no or full co-localization,
respectively. From our OC values (Table 4.2.) we can observe differences among the KRAS
subtypes: independently of the nutrient conditions, when wild-type KRAS is present it co-localizes
with mitochondria, proven by the fact that the values are close to 1, whereas when mutated KRAS
is present it does not, since it presents values below 0.5, the minimum value to consider co-
localization (Figure 4.6.).

PCC and OC are useful for comparative analysis, but to estimate the quantity of co-
localization we should resort to MOC. M1 and M2 range from O to 1 and estimates the amount of
co-ocalization from one channel over another indicating the percentage of overlapping pixels
normalized against the total pixel intensity. In contrast with the information given by the OC values,
M1 and M2 parameter demonstrate that co-localization is a rare event, since we have values close

to zero (Table 4.2.).
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NCM460 FLAG-KRAS" NCM460 FLAG-KRAS™
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Figure 4.5. Co-immunofluorescence of FLAG-KRAS with TOMM20 in NCM460 cell lines in complete and
HBSS medium. A. Confocal images of FLAG-KRAS (red) + TOMMZ20 (green) in NCM460 FLAG-KRAS" (left)
and NCM460 FLAG-KRASe2(right) cells in complete and HBSS medium. B. Confocal images of DAPI + FLAG-
KRAS + TOMM20 (Merge) in NCM460 FLAG-KRAS" (left) and NCM460 FLAG-KRAS®2(right) cells in complete
and HBSS medium- 60x magnification.
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Table 4.2. Values of TOMM20/FLAG-KRAS co-localization analysis in both NCM460 cell lines, under
complete and incomplete nutrient conditions. Pearson’s Correlation Coefficient (PCC), Overlap Coefficient
(OC) and Mander's coefficients M1 and M2 were obtained performing the co-localization analysis by JACoP.
These values were adjusted to the threshold pre-defined for each fluorochrome and applied for all conditions
in order to have comparable results.

NCM460 FLAG - KRASw PCC 0ocC M1 M2
Complete medium 0,142 0,781 0,037 0,001
HBSS medium 0,243 0,879 0,229 0,000

NCM460 FLAG - KRAS=

Complete medium 0,156 0,401 0,081 0,000
HBSS medium 0,124 0,449 0,050 0,000
NCM460KRASWT NCM460KRASG12V
o o
S 1 S 1
5 08 g o8
£ 06 £ 06
S 04 8 04
= ]
< 02 0,88 g 02
E) & o
Complete HBSS medium Complete HBSS medium
medium medium

Figure 4.6. Graphical representation of the overlap coefficient between TOMM20/FLAG-KRAS in NCM460
cell lines, under complete and incomplete nutrient conditions. From the OC values, we may infer that only
wild-type KRAS (left) co-localizes with mitochondria, in both complete and incomplete medium conditions,
once the co-localization values are close to 1. In contrast, KRASe (right) presents co-localization values with
mitochondria (TOMMZ20) above 0.5 which mean that is very likely that these two molecules do not co-localize
in any nutrient conditions.

Overall the analysis performed suggest that KRAS* might have some mitochondria

localization which is lost when KRAS is mutated.
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4.1.2. KRAS seem to co-ocalize with lysosomes

In order to assess the possible KRAS localization with lysosome under starvation
conditions, we performed immunofluorescence assays with FLAG and LAMP2, which is a lysosomal
marker.

From the double staining microphotographs of FLAG-KRAS* and FLAG-KRASez with
LAMP2 (Figure 4.7.) it is possible to observe that in complete medium conditions both NCM460
cell lines present a heterogeneous distribution of lysosomes, however, it seems that lysosomes
exist in higher number in the cell line with mutated KRAS<2, consistent with induced autophagy.
When starvation was induced, in both cell lines, the number of lysosomes seemed to decrease and
tended to accumulate in the perinuclear region. Moreover, the merged figures suggested co-
localization between FLAG-KRAS/LAMP2 in all the conditions, by the presence of yellow and orange
(stronger signal) staining resulting from the overlap or proximity between green and red signals
(Figure 4.7.).

According to the PCC values (Table 4.3.) of this assay, we could say that these proteins
have some affinity in both cell lines because of the positive values exhibited, however, because
they are below 0.5 it is inconclusive. The OC values (Table 4.3.) close to 1 indicate that KRAS co-
localizes with lysosomes (Figure 4.8.) but once again, M1 and M2 coefficients were inconclusive.
Despite M2 values (referent to green signal intensity) proximity to zero means that green channel
barely contributes to the co-localization, M1 values (referent to red signal intensity) indicate that
red pixels co-localize with green pixels meaning that co-localization is a possibility. This situation
can be explained due to background noise, that tends to decrease M2 values to zero.

Our observations and quantification of the signals suggest that both forms of KRAS, KRAS

and KRASe co-localize with the lysosome.
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NCM460 FLAG-KRAS" NCM460 FLAG- KRAS™

Complete medium HBSS medium Complete medium HBSS medium

DAPI/FLAG-KRAS

DAPI/LAMP2

FLAG-KRAS/LAMP2

Merge

Figure 4.7. Co-immunofluorescence of FLAG-KRAS with LAMP2 in NCM460 cell lines in complete and HBSS
medium. A. Confocal images of FLAG-KRAS (red) + DAPI in NCM460 FLAG-KRAS" (left) and NCM460 FLAG-
KRAS* (right) cells under complete and HBSS medium. B. Confocal images of LAMP2 (green) + DAPI in
NCM460 FLAG-KRAS" (left) and NCM460 FLAG-KRAS®# (right) cells under complete and HBSS medium. C.
Confocal images of FLAG-KRAS (red) + LAMP2 (green) in NCM460 FLAG-KRAS" (left) and NCM460 FLAG-
KRAS*#(right) cells under complete and HBSS medium. D. Confocal images of DAPI + FLAG-KRAS + LAMP2
(Merge) in NCM460 FLAG-KRAS" (left)and NCM460 FLAG-KRAS¢* (right) cells under complete medium and
starvation conditions — 100x magnification.
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Table 4.3. Values of LAMP2/FLAG-KRAS co-localization analysis in both NCM460 FLAG-KRAS cell lines,
under complete and incomplete nutrient conditions. Pearson’s Correlation Coefficient (PCC), Overlap
Coefficient (OC) and Mander’s coefficients M1 and M2 were obtained performing the co-localization analysis
by JACoP. These values were adjusted to the threshold pre-defined for each fluorochrome and applied for

all conditions in order to have comparable results.

NCM460 FLAG — KRAS* PCC 0oC M1 M2
Complete medium 0,260 0,761 0,415 0,005
HBSS medium 0,350 0,912 0,458 0,013
NCM460 FLAG - KRASz=
Complete medium 0,290 0,912 0,376 0,007
HBSS medium 0,297 0,853 0,523 0,004
NCM460KRA5WT NCM460KRA3612V
o 1 g 1
o) )
= 08 5 08
S 06 2 06
T 04 S 04
& 02 2 02 0,91
g 0 g o
o Complete HBSS medium Complete HBSS medium
medium medium

Figure 4.8. Graphical representation of the overlap coefficient between LAMP2/FLAG-KRAS in NCM460 cell
lines, under complete and incomplete nutrient conditions. From the OC values we may infer that both wild-
type (left) and mutated KRAS (right) co-localizes with lysosomes, under complete and incomplete medium
conditions, once the co-localization values are close to 1.
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4.1.3. Galectin-3 co-localize with KRAS

Galectin-3 (Gal-3) is a binding protein capable to interact with activated KRAS and control
its signal outputs, thus interactions between Gal-3 and KRAS constitute an important subject of
research. Taking this into account, we aim to investigate the interaction between Gal-3 and KRAS
under autophagy induction by starvation.

From the confocal photos (Figure 4.9.) we can observe that Gal-3 presents a dotted staining
more evident in NCM460 FLAG-KRAS®? cell line, possibly suggesting that this molecule is more
expressed in these cells. Furthermore, Gal-3 display a heterogeneous distribution in the cytoplasm
and at the perinuclear region. In addition, some nuclear localization is also found. Concerning
FLAG-KRAS its localization is at the membrane and at the cytoplasm. Moreover, co-localization
between FLAG-KRAS/ Gal-3 is suggested by the evident yellow staining observable in all the
conditions. In NCM460 FLAG-KRAS®# cell line under starvation conditions, instead of a yellow
staining it is visible an orange staining suggesting that one signal might be stronger than the other.

By quantifying co-localization levels (Table 4.4.), it is possible to infer from PCC values that
these proteins have a positive correlation, since we obtained values between 0.5 and 0.6, in both
cell lines. Accordingly, OC values demonstrated high levels of co-localization presenting values
between 0.8 and 0.9, meaning almost full co-localization (Figure 4.10.). However, we faced the
same problem previously described, when observing M1 and M2 values, which were inconclusive.

In conclusion our data suggest that Gal-3 co-localize with KRAS* and KRASezin NCM460

cells.
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NCM460 FLAG-KRAS" NCM460 FLAG-KRAS™

Complete medium HBSS medium

Complete medium HBSS medium

DAPI/FLAG-KRAS

DAPI/Gal-3

FLAG-KRAS/Gal-3

Merge

Figure 4.9. Co-immunofluorescence of FLAG-KRAS with Gal-3 in NCM460 cell lines in complete and HBSS
medium. A. Confocal images of FLAG-KRAS (red) + DAPI in NCM460 FLAG-KRAS" (left) and NCM460 FLAG-
KRASe (right) cells under complete and HBSS medium. B. Confocal images of Gal-3 (green) + DAPI in
NCM460 FLAG-KRAS" (left) and NCM460 FLAG-KRAS*# (right) cells under complete and HBSS medium.
C. Confocal images of FLAG-KRAS (red) + Gal-3 (green) in NCM460 FLAG-KRAS" (left) and NCM460 FLAG-
KRAS* (right) cells under complete and HBSS medium. D. Confocal images of DAPI + FLAG-KRAS + Gal-3
(Merge) in NCM460 FLAG-KRAS" (left) and NCM460 FLAG-KRASe (right) cells under complete and HBSS
medium - 100x magnification.
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Table 4.4. Values of Gal-3/FLAG-KRAS co-localization analysis in both NCM460 FLAG-KRAS cell lines, under
complete and incomplete nutrient conditions. Pearson’s Correlation Coefficient (PCC), Overlap Coefficient
(OC) and Mander's coefficients M1 and M2 were obtained performing the co-localization analysis by JACoP.
These values were adjusted to the threshold pre-defined for each fluorochrome and applied for all conditions
in order to have comparable results.

NCM460 FLAG — KRAS* PCC oC M1 M2
Complete medium 0,602 0,919 0,927 0,015
HBSS medium 0,582 0,921 0,909 0,016
NCM460 FLAG — KRASs»
Complete medium 0,590 0,903 0,801 0,026
HBSS medium 0,541 0,891 0,729 0,031
NCM460KRA5WT NCM460KRA5612V
g 1 g !
S 08 2 08
£ 06 2 06
g 04 S 04
% 0,2 Tg 0,2 0,89
3 0 3 0
Complete HBSS medium Complete HBSS medium
medium medium

Figure 4.10. Graphical representation of the overlap coefficient between Gal-3/FLAG-KRAS in NCM460 cell
lines, under complete and incomplete nutrient conditions. From the OC values we may infer that both wild-
type (left) and mutated KRAS (right) co-localizes with Gal-3, under complete and incomplete medium
conditions, once the co-localization values are close to 1.
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4.1.4. KRAS mutation might influence actin polymerization

Actin filaments of the cytoskeleton have an active participation in events of autophagosome
formation during starvation conditions and most aspects of its dynamics are regulated by the RHO
family of GTPases (Kruppa et al., 2016; Zientara-Rytter & Subramani, 2016). Thus, we questioned
if autophagy induction by starvation might change the structure of actin in NCM460 cells with
KRAS"and KRAS* and if the actin structure within the cell differed between the two cell lines. For
that we assess the localization between FLAG-KRAS and Phalloidin probe (F-actin) in normal and
autophagic conditions.

Confocal microphotographs of FLAG-KRAS and Phalloidin (Figure 4.11.) have shown a
clear rearrangement of actin cytoskeleton under limiting-nutrient conditions with differences
between the cell lines used. Under complete medium conditions actin exhibits the typical
heterogeneous distribution of cytoplasmic projections that support cytoskeletal elements needed
for roles in sensing, migration and cell-cell interaction. On the other hand, when autophagy was
induced, it was possible to observe membrane ruffling, which contains a meshwork of newly
polymerized actin filaments, indicating that they are formed via actin polymerization. However,
whereas ruffles from the NCM460 FLAG-KRAS* cells are smaller and derived exclusively from the
cell edges, the NCM460 FLAG-KRASe cells demonstrate a higher and more confusing ruffling
which occur in a disseminate manner, suggesting that these changes could be due to the presence
of mutated KRAS. Furthermore, the yellow/orange staining exhibited in these microphotography’s
suggest co-localization between FLAG-KRAS and F-actin.

From the quantitative analysis (Table 4.5.) PCC as well OC values (Figure 4.12))
demonstrated a positive correlation and co-localization possibility since we obtained values above
0.5 and between 0.8 and 0.9, respectively, meaning a high degree of co-localization. M1 and M2
values were, once more, inconclusive.

Our results suggest that KRAS might co-localize with actin clusters in the NCM460 cells

and that induction of autophagy lead to changes in actin network polymerization.
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Figure 4.11. Co-immunofluorescence of FLAG-KRAS with Phalloidin 647 in NCM460 cell lines in complete
and HBSS medium. A. Confocal images of FLAG-KRAS (red) + DAPI in NCM460 FLAG-KRAS" (left) and
NCM460 FLAG-KRAS:: (right) cells under complete and HBSS medium. B. Confocal images of Phalloidin
647 (green) + DAPI in NCM460 FLAG-KRAS" (left) and NCM460 FLAG-KRAS: (right) cells under complete
and HBSS medium. C. Confocal images of FLAG-KRAS (red) + Phalloidin 647 (green) in NCM460 FLAG-
KRAS" (left) and NCM460 FLAG-KRAS®(right) cells under complete and HBSS medium. D. Confocal images
of DAPI + FLAG-KRAS + Phalloidin 647 (Merge) in NCM460 FLAG-KRAS" (left) and NCM460 FLAG-KRAS::
(right) cells under complete and HBSS medium - 100x magnification.
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Table 4.5. Values of Actin/FLAG-KRAS co-localization analysis in both NCM460 FLAG-KRAS cell lines, under
complete and incomplete nutrient conditions. Pearson’s Correlation Coefficient (PCC), Overlap Coefficient
(OC) and Mander's coefficients M1 and M2 were obtained performing the co-localization analysis by JACoP.
These values were adjusted to the threshold pre-defined for each fluorochrome and applied for all conditions
in order to have comparable results.

NCM460 FLAG — KRAS* PC 0oC M1 M2
Complete medium 0,581 0,825 0,598 0,043
HBSS medium 0,557 0,882 0,416 0,068
NCM460 FLAG — KRASx
Complete medium 0,542 0,897 0,742 0,030
HBSS medium 0,592 0,853 0,692 0,099
NCM460KRASWT NCM460KRASG12V
8 1 g 1
5 08 £ os
% 0,6 % 0,6
g 0,4 i 0,4
g 02 0,83 0,88 3 02 0,85
(@] 0 o 0
Complete HBSS medium Complete HBSS medium
medium medium

Figure 4.12. Graphical representation of the overlap coefficient between Phalloidin/ FLAG-KRAS in NCM460
cell lines, under complete and incomplete nutrient conditions. From the OC values we may infer that both
wild-type (left) and mutated KRAS (right) co-localizes with actin, under complete and incomplete medium
conditions, once the co-localization values are close to 1.
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PCC and OC are suitable for comparative analysis but not for the estimation of the quantity
of co-localization, for this reason Mander’'s overlap coefficient, M1 and M2 (MOC) were also
calculated. M1 and M2 not only give us the degree of overlap, but also the estimation of the
contribution of each channel in the co-localized areas (Adler & Parmryd, 2010; Comeau,
Costantino, & Wiseman, 2006; Zinchuk, Zinchuk, & Okada, 2007). However, M1 and M2
parameters obtained in each immunofluorescence assay performed were unreadable and
inconclusive. It is important to remember that confocal images suffer from a high level of
background noise, thus analyze and correct the background is essential for properly co-localization
measurements. The extent of background depends on factors such as the intensity of
immunofluorescence or the models of microscopes used to acquire images and will impact the
outcome of the coefficients calculation. Another obstacle in obtaining reliable coefficients results is
the high crosstalk between fluorophores which makes confocal images unusable for quantitative
co-localization analysis (Zinchuk et al., 2007). Taking this into account, it is suggested that the
background noise could be responsible to the low M2 values observed, once it tends to decrease
it to zero. Moreover, although we selected fluorophores with well-separated excitation and emission
spectra and confirmed the absence of cross-reaction between our antibodies through the negative

controls, crosstalk between the fluorophores could also explain these results.
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4.2. Effect of MSG-111-cd3 compound in colorectal cancer cells

As referred above, MSG-111-cd3 is a phenoxazine derivative with antiproliferative
proprieties which has been tested as an antimicrobial agent. Previous results have shown that
MSG-111-cd3 decreased cell survival in the yeast model. Also, in a preliminary assay it was
observed that cell death process induced by this compound is dependent of the vacuolar protease

Pep4p, whose homologous in human cells is Cathepsin-D (Cat-D).

4.2.1. MSG-111-d3 decreased cell growth in colorectal cancer cells but not in normal cells

We used colorectal cancer derived cell lines RKO and SW480 and a noncancerous cell line
derived from normal colon epithelial cells NCM460, to evaluate the effect on cell growth of different
concentrations of the MSG -111-cd3 compound by Sulphorhodamine B (SRB) assay.

We could observe that upon exposure to the compound, CRC and normal cells showed
different sensitivities (Figure 4.13.). RKO cell line was the most sensitive cell line exhibiting a
significant inhibition of cell growth at low doses of the compound. In SW480 cell line the compound
also induced cell growth inhibition but for higher concentrations when compared with RKO cells.
Interestingly, normal colon derived cell NCM460 shown high resistance to this compound when
compared to CRC cells as for concentrations of compound that showed to have a drastic effect in

colorectal cancer cells only a discreet decrease in cell growth was observed.
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Figure 4.13. Effect of MSG-111-cd3 on cell proliferation of RKO, SW480 and NCM460 cell lines, determined
by SRB assay. RKO, SW480 and NCM460 cell lines were incubated for 48 hours with increasing
concentrations of MSG-111-cd3. Percentage of cell growth relatively to the negative control in RKO (left),
SW480 (middle) and NCM460 cell line (right). These percentages were determined after the period of
incubation and expressed as a mean + SD for each treatment, from at least three independent experiments.

The concentration that inhibit 50% of cell growth (ICs) were determined and confirmed the

different sensitivity of the cell lines to the MSG-111-cd3 compound.

The ICs of RKO and SW480 cells were 1.4 uM and 5.6 uM, respectively, whereas the 1Cx

of NCM460 estimated by extrapolation is about 12.8 uM (Figure 4.14), confirming that RKO and

SW480 cells were more sensitive to the compound comparing to NCM460 cells.
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Figure 4.14. RKO and SW460 have an ICsVvalue significantly lower than NCM460. ICs values determined
using GraphPad Prism 6 software, applying a dose vs. response non-linear regression (n=3).

4.2.2. Cathepsin-D might have a protective role in response to MSG-111-cd3 compound

In order to understand if Cat-D (whose homologous is Pep4p vacuolar protease in yeast)
is involved in the cell-death mechanism induced by MSG-111-cd3, as demonstrated in yeast, we
silenced Cat-D in CRC cells followed by treatment with the 1Csof MSG-111-cd3 and analyzed the
effect in the cell proliferation.

Our preliminary results (Figure 4.15.) showed in both RKO and SW480 cell lines, that
cathepsin-D silenced sensitizes the cells to MSG-111-cd3 compound having a more potent effect
than the ICsof the compound alone.

Although preliminary, these results suggest that cathepsin-D might have a protective role
in response to the compound and might act as a mechanism of cell defense against the compound.

It is important to say that the experiments must be repeated to decrease the standard
deviation and to obtain accurate conclusions. However, it is intriguing, that in both cell lines
cathepsin-D silencing sensitizes the cells to MSG-111-cd3 compound having a more potent effect

than the ICsof the compound alone.
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Figure 4.15. Cat-D silencing effects in RKO and SW460 cell lines together with MSG treatment. Cat-D seems
to have a protective role against the antiproliferative effects of MSG-111-cd3 compound since when it is
silenced cell death is enhanced. These percentages were determined after the period of incubation and, in
the case of RKO, expressed as a mean + SD for each treatment, from two independent experiments. For
SW480, only one experiment is represented. Western blot analyses showed that Cat-D (28, 48 and 50 KDa)

was inhibited.
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5. Discussion

Despite the advances in surgical techniques and chemotherapy, colorectal cancer (CRC)
is still the third leading cause of cancer and cancer related death worldwide (Loree et al., 2017).
Most colorectal cancers arise from adenomas, in a process described as the adenoma-carcinoma
sequence. Like other cancers, initiation and progression of CRC are associated with alterations in
key regulatory genes (Ashktorab et al., 2010). Among the regulatory genes affected, KRAS
oncogene is one of the most frequently mutated oncogene in CRC being mutated in approximately
35%-45% of CRC cases (Tan & Du, 2012). The most common mutations in this gene are the point
substitutions mutations in codons 12 (KRAS®? or KRAS ¢2°) and 13 (KRASe:») that are associated
with significantly poorer survival after diagnosis (Phipps et al., 2013).

KRAS is a member of the GTPase family capable of changing from an inactive state GDP-
bound to an active state GTP-bound thus triggering several signaling cascades in the cell by
interaction with its effectors (Filchtinski et al., 2010). When KRAS carries the above-mentioned
mutations, conformational changes occur so that KRAS is continuously in its active state, causing
persistent stimulation of downstream signaling pathways, such as MAPK and PI3K, that drive many
of the hallmarks of CRC (Fernandez-Medarde & Santos, 2011).

KRAS-mediated signaling depends on its level of enrichment on the plasma membrane
(PM) (Schmick et al., 2014) as well as its localization within the cell, which is dictated by its
hypervariable region (HVR). Indeed, subcellular localization influences the biological outcome of
RAS (Casar et al., 2009). KRAS is described to be involved in a wide variety of signaling networks
connecting a large set of upstream signals to a vast extent of downstream pathways related to cell
cycle progression, growth, cytoskeletal changes, senescence, apoptosis and more recently,
autophagy (Alves et al., 2015; Amaravadi, 2015; Fernandez-Medarde & Santos, 2011).

Autophagy is a self-degradative process that is important for balancing sources of energy
at critical times in response to nutrient stress (Glick, Barth, & Macleod, 2010). Upon starvation,
this mechanism can promote either cell survival or death, having both tumor-promoting as well as
tumor suppressing properties (Das, Shravage, & Baehrecke, 2012).

It appears that RAS can upregulate or downregulate autophagy through several signaling
pathways, making this crosstalk highly complex (Schmukler et al., 2014). Specifically, in the case

of KRAS, our group and others have shown that KRAS mutations are associated with increased
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autophagic levels, which seems to enhance cell survival (Alves et al., 2015; J. Y. Guo et al., 2011;
J.Y. Guoetal., 2013; S. Yang et al., 2011).

In the last years, our group have been focusing on understanding the role of KRAS
mutations in the carcinogenic process of CRC. Indeed, the group had already explored the role of
mutant KRAS alleles in autophagy in both non-cancer colon cells derived from normal human colon
epithelium and CRC-derived cell lines as well as in a “humanized” Saccharomyces cerevisiae
model. The major findings of these studies reported that KRAS mutations up-regulated autophagy
in both human colon cell lines and yeast models, and accordingly, downregulation of KRAS by
siRNA in CRC-derived cell lines lead to impaired autophagic flux (Alves et al., 2015).

Taking into account the results obtained, we questioned if the subcellular localization of
mutated KRAS might be important in the control of autophagy mechanism induction in the cell, by
interacting with molecules or organelles important for KRAS activation platform. Here we wanted
to understand if upon autophagy induction conditions (nutrient limitation), KRAS changed its
localization in the cell. Thus, we questioned if KRAS upon starvation-induced autophagy could re-
localize to mitochondria and/or lysosomes. Furthermore, we also explored whether Gal-3/KRAS
and actin/KRAS known interactions might change upon autophagy induction. For that, we used
two NCM460 cell lines, one with wild-type KRAS and other with a mutated KRAS (KRAS<%), and we
performed immunofluorescence to determine KRAS co-localization with these subcellular
compartments/molecules.

Our immunofluorescence assay using FLAG-KRAS and TOMMZ20, showed that when
starvation was induced mitochondria acquired a more perinuclear distribution and that KRAS
suffered a re-localization acquiring a sub-membranous/cytosolic distribution in NCM460 cells.
During starvation induction, autophagy has been reported to be an essential event among
eukaryotic models, such as in S. cerevisiae, for which cells with impaired autophagy die more
readily when deprived of carbon and nitrogen (Scott et al., 1996; Tsukada & Ohsumi, 1993). As
described in previous chapters, for proper autophagy, autophagosome formation is required,
however, the specific membrane origin of autophagosomes remains unclear (Juhasz & Neufeld,
2006) with studies reporting contribution from a wide range of sources such as the endoplasmic
reticulum (ER), trans-Golgi network (TGN), and mitochondria (Axe et al., 2008; Reggiori, Shintani,
Nair, & Klionsky, 2005; Young et al., 2006), thus suggesting the possibility that the membrane of
autophagosomes could be variable. Hailey and co-workers explored the formation of starvation-

induced autophagosomes in a mammalian tissue culture cell model and reported that
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mitochondrial outer membranes are used in autophagosome biogenesis (Hailey et al., 2010).
Moreover, they demonstrate that the mitochondria-lipids delivered to the autophagosome
membrane formation came from ER which is the “maijor lipid factory” within the cell. Indeed they
showed that when mitochondria/ER connection was perturbed, the formation of starvation-induced
autophagossomes was inhibited (Flis & Daum, 2013; Hailey et al., 2010). Taking this into account
we could hypothesize that the reason why we observed that upon autophagy induction
mitochondria moved to the perinuclear region, might be due to the fact that in eukaryotic cells the
nucleus is surrounded by ER. In this way, mitochondria movement from the cytosol to surrounding
zones of the nucleus could allow them to tether with ER, recruit the necessary lipids and enable
autophagosome formation, thus supporting autophagy during the nutrient stress period. Moreover,
Gomes and colleagues (2011), have demonstrated that during autophagy mitochondria elongates,
what could possibly explain why we observed an elongated mitochondrial network upon starvation:
it elongates to sustain cellular ATP levels and viability and thus promoting autophagy (Gomes, Di
Benedetto, & Scorrano, 2011).

KRAS re-localization from plasma membrane to the cytosol strongly suggests that, when
autophagy is stimulated, this isoform can move between compartments by diffusing through the
cytosol supporting that KRAS could interact with a large set of organelles. Indeed, exciting new
developments have shown that RAS is able to signal from intracellular organelles in addition to the
plasma membrane (Hancock, 2003). Great evidence of that was reported by Chiu and colleagues
(2002) which have shown that oncogenic HRAS and NRAS engage RAF at the Golgi and that
unpalmitoylated HRAS is activated in response to mitogens at the ER with subsequent triggering of
ERK pathway (Chiu et al., 2002).

Confocal immunofluorescence images of FLAG-KRAS/TOMM20 analyzed for co-
localization levels using the overlap coefficient (OC), a variation of PCC, which considers the
differences in intensities between two channels and the background noise (Adler & Parmryd, 2010;
Comeau et al., 2006), suggested that KRAS"™ seems to co-localize to the mitochondria and that
KRAS#> presence had a vital role in preventing FLAG-KRAS co-localization with TOMMZ20 since in
the cell line with wild-type KRAS co-localization is found either in complete medium and starvation
conditions, according to its OC values above 0.7. One possible explanation for these results rely
on Bivona and co-workers (2006) reports which demonstrated that protein kinase C (PKC)
phosphorylation of wild-type KRAS promote release from the PM and translocation to several

internal membranes, including ER and mitochondrial membrane (Bivona et al., 2006). Because it
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is described that PKC requires phosphoinositide 3-kinase (PI3K) to become active (Cosentino-
Gomes, Rocco-Machado, & Meyer-Fernandes, 2012) and autophagy induced by KRAS" is
mediated through up-regulation of MEK pathway and down-regulation of PI3K pathway (Alves et
al., 2015), we may hypothesize that co-localization between KRAS#z»and mitochondria does not
occur since PI3K signaling pathway is downregulated not allowing PKC activation, and
subsequently not allowing KRAS phosphorylation by PKC thus preventing its translocation to the
mitochondria.

Unexpectedly, this translocation relates to cell death, that was firstly associated with Bcl-
xL dependent apoptosis induction (Bivona et al., 2006). However, when Sung and co-workers
(2013) investigate the mechanism behind this effect, they demonstrated that KRAS associates with
inositol triphosphate (InsP3) receptors (IP3Rs) on the ER, in a BclxL dependent manner, thereby
blocking the ability of BclxL to potentiate the InsP3 regulated release of calcium from ER to
mitochondria that is required for efficient respiration and inhibition of autophagy (Sung et al.,
2013). In contrast to what was previously reported by Bivona and co-workers, Sung and colleagues,
found that KRAS phosphorylation by PKC did not activate apoptosis but instead is associated with
induction of autophagy by blocking BclxL and its control over InsP3, thus enhancing autophagy
(Sung et al., 2013). The fact that wild-type KRAS signaling through IP3Rs at the ER promotes cell
death, led us to question why is KRAS* co-localized with mitochondria both under normal and
autophagy-induction conditions? Could KRAS" localize at the mitochondria to regulate the balance
between apoptosis and autophagy?

Immunofluorescence results using FLAG-KRAS and LAMP2 showed that lysosomes have a
heterogeneous distribution. Interestingly the cell line with mutated KRASe present a higher
number of lysosomes suggesting an increased need of these organelles upon constitutive activation
of KRAS. This result is in accordance to our previous report showing that KRAS mutations induce
autophagy which depends on lysosomes availability in the cell. Moreover, in both cell lines, when
starvation was induced the number of lysosomes appeared to accumulate in the perinuclear region
which is where autophagosome-lysosomes fusion primarily takes place associated with the ER (Xu
& Ren, 2015), thus being a common feature observed during autophagy.

Concerning the co-localization quantification of FLAG-KRAS/LAMP2 immunofluorescence
assay, we obtained inconclusive PCC values below 0.5 whereas the OC values, suggested co-
localization of FLAG-KRAS with LAMP2 in both cell lines and independently of the nutrient status.

In eukaryotic cells, proteins are transported via endocytic pathways capable to internalize
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molecules from the PM and then direct them into sorting endosomes where they can either be
recycled back to the PM or travel to late endosomes (Les) and lysosomes for degradation (Elkin,
Lakoduk, & Schmid, 2016). However, in contrast what was traditionally thought, endocytic
membrane trafficking and cell signaling are now recognized as intimately linked processes in
animal cells (Sorkin & von Zastrow, 2009).

It was already reported that from the early endosomes, KRAS but not HRAS nor NRAS, was
transported to late endosomes (Les) and eventually targeted to lysosomes (Lu et al., 2009).
Moreover, using fluorescent probes, it was shown that KRAS was active on Les since it elicited a
signal output through RAF to promote MAPK signaling cascade (Lu et al., 2009). This report
suggests that KRAS may resort to endosomal trafficking to activate specific signaling pathways.
Accordingly, its counterpart HRAS appear to be endocytosed as part of their normal function in
propagating signals from activated cell surface receptors (Jiang & Sorkin, 2002). Furthermore,
signaling of HRAS to RAF is also reported to be dependent on endocytosis (Roy, Wyse, & Hancock,
2002). Taking this into account, we suggest that KRAS co-localizes with lysosomes as a need to
control downstream effectors or as a mechanism to recycle KRAS back to the PM. In fact, it was
already reported that RAS proteins can interact with ESCRT-IIl, a machinery known to delivery
ubiquitin tagged proteins to the endosome acting as a sorting station, to recycle back to PM thus
enhancing RAS-induced activities (Zheng et al., 2012). A key question for the future is to unravel
how the decision is made for KRAS protein in the endosome to remain internalized and be later
degraded or to be sent back to the PM.

From the immunofluorescence assay of FLAG-KRAS together with Gal-3 we could observe
that Gal-3 has a heterogeneous cellular distribution being found in the cytoplasm, perinuclear as
well as nuclear regions in all the conditions, which is already described by the literature (Dumic,
Dabelic, & Flogel, 2006). Looking for the PCC values obtained, we could find a positive correlation
between FLAG-KRAS/Gal-3, in both cell lines, and accordingly the OC values also support that
KRAS co-colocalizes with Gal-3 in all the conditions, which is in concordance with the literature that
describes Gal-3 as an important modulator of KRAS signal output by interfering with its
nanoclustering formation in the PM (Elad-Sfadia et al., 2004; R. Levy et al., 2011). Furthermore,
Gal-3 seemed to be more expressed in the cell line with KRASs:>mutation. Gal-3 is a member of
the galectin family with ubiquitous expression levels performing a wide range of key cellular roles
that are defined by its localization inside the cell as well as the interacting molecules (Hirabayashi

& Kasai, 1993; Rabinovich, 1999). For example, cytoplasmic Gal-3 is described to be involved in
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regulation of apoptosis (Fukumori et al., 2006) whereas when located in the nucleus is associated
with the ribonucleoprotein complexes (Laing & Wang, 1988). Importantly, it is involved in cell
proliferation and differentiation by interacting with KRAS (Elad-Sfadia et al., 2004; R. Levy et al.,
2011; R. Levy, Grafi-Cohen, Kraiem, & Kloog, 2010; Shalom-Feuerstein et al., 2008). KRAS
interacts with Gal-3 mainly in cytosol and PM and only when it is GTP-loaded indicating that this
interaction should be higher in the cell line with mutated KRAS once mutation maintains KRAS in
its active state (Elad-Sfadia et al., 2004; Shalom-Feuerstein et al., 2008). It has been hypothesized
that Gal-3 stabilizes KRAS in its active state thereby enabling the promotion of pro-growth signaling
pathways. Increased expression and availability of cytoplasmic Gal-3 is related to cells increased
tumorigenic properties which can explain why we noticed a higher level of Gal-3 expression in the
cell line with mutated KRAS. Moreover, we might also suppose that cells with mutated KRAS need
to recruit more Gal-3 to easily maintain its active status promoted by the mutation itself.

Concerning the results on FLAG-KRAS/Phalloidin we observed a clear rearrangement of
actin cytoskeleton under limiting-nutrient conditions suggesting a metabolic adaptation to this
stimulus. In fact, Ras-transformed cells are usually characterized by a remodeled actin cytoskeleton
which causes poor adhesion, increased motility, invasiveness, and contact-independent growth
(Bar-Sagi & Feramisco, 1986; Pawlak & Helfman, 2001). The OC values of the
immunofluorescence assay of FLAG-KRAS/Phalloidin (actin) demonstrated a positive correlation
with high levels of co-localization in both cell lines and independently of the nutrient status. These
results support the active role of actin in KRAS nanoclustering formation (Hancock & Parton, 2005)
as well as the role of KRAS in maintaining cytoskeletal changes, motility and adhesion (Pollock et
al., 2005).

Looking to our results, under starvation, membrane ruffling was observed with differences
between the cell lines. Membrane ruffles, also known as membrane protrusions, are formed via
actin polymerization and are essential for cell motility (Mahankali, Peng, Cox, & Gomez-
Cambronero, 2011). Whereas NCM460 FLAG-KRAS* cells present smaller ruffles derived
exclusively from the cell edges, the NCM460 FLAG-KRAS«> cells demonstrate a more confusing
and higher ruffling which occur in a disseminate manner. According to reports already made, the
molecules possibly involved in this actin cytoskeleton reorganization are the RAS effectors, RAF
and PI3K that act accordingly with the cell-type (Joneson, White, Wigler, & Bar-Sagi, 1996;
Rodriguez-Viciana et al., 1997). Furthermore, it was recently described that RAS activation, either

by growth factor stimulation or through oncogenic mutation, leads to increased membrane ruffling
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and subsequent metabolic adaptation to confer cells the ability to sustain cell growth in severe
conditions by macropinocytosis, explaining why we observed an increased ruffling in the mutated
cell line (Recouvreux & Commisso, 2017). Thus, our results suggest that KRAS=> presence has a
strong influence in actin polymerization with subsequent impact in the membrane ruffles formation
and adaptation strategies promoted. In fact, we may infer that oncogenic KRAS maintained a
cytoskeletal structure favorable to CRC cells proliferation and survival (Bar-Sagi & Feramisco, 1986;
Pawlak & Helfman, 2001; Pollock et al., 2005). In addition, these data strongly suggest an impact
of KRAS mutations and actin in autophagy induction since actin polymerization is described as an
essential event to autophagosome formation and our results report that KRAS mutations seem to
manipulate and enhance actin polymerization in NCM460 cells (Aguilera et al., 2012).

Summing up, our results show that wild type KRAS co-localize with mitochondria and
suggest that mutated KRASe> seems to prevent KRAS co-localization with mitochondria,
independently of autophagy induction. In contrast, KRAS seems to co-localize with lysosomes in all
the conditions probably as a need to control downstream effectors or as a mechanism to recycle
itself back to the PM to create a positive feedback loop and enhancing KRAS signaling. Moreover,
we observed that in both cell lines KRAS and Gal-3 co-localize in all conditions. Finally, our data
supports KRAS co-localization with actin in both cell lines which is consistent with the symbiotic
relationship suggested, with actin influencing KRAS signal output modulation and KRAS
maintaining actin cytoskeleton organization.

Concerning our second aim where we further investigate the effect of a new phenoxazine
derivative (MSG-111-cd3) in CRC cells, as a possible new drug for potentially use in CRC therapy,
we could observe that after exposure to the compound CRC and normal cells exhibited different
sensitivities, which demonstrated a promising effect of this compound in CRC treatment. CRC cells
sensitivity was also different, RKO with BRAFv displayed higher sensitivity to the compound
comparing to SW480 with KRAS#z suggesting that the mutation harbored by each cell line may
influence the effect of MSG-111-cd3 in CRC. In fact, it is already known that CRC patients with
KRAS or BRAF mutations demonstrated different resistances to available therapies, such as the
anti-EGRF ones, with RAS mutations exhibiting a more pronounced resistance effect comparing to
BRAF mutations (Arcila, Lau, Nafa, & Ladanyi, 2011; Bokemeyer et al., 2008; Bokemeyer et al.,
2009; Bronte et al., 2015).
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Our results on the role of Cathepsin-D in MSG-111-cd3 effect in the RKO and SW480 cell
lines, demonstrated different responses comparing to yeast. Previous results in yeast demonstrated
that MSG-111-cd3 compound induces cell death through a mechanism dependent on the release
of Pep4p from the vacuole to the cytosol, suggesting an effector role of Pep4p. In contrast, our
results suggest a protective role of Cat-D, what is according to previously report in CRC cells

showing that Cat-D has a protective effect in acetate-induced apoptosis (Marques et al., 2013).
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6. Conclusions and future perspectives

6.1 Conclusions

Previous work from the group showed that KRASr upregulate autophagy through
MEK/ERK signaling pathway thus promoting cell survival, however little is known about the
localization and protein interaction changes induced by KRAS mutations under autophagy
conditions.

During this project we had two different purposes: First, we aim to study the influence of
starvation-induced autophagy in KRAS localization within the cell and KRAS interaction with
proteins, to potentially identify new signaling platforms for KRAS activity. Second, because KRAS
are a predictive biomarker of resistance to CRC therapies, we aim to test new promising anti-cancer
agents for CRC treatment. For that, we tested for the first time in human colon cell culture models,
the effect of a newly phenoxazine derivative named MSG-111-cd3, synthetized by the Chemical
group of University of Minho and already tested in yeast by the Microbiology lab. MSG-111-cd3 is
described as a promising antitumoral agent and in yeast, exhibited interesting results since it
decreased cell survival through a mechanism dependent of the vacuolar Pep4p, whose
homologous in human cells is Cathepsin-D.

We were able to answer the questions raised in the beginning of the project and the results

obtained in this project could be summarized as follow:

e Answering to our first question: “Does autophagy induction by starvation lead to co-
localization of KRAS protein to mitochondria or lysosomes?”. Our data suggested that
KRAS" localize at the mitochondria which is lost when KRAS is mutated. Our results also
suggested that KRAS co-localize to the lysosome. Moreover, we can infer that in both
mitochondria and lysosomes KRAS co-localization occur independently of autophagy
induction and interestingly KRAS mutations influence the extent of co-localization with

mitochondria.

e Concerning the question: “Are the complexes KRAS-Gal-3 and KRAS-actin affected under
starvation-induced autophagy?”. Our data suggest that Gal-3 and KRAS co-localize in

NCM460 cells and that KRAS might co-localize with actin cytoskeleton with possible
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influence in polymerization. Autophagy induction does not seem to influence the KRAS-Gal-
3 complex localization, however, KRAS mutations appear to influence the number of
existing complexes. Concerning KRAS-actin interaction, starvation-induced autophagy
promoted actin cytoskeleton remodeling possibly in a KRAS-dependent manner since co-
localization levels were high and the cell line with mutated KRAS exhibited a different actin

rearrangement.

e Regarding the question: “Is MSG-111-cd3 a promising anticancer agent in CRC?”. Our data
showed that MSG-111-cd3 decreased cell growth in colorectal cancer cells but not in
normal cells suggesting that could be a potential candidate for CRC treatment. Cathepsin-
D also seems to have a role in the cell death induced by MSG-111-cd3 in CRC cells,
however, the results suggest that its mechanism of action may be different from the one

described in yeast.

6.2 Future perspectives

Concerning the first aim, although this work gave some new clues on the extent to which
KRAS influences autophagy through the study of its localization, optimizations are needed and
further techniques could be performed to better support our results and explore several other

aspects:

e In order to improve our co-localization quantifications, that exhibited some inconclusive
values, an accurate correction of background could be performed, by using optimized
emission filters, and a strict control of background levels using deconvolution (Zinchuk et
al., 2007) as well as by avoiding acquire too bright and too contrast images, as it may

result in image saturation (Zinchuk & Zinchuk, 2008).

e To better support results obtained from immunofluorescence assays and confocal
microscopy about KRAS co-localization with mitochondria, lysosomes, Gal-3 and F-actin,
complementary biochemical assays such as proximity ligation (PLA) and/or fluorescence

resonance energy transfer (FRET) assays should be performed. PLA extends the
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capabilities of traditional immunoassays to include direct detection, visualization and
quantification of individual endogenous proteins and its interactions with high
sensitivity/ specificity and repeatability (Debaize, Jakobczyk, Rio, Gandemer, & Troadec,
2017) whereas FRET measures the energy transferred between two fluorophores
determining spatial and temporal distribution of proteins associations (Sekar & Periasamy,
2003). Furthermore, bioinformatic analysis could be a great tool to enhance credibility of
the immunofluorescence results since there are several computational methods for
protein-protein interaction prediction available (Zahiri, Bozorgmehr, & Masoudi-Nejad,

2013).

It would be interesting to perform these same immunofluorescence assays in other KRAS-
transfected cell lines such as NCM460 Flag-KRAS¢» and Flag-KRAS<®, to infer if different
KRAS mutations alter KRAS co-localization with mitochondria and lysosomes as well as
KRAS/Gal-3 and KRAS/actin complexes, as described here in NCM460 Flag-KRAS* and
NCM460 Flag-KRASe», Moreover, explore other possible localizations of KRAS, under
limiting-nutrient conditions, such as the endoplasmic reticulum (ER), which is known as a
platform where KRAS suffers key biochemical modifications that dictate its localization
within the cell (Hancock, 2003), may give us additional valuable insights about autophagy

influence in KRAS functional properties and understand KRAS mutations role.

Deeper exploitation of autophagy in these immunofluorescence assays is also suggested
as a future perspective. Some authors reported that a key point in starvation-induced
autophagy occurs at the end of the process, where lysosomes are regenerated from
autolysosomes through a pathway termed autophagic lysosome reformation (ALR), leading
to the activation of new pathways (Munson & Ganley, 2015; Yu et al., 2010). Thus, this
arise the question “Inducing autophagy during less or more time, will lead to differential

KRAS localization within the cell?”.

Also, as yeast is a useful organism to address the function of KRAS in autophagy, as proved

by Alves et a/. (2015), this model can be further explored to address other specific cellular

functions of KRAS or KRAS localization within cellular compartments.
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Recently, KRAS has been supposed to be involved in the interplay between autophagy and
apoptosis, which are mechanisms described as having increased activity in CRC tumors
bearing activating mutations in KRAS (Liu, Jakubowski, & Hunt, 2011; S. Yang et al.,
2011). Understanding how KRAS mutations orchestrate the balanced regulation of
apoptosis and autophagy in the colon model and the role of Beclin-1 and Bcl-2 protein
family members in this control, could be a contribute to new perspectives for therapeutic
approaches in resistant CRC harboring KRAS mutations. In fact, some studies exploring
this issue were already made and it was found that in HCT116 colorectal cancer cells, anti
- apoptotic proteins Bcl-2 and BclxL stimulated pro-survival autophagy, with a differential

dependence on Beclin-1 (Priault et al., 2010).

Concerning the second aim, taking into account that we have shown here for the first time

results of the effects of the new compound MSG-111-cd3 in colon model human cells, many

findings are still to come and for that further exploitation is necessary:

Concerning the assays where we inhibited Cat-D and treated with MSG-111-cd3 ICs, the
assays must be repeated in order to support the preliminary conclusions that we made.
Moreover, it would be interesting to understand better the role of the mutations in MSG-
111-cd3 treatment resistance by silencing KRAS and BRAF genes by RNAi and studying if
resistance levels still the same. Also, yeast transformed with the different KRAS isoforms
could unravel if this oncogene, ant its mutation may influence the resistance to the

compound.

Since the outcome of Cat-D involvement in MSG-111-cd3 seems to be different in yeast
and human cells, the next step that we suggest is trying to understand the cell-death
mechanism involved. For that, the expression levels of molecular biomarkers of autophagy

and apoptosis should be study under the effect of the compound.
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