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Estudo das condicoes metabdlicas envolvidas na internalizacdo do transportador de

monocarboxilato MCT1 em linhas de células humanas cancerigenas

Resumo

O cancro é uma doenca complexa que representa um vasto problema mundial devido ao
seu nivel de incidéncia e mortalidade, sendo a segunda causa de morte no mundo. Mesmo com
a diminuicao da mortalidade em muitos paises, a incidéncia desta doenca na populacédo continuara
a aumentar, o que ira causar sérios problemas, mesmo em paises com sistemas de saude mais

avancados. Assim, varios esforcos tém sido feitos a fim de identificar novas terapias direcionadas.

Na ultima década, foi descrito que o transportador de monocarboxilatos MCT1 é altamente
expresso em varios tipos de cancro. O MCT1 é um transportador responsavel pelo influxo de lactato
através da membrana plasmatica e, em células cancerigenas, promove o seu metabolismo e a
sua rapida proliferacdo e expansao. Assim, o MCT1 é potencialmente uma molécula alvo que

podera ser usada para fins terapéuticos, bem como um fator de prognostico util.

Este projeto teve como objetivo avaliar a expressao e localizacdo do transportador EGFP-
MCT1, por microscopia confocal, em células U20S, editas pela tecnologia CRISPR-Cas9, e

crescidas em diferentes condicdes metabolicas ou na presenca de compostos especificos.

Demonstramos que o transportador EGFP-MCT1 permanece estavel na membrana
plasmatica, em células incubadas num meio sem glucose ou glutamina. Estes resultados
evidenciam a relevancia de expressar transportadores de nutrientes a um nivel endégeno para
estudar o seu trafego intracelular. Adicionalmente, os nossos estudos preliminares sugerem o
envolvimento da via de sinalizacao Wnt na internalizacao do MCT1. Verificamos que a presenca
de cloreto de litio (LiCl), um ativador da via Wnt, parece levar ao aumento da internalizacao do

MCT1, apds 24 h de incubacao.

Os resultados obtidos neste estudo pretendem contribuir para um melhor entendimento dos
mecanismos moleculares envolvidos na expressao e regulacdo endocitiva de MCTI1, e,

futuramente, abrir novas possibilidades terapéuticas no combate tumoral.

Palavras-Chave: Cancro, lactato, MCT1, Microscopia de fluorescéncia, Reprogramacao

metabolica, Transportadores de monocarboxilatos.



Study of the metabolic conditions involved in monocarboxylate transporter MCT1 internalization in

human cancer cell lines

Abstract

Cancer is a complex disease that represents a vast problem worldwide due to its high
incidence and mortality, being the second leading cause of death globally. Even with the decrease
of mortality in many countries, the incidence of this disease will increase, causing serious problems
even in countries where health systems are more advanced. So, efforts have been made in order

to identify new-targeted therapies.

In the past decade, it has been reported that the monocarboxylate transporter MCT1 is highly
expressed in multiple cancer types. MCT1 is a symporter that is responsible for the influx of lactate
across the cell membrane and, in cancer cells, it supplies their metabolism and their rapid
proliferation and expansion. This makes it a potential target molecule for therapy as well as a useful

prognostic factor.

This project aimed at evaluating the expression and localization of the EGFP-MCT1
transporter, by confocal microscopy, in U20S cells, edited by the CRISPR-Cas9 technology, and

grown under different metabolic conditions or in the presence of specific compounds.

In this work we show that the EGFP-MCT1 transporter remains stable at the plasma
membrane, in cells incubated in a medium without glucose or glutamine. These results highlight
the relevance of expressing nutrient transporters at an endogenous level to study their intracellular
trafficking. Additionally, our preliminary studies suggest the involvement of the Wnt signaling
pathway in MCT1 internalization. We found that the presence of lithium chloride (LiCl), an activator
of the Wnt pathway, also seems to lead to an increased MCT1 internalization, after 24 h of

incubation.

The results obtained in this study will contribute towards a better understanding of the
molecular mechanisms involved in the expression and endocytic regulation of MCT1, and open

novel therapeutic possibilities in the fight against tumors.

Keywords: Cancer, Fluorescence microscopy, Lactate, MCT1, Metabolic reprogramming,

Monocarboxylate transporters.
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1. Introduction

1.1. Hallmarks of Cancer

Cancer is a complex disease that represents a vast problem worldwide due to its level of
incidence and mortality. In 2018, 18.1 million people worldwide were diagnosed with cancer, and
9.6 million deaths related to cancer were reported (Ferlay et al., 2019), making cancer the second
leading cause of death globally (Global Burden of Disease Cancer Collaboration, 2018). Although
cancer mortality is decreasing in many countries, the incidence of cancer in the population is rising,
causing serious problems even in countries with more advanced health systems (Global Burden of
Disease Cancer Collaboration, 2018). According to the Global Cancer Observatory, in Portugal, 58
199 new cases of cancer were registered (Global Cancer observatory, 2018), with an expected

increase to 69 565 new cases in 2040 (Servico Nacional de Saude, 2018).

Cancer is a genetic disease that is not caused only by a mutation on a single gene but also
by dynamic changes in the genome (Hanahan & Weinberg, 2011; Vogelstein & Kinzler, 2004).
Several evidences suggest that tumor formation is a multi-set process that reflects successive
genetic changes, culminating in a progressive transformation of normal cells into malignant cells
(Hanahan & Weinberg, 2011). These alterations are responsible for tumorigenesis and include
somatic mutations in three types of genes, namely oncogenes, tumor-suppressor genes and
stability genes (Vogelstein & Kinzler, 2004), leading to changes in regulatory processes that control

cell proliferation and homeostasis (Hanahan & Weinberg, 2011).

During the development of human tumors, cells progressively acquire specific biological
characteristics, known as hallmarks of cancer (Figure 1) (Hanahan & Weinberg, 2011). These
hallmarks are critical for emerging cancer cells to become tumorigenic and eventually malignant.
The hallmarks of cancer constitute an organizing principle for rationalizing the complexities of
neoplastic disease and they are characterized by 1) sustaining proliferative signaling, 2) avoiding
growth suppressors, 3) resisting cell death (apoptosis), 4) enabling the replicative immortality, 5)
inducing angiogenesis, 6) activating invasion and metastasis, 7) reprogramming cellular
energetics, 8) preventing their destruction by the immune system, 9) instability and genomic

mutations, and 10) tumor-promoting inflammation (Hanahan & Weinberg, 2011).
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Figure 1 — Hallmarks of cancer. Schematic illustration of the progressive biological abilities
acquired by cells during the development of human tumors (adapted from Hanahan and Weinberg

2011).

1.2. Metabolic reprogramming in Oncogenesis

Metabolic reprogramming is a recent term used in cancer metabolism literature to describe
conventional metabolic pathways whose activities are enhanced or suppressed in tumor cells in
comparison to benign tissues (Deberardinis & Chandel, 2016). Similar to normal cells, the
metabolism of cancer cells is essential for survival and proliferation (Vander Heiden et al., 2009).
Healthy cells activate different metabolic pathways to produce energy either in the presence or
absence of oxygen. In the presence of oxygen, normal cells use glycolysis followed by oxidative
phosphorylation (OXPHOS). In the absence of oxygen, healthy cells execute anaerobic glycolysis
(Vander Heiden et al., 2009). Unlike normal cells, most cancer cells exhibit high glycolytic
metabolism, even in the presence of oxygen, to enhance their malignant phenotype (Kazue et al.,

2011).



1.2.1. Warburg effect in cancer cells

In the presence of oxygen, most differentiated tissues are able to metabolize glucose via
glycolysis followed by complete oxidation of pyruvate to CO. (mitochondrial OXPHOS), in order to
produce high amounts of ATP molecules (Figure 2). 36 ATPs per glucose molecule are produced
with minimal production of lactate (Vander Heiden et al., 2009). In the absence of oxygen (anoxia)
or under low oxygen conditions (hypoxia), the oxidative phosphorylation is impaired. In order to
support mitochondrial OXPHOS, pyruvate is metabolized to lactate by anaerobic glycolysis. Less
ATP is produced (2 ATPs per glucose molecule), when compared with oxidative phosphorylation,
and a large quantity of lactate is formed via lactate fermentation in the cytosol (Vander Heiden et

al., 2009).

However, cancer cells are able to convert rapidly the majority of glucose into lactate, even
with full mitochondrial activity and in normal oxygen conditions (normoxia) (Figure 2) (Vander
Heiden et al., 2009; Warburg, 1956). This metabolic reprogramming is known as “Warburg effect”
(Deberardinis & Chandel, 2016). This aberrant mechanism of cancer cells is responsible for
enhancing glycolysis and allows high production of lactic acid. In fact, cancer cells are able to

produce 40 times more lactate than normal cells (Romero-Garcia et al., 2016).
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Figure 2 - Schematic representation of glucose metabolic differences between differentiated
tissues (left panel), and normal proliferative tissues and cancer cells (right panel). Differentiated
tissues determine two different pathways for glucose metabolism. In the presence of oxygen, cells
conjugate the glycolytic processes with oxidative phosphorylation. In the absence of oxygen, cells
cannot carry out the same process and pyruvate is metabolized to lactate by anaerobic glycolysis.
Both normal proliferative and cancer cells convert the majority of glucose into lactate, regardless
of whether oxygen is present or not (Warburg effect or aerobic glycolysis), in order to accelerate

cell proliferation (Vander Heiden et al., 2009).

The hyper glycolytic phenotype is crucial for the evolutionary sequential development of
carcinogenesis from normal tissues to carcinoma /7 situ (Figure 3) (Gatenby & Gillies, 2004).
Through persistent aerobic glycolysis, the microenvironment of tumor changes allowing the survival

of tumor cells and the death of competing populations, such as normal cells.

The acidification of the tumor microenvironment leads to the degradation of the extracellular
matrix, promoting the mobility and invasion of cancer cells. Consequently, cancer cells can access
to existing and newly formed blood and lymphatic vascular routes, promoting metastasis and the

progression of the carcinoma /n7 sifuto an invasive state (Gatenby & Gillies, 2004).
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Figure 3 - Schematic illustration of the cell-microenvironment interactions associated with
the carcinogenesis process. The carcinogenesis process starts with normal epithelium (grey) and
progresses to hyperproliferative cells (pink). After reaching the oxygen diffusion limit, they become
hypoxic (blue), which can either lead to cell death (shown with blebbing) or cell survival through
glycolytic phenotype adaptation (green). The acidification of the tumor microenvironment induces
the extracellular matrix (ECM) degradation which, subsequently, promotes the mobility and
invasion of cancer cells (yellow). As cancer progresses, the mutations in cells increase (nuclei
shown as light orange for one mutation and dark orange for more mutations) and cells gain access
to existing and newly formed blood and lymphatic vascular routes, promoting metastasis and

invasiveness (Gatenby & Gillies, 2004).

In cancer cells, malignancy seems to involve the induction of diverse pathways beyond
glycolysis, such as glutaminolysis, lipid synthesis, ketone oxidation and serinolysis (Figure 4)
(Vander Heiden, Cantley, and Thompson 2009). All pathways support core functions like
anabolism, catabolism and redox balance, an essential aspect of cancer metabolism (Deberardinis
& Chandel, 2016). Cancer cells acquire the ability to generate large amounts of precursors for
macromolecule biosynthesis, allowing the accumulation of biomass during cell growth and

proliferation (Schulze & Harris, 2012).
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Figure 4 - Schematic overview of cancer cells metabolism. The main metabolic pathways
upregulated in cancer cells that contribute to the malignant phenotype and the production of
macromolecules in mammalian cells are nucleotide synthesis, the pentose phosphate pathway,
serine synthesis, glutaminolysis, cholesterol synthesis, fatty-acid synthesis, and elongation
desaturation. Glycogen synthesis and pH regulation contribute to cellular bioenergetics. The
enzymes involved in these pathways are shown in bold, those induced in response to hypoxia are
marked with an asterisk. Mutant forms of enzymes that are found in cancer (grey dashed arrow).

For abbreviations please see page ix (Schulze & Harris, 2012).

1.2.2. Molecular mechanisms driving Warburg effect
The “Warburg effect” phenomenon also known as “aerobic glycolysis” was described as a
metabolic anomaly important for rapid growth and tumor proliferation (Bayley & Devilee, 2012;
Kazue et al., 2011; Romero-Garcia et al., 2016). This event is a consequence of complex molecular
mechanisms that underlie the metabolic reprogramming of cancer cells (Figure 5) (Kroemer &
Pouyssegur, 2008). Several alterations in regulatory processes, such as the deficiency in cellular
respiration, oncogenic alterations, and overexpression of glycolytic enzymes and metabolite

transporters are characteristic of cancer metabolism (Hirschhaeuser et al., 2011).



Glucose
transport

GLUT1
—|RTK GLUT4
PIP3
A

¥

LKB1 [—] AMPK _'[ TSC1/2 ‘

NF1 ‘—| Ras ‘—'I PISK‘

PTEN Glycolysis

L
Nutrient / l LDHA )
; RhebGTP Lactate production
dapietion — MCT4 and Iaptgteiprulon
OXPHOS CAg9, 12 | extrusion
defects NHET1
PDK Reduced
. SCo2 | | OXPHOS
ACL -
SDH Lipid
\/ J FASN sy%thesis
—] ChoK
FH VHL ’ HIF1 ° Inhibited

CPT1A [} p-oxidation

S N

Oncogenesis Transformation  Metabolic reprogramming

Figure 5 - Schematic illustration of the molecular mechanisms driving the metabolic
reprogramming (Warburg effect) in cancer cells. Warburg effect leads to several alterations in
regulatory processes, including oncogenic gain-of-function events (pink), loss of tumor suppressors
(green) affecting the PI3K/AKT/mTOR/HIF axis, and/or inactivation of the p53 system, well-
characterized cancer-associated alterations in metabolism. Note that arrows connecting different
proteins do not necessarily indicate direct interactions. For abbreviations please see page ix

(Kroemer & Pouyssegur, 2008).

In cancer cells, the proliferative response is also related to the induction of several signaling
pathways leading to the aberrant activation of some transcription factors, including hypoxia-
inducible factor (HIF) and MYC, and kinases, such as the mammalian target of rapamycin (mTOR)

and the phosphatidylinositol 3-kinase (PI3K) (Schulze & Harris, 2012).

The phosphatidylinositol 3-kinase/Protein Kinase-B/mechanistic target of rapamycin (PI3K-
AKT-mTOR) pathway is one of the most frequently dysregulated pathways in human malignancies
and is implicated in a wide variety of different neoplasms (Dienstmann et al., 2014; Janku et al.,
2018; Noorolyai et al., 2019). Activation of this pathway is initiated by receptor tyrosine kinases
(RTK) or G-protein—coupled receptors (GPCRs) located at the plasma membrane (Dienstmann et

al., 2014), which activate downstream effectors, including mTOR and the protein kinase B (Akt),
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thereby promoting the activation of several different other signaling cascades (Figure 6)

(Deberardinis & Chandel, 2016; Dienstmann et al., 2014).
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Figure 6 — Schematic illustration of the PI3K/AKT/mTOR pathway in cancer cells. Activation
of this pathway initiated by receptor tyrosine kinases (RTK) at the plasma membrane, which leads
to the activation of downstream effectors (PI3K, AKT, PDK1, mTORC1, and mTORC?2) and inhibition
of some regulators (PTEN, TSC complex). Interaction with RAS and AMPK pathways is also
displayed. PI3K/AKT/mTOR pathway can also be triggered without the interference of RTK

stimulus. For abbreviations please see page ix (Dienstmann et al., 2014).

In cancer cells, the PI3K-AKT-mTOR pathway can still be stimulated by diverse other
mechanisms including growth factors, such as the insulin receptor tyrosine kinase (InsR), the
related insulin-like growth factor 1 receptor (IGF-1R), the epidermal growth factor (EGF), and the
platelet-derived growth factor receptors (PDGF-R). Abnormalities of AKT and RAS, and epigenetic
modulators could also cause activation of this pathway (Noorolyai et al., 2019). PI3K-AKT-mTOR

network can also be triggered by somatic mutations in specific elements of the signaling pathway,



involving p110a, p110b, p85a, p85b isoform of the PI3K sequence (PIK3CA), PIK3R1, TSCI,
TSC2, LKB, and other oncogenes or tumor suppressor genes, such as phosphatase and tensin
homolog (P7EM (Dienstmann et al., 2014; Janku et al., 2018; Noorolyai et al., 2019). These
mutations lead to the activation of the PI3K-AKT-mTOR network in cancer cells with minimal

dependence on extrinsic stimulation by growth factors (Deberardinis & Chandel, 2016).

The PI3K-AKT-mTOR pathway is key for the regulation of main intracellular processes, such
as metabolism, motility, growth, proliferation, and differentiation that support the survival,

expansion, and dissemination of cancer cells (Dienstmann et al., 2014; Janku et al., 2018).

The MYC pathway is also dysregulated in human cancer cells induced by chromosomal
translocations, gene amplification, single-nucleotide polymorphisms and alteration on
transcriptional control downstream of B-catenin (Dang et al., 2008; Deberardinis & Chandel,
2016). The activation of this pathway leads to the induction of several genes involved in glycolysis,
fatty acid synthesis, glutaminolysis, serine metabolism, and mitochondrial metabolism to support
all mechanisms necessary for the proliferation of cancer cells (Deberardinis & Chandel, 2016).
Lactate dehydrogenase A (LDHA), glyceraldehyde-3-phosphate dehydrogenase (GAPDH), pyruvate
dehydrogenase kinase 1 (PDK1), hexokinase 2 (HK?2), glucose transporter 1 (GLUT1), and
transferrin receptor protein (TFRC), are targets of the proto-oncogene MYC (Dang et al., 2008).
When overexpressed, MYC cooperate with HIF-1, changing the metabolism of cells to favor the
Warburg effect and the proliferative phenotype of hypoxic cancer cells (Figure 7) (Dang et al., 2008;
Deberardinis & Chandel, 2016; Schulze & Harris, 2012).
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Figure 7 - Schematic illustration of the MYC pathway in cancer cells. Glucose is transported
across the plasma membrane by glucose transporter 1 (GLUT1). MYC induces activation of
hexokinase 2 (HK2) and pyruvate dehydrogenase kinase 1 (PDK1), increasing lactate levels. MYC
independently activates the GLUT1 and lactate dehydrogenase A (LDHA), which further contributes
to the Warburg effect and the proliferative phenotype of hypoxic cancer cells. For abbreviations

please see page ix (Dang et al., 2008).

The tumor suppressor protein p53 is the most important tumor suppressor in the cell once
acts as a genome guardian playing a central role in the cell cycle (Joerger & Fersht, 2016). Upon
cellular stress signals, such as DNA damage or oncogenic stress, p53 is activated promoting cell
growth arrest, DNA repair, senescence, and cell death, as well as modulating autophagy and cancer
metabolism (Zhou et al., 2019). Loss of function of tumor suppressor gene p53, most frequently
in human cancers, can regulate cellular metabolism by controlling metabolic genes and increasing
the glycolytic flux on cancer cells (Deberardinis & Chandel, 2016; Vander Heiden et al., 2009). In
cancer, pb3 induces the TP53-induced glycolysis and apoptosis regulator (TIGAR) expression,
inhibiting phosphofructokinase and redirecting the glucose toward the pentose phosphate shunt
and NADPH production. This adaptative response of cancer cells protects them from oxidative

stress (Vander Heiden et al., 2009).
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Another tumor suppressor gene involved in the metabolic switch from oxidative
phosphorylation towards altered glycolysis of tumor cells is the hypoxia-inducible factor 1 (HIF-1),
which is widely associated with cancer progression (Lu et al., 2002). In mammalians, HIF-1 is
composed by two subunits, hypoxia-inducible factor 1a (HIF-1a) and hypoxia-inducible factor 13
(HIF-1B) (G. L. Wang et al., 1995). However, it is the expression of HIF-1a expression that is highly

related to most primary and metastatic tumors (Zhong et al., 1999).

HIF-1a is a major regulator of adaptation to hypoxic stress by regulating genes that encode
for proteins involved in glycolysis, glutaminolysis and serinolysis, the three main sources of energy
production (Deberardinis et al., 2007; Mazurek et al., 2001a, 2001b). HIF-1ot leads to an
enhanced flux of glycolysis in tumor cells and consequently to the accumulation of lactate (Pinheiro
et al., 2012). Curiously, HIF-1a is stabilized by the products of glycolysis, such as lactate and
pyruvate, resulting in the accumulation of this master transcription factor (Lu et al., 2002). HIF-1o
also interacts with a few membrane transporters, including GLUT1, to make sure that cells receive
an adequate quantity of glucose, and monocarboxylate transporter 4 (MCT4), responsible for the
renowned hyper-glycolytic phenotype by secretion and accumulation of lactate extracellularly
(Hirschhaeuser et al., 2011; Pinheiro et al., 2012). LDHA is a glycolytic enzyme and also a target
for HIF-1a that allows a continued glycolytic metabolism and production of ATP (Hirschhaeuser et

al., 2011; Pinheiro et al., 2012).

Like MYC, HIF-1a also mediates the induction of other survival genes, including angiogenic
growth factors (for example, VEGF), hexokinase 1159, and hematopoietic factors (for example,
transferrin and erythropoietin) (Gatenby & Gillies, 2004). In addition, when carbonic anhydrase IX
(CAIX) and monocarboxylate transporter 1 (MCT1) are upregulated by HIF-1a, it provides the well-
established acid-resistant phenotype (Hirschhaeuser et al., 2011; Pinheiro et al., 2012). HIFla
can also be stabilized by a range of factors, including cyclooxygenase-2 activity, insulin-like growth
factor 2, ERBB2, epidermal growth factor receptor (EGFR), PI3K, heat-shock protein, microtubule
status, thioredoxin and histone deacetylase (Gatenby & Gillies, 2004).

1.3. Significance of lactate transport in cancer
In cancer cells, the Warburg effect is responsible for the accumulation of extracellular lactate

and, consequently, for the reduction of the pH values to 6,0-6,5, crucial characteristics for the
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survival of these cells (Pinheiro et al., 2012; Romero-Garcia et al., 2016). The decrease of pH is
regulated by different systems at the plasma membrane, namely monocarboxylate transporters
(MCTs), Na*/H* exchanger 1 (NHE1), CAIX, and anion exchanger 1 (AE1) (Pinheiro et al., 2012).
Some MCTs transport lactate to the extracellular medium while transport H', performing a double
role in the adaptation to hypoxia (Pinheiro et al., 2012; Romero-Garcia et al., 2016). Besides the
contribution of MCTs to acid-resistance, they are responsible for the hyper-glycolytic phenotype of
cancer cells due to the “lactate shuttle” (Romero-Garcia et al., 2016). The symbiotic metabolism
between surrounding fibroblasts and no proliferative cancer cells supply proliferative cancer cells
with high-energy nutrients, such as lactate and pyruvate (Bovenzi et al., 2015). The lactate shuttle
is essential during early tumorigenesis and later during cancer cell metastasis, when blood supply

is largely absent (Lisanti et al., 2013)

The accumulation of high levels of lactate in different primary tumor entities was described
as key to growth and metastasis of cancer cells (Fischer et al., 2007), and related with the reduction
of overall survival of patients (Walenta et al., 1997). The presence of lactate in tumor cells enables
them to develop some capacities, including the ability to escape the immunity system, the ability
to promote the migration of cells and cell clusters, to establish chemo- and radioresistance, and to
form new vessels (Figure 8) (Hirschhaeuser et al., 2011; Pinheiro et al., 2012; Romero-Garcia et

al., 2016).
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Figure 8 — Metabolic pathway that leads to the accumulation of lactate and their efflux in
cancer cells (continuous lines). The accumulation of lactate in tumor cells leads to the development
of some capacities including invasion, metastasis, immunomodulation, angiogenesis, and chemo-
and radioresistance. Discontinuous lines represent lactate uptake and flow inside oxidative cancer

cells (adapted from Pinheiro et al. 2012).

Lactate also plays an important immunoregulatory role in cancer (Romero-Garcia et al.,
2016). The inability of the immune system to adequately eliminate aberrant cells is associated with
tumor development (Hirschhaeuser et al., 2011). This feature is due to the capacity of cancer cells
to upregulate inhibitory molecules, to produce immunosuppressive cytokines, and to downregulate

costimulatory molecules (Singer et al., 2011).

The tumor microenvironment is responsible for the alteration of myeloid cells into
pathological myeloid-derived suppressor cells (MDSCs), potent immunosuppressive cells (Figure
9) (Gabrilovich et al., 2012; Husain et al., 2013). Myeloid cell differentiation does not follow the
standard but an alternative pathway that favors the differentiation into pathological MDSCs
(Gabrilovich et al., 2012). MDSCs play a key role in both innate and adaptive immunity regulation
by inhibiting T cell activation, suppressing natural killer (NK) cell cytotoxicity, supporting the
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development of regulatory T cells (T.) and inhibiting the maturation of dendritic cells (DCs) (Husain

etal., 2013).
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Figure 9 - Impact of lactate, present in tumor microenvironments, on tumor-infiltrating
immune cells. Warburg effect is responsible for the accumulation of extracellular lactate and
acidification of the tumor microenvironment, crucial for the survival of cancer cells. The increase
of lactate secretion results in the accumulation of Myeloid-derived suppressor cells (MDSCs).
MDSCs cells inhibit the activity of Natural killer (NK) cells and T lymphocytes, and the maturation
of Dendritic cells (DCs). Furthermore, the low pH simultaneously with the high concentration of
lactate can have an impact on antitumor immune response, in particular, in the reduction of
cytotoxic T cells and in the inactivation of cytokine release from DCs. For abbreviations please see

page ix (adapted from Husain, Seth, and Sukhatme 2013).

It has been described that neutrophils, macrophages and DCs are present in tumor
microenvironments and, at some point, tumor-infiltrating lymphocytes appear to occur by activation
of IL-23/1L17 pathway (Hirschhaeuser et al., 2011; Romero-Garcia et al., 2016). The activation of

the 1L-23/IL-17 pathway leads to the development of local inflammatory responses toward a

14



Tu17/T423 immune response, favoring the incidence and growth of tumors (Romero-Garcia et al.,

2016).

The immune cells use glycolysis as their main energy source via glycolysis and produce
lactate (Hirschhaeuser et al., 2011; Romero-Garcia et al., 2016). The release of lactate is
dependent on the intracellular/extracellular concentration ratio of this molecule (Hirschhaeuser et
al., 2011). With the release of high amounts of lactate to the extracellular medium by cancer cells,
the immune cells cannot liberate lactate and will have their metabolism disturbed and their

functions inhibited (Hirschhaeuser et al., 2011; Romero-Garcia et al., 2016).

The combination of low pH extracellularly and the high intracellular concentration of lactate
can also contribute to the reduction of the immune response in the tumor microenvironment, in
particular, the decrease of cytotoxic T cells (Fischer et al., 2007; Husain et al., 2013) and NK cells
activity, the inhibition of monocytes differentiation into DCs, and the inactivation of cytokine release
from DCs (Figure 9) (Gottfried et al., 2006; Puig-Kroger et al., 2003). However, T cell suppression
is reversible and can be restored by buffering the pH, at physiological values (Fischer et al., 2007,

Singer et al., 2011).

Lactate concentrations have been also associated with metastases of diverse cancer cell
lines, instead of single-cell migration (Brizel et al., 2001; Goetze et al., 2011; Schwickert et al.,
1995; Walenta et al., 1997, 2000). This happens because lactate induces a change in signalization
of B-integrins, proteins associated with cell-extracellular matrix adhesion, and activating growth
factor-beta 2 (TGF-32) (Baumann et al., 2009). Tumor-associated fibroblasts secrete cytokines to
remodel the extracellular matrix and provide an environment that promotes the growth and motility
of cancer cells (Stern, 2009; Walenta & Mueller-klieser, 2004). Biological activity of lactic acid is
also positively related to radioresistance (Sattler et al., 2010) which maybe correlated with its
antioxidant properties that can induce or enhance resistance to radiation of anticancer therapies
(Groussard et al., 2000). In addition, lactate activates the VEGF/VEGFR2 signaling pathway, in
endothelial cells (Beckert et al., 2006; Hunt et al., 2007; Porporato et al., 2012), and stimulates

interleukin 8 (IL-8) and, consequently, angiogenesis (Végran et al., 2011).

Some MCTs are involved in the efflux of lactate from cancer cells and, subsequently, are
related to the malignant behavior and aggressiveness of cancer cells (Hirschhaeuser et al., 2011;
Pinheiro et al., 2012). However, lactate has been recently described as a fundamental key

metabolic intermediate in a symbiotic process between glycolytic and oxidative cancer cells
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(Sonveaux et al., 2008). The lactate produced by central and hypoxic glycolytic cancer cells is
released and consumed by peripheral and oxygenated oxidative cancer cells (Sonveaux et al.,
2008). Therefore, lactate can be used as a fuel alternative for oxidative tumor cells, leading to
human tumor formation and cancer progression, and to promote survival of hypoxic tumor cells

located far from the newly formed blood vessels (Sonveaux et al., 2008).

1.4. Monocarboxylate transporter (MCTs) family

MCTs are present in a wide variety of tissues and are involved in the transport of
monocarboxylates such as lactate, pyruvate, ketone bodies (acetoacetate and -hydroxybutyrate),
thyroid hormones, carnitine, aromatic amino acids, and creatine, across the plasma membrane.
This makes MCTs essential for the regulation of fundamental cellular processes such as glycolysis,
fatty acid homeostasis, as well as other key metabolic pathways (Figure 10) (Fisel et al., 2018;

Halestrap, 2012, 2013).

}L.c.. MCTs/SLC16as MCT7ISLC16A6 1:\q/;kl ’
0 o

cr MCT11/SLC16ATT RYEhE R

L-lactic acid

MCT4/SLC16A3

Dt MCT13/5LCT16A13
T MCT3/SLC16A8
pylu‘\.‘il: acid
oy
|_—‘x
> MCTZ/ISLCT16AT MCTS/SLC16A4
—
m:ﬁmacp(i‘x‘.- acid MCTA/SLCTEAT ?M_. o
MCT12/SLC16412 M. .='I\\_/L
M d T‘ 2 “aH
B-hydroxybutyric acid tioa
MCT14/SLC16A14
MCTS/SLC1649 MCT8/SLC16A2 f
MCT10/SLC16A10 e
Joqne
HiC, R
i .A\‘/ \]"-u e eag” J -
S I ™ | iodotnyroni
5 ok o L_‘_ \j‘ /}‘.\l. v A tatraiodothyroning
[T L-carnitine e P -
T’ \J o, = =5 triicdothyronine

I coupied I [ e
H" independent L-phenylalanine . L-tryptophan
known andogenous subsirates Ltyrosing

Figure 10 - Predicted phylogeny of all MCT members and their correspondent endogenous
substrates. Transporters mediating H- coupled (red) or H-independent (yellow) substrate transport
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transporter. For MCT5-7, MCT13, and MCT14, no substrates have been recognized in humans.
For each transporter, both MCT and SLC16 numbers are given. MCT isoform number and SLC16
nomenclature are not the same. SLC16 nomenclature is related to the order in which each cDNA
sequence was determined and characterized. The bar indicates the number of substitutions per
residue, where 0.1 corresponds to the distance of 10 substitutions per 100 residues (Fisel et al.,

2018).

MCTs belong to the solute carrier (SLC) transporter superfamily (Fisel et al., 2018) and are
encoded by the SL.C16 gene family which contains conserved sequence motifs in all the 14 human
MCT homologs members (Fisel et al., 2018; Halestrap, 2012; Halestrap & Meredith, 2004). Due
to the high level of conservation between the different transporters, the MCTs are characterized by
the presence of 12 transmembrane helices (TMs) with intracellular N- and C-terminus, and a large
cytosolic loop between TM6 and TM7, where the most conserved regions correspond to the TMs
domains and the most variable regions match the loops and C-terminus (Halestrap, 2012). In
addition, TM1 and TM5 motifs have been characterized as responsible for molecular dynamics and
conformational changes of MCTs (Jones & Morris, 2016). The different functional role of these
transporters is related to the differences in amino acid sequence as a result of evolutionary
divergence (Pinheiro et al., 2012), leading to the formation of different isoforms. Only four of them,
MCTs 1-4, have been confirmed to function as proton-symporters of metabolic monocarboxylic
acids in mammals (human, mouse, and rat), each one with a distinct substrate and affinities
(Halestrap, 2012; Pinheiro et al., 2012) and a high degree of variability among tissue expression
levels (Jones & Morris, 2016). In addition, MCT1 and MCT4 have been described as an important
key metabolic mechanisms in cancer cells (Wilde et al., 2017). Specifically, MCT1 is overexpressed
in OXPHOS cancer cells (elevated lactate influx), while MCT4 is overexpressed in glycolytic cancer

cells (elevated lactate efflux) (Doherty & Cleveland, 2013; Semenza, 2008; Wilde et al., 2017).

The role of MCTs in cell homeostasis is extensively described in some tissues (Pinheiro et
al., 2012). However, more studies are needed to understand the role of these transporters, as it
has been described that many of these MCT isoforms are upregulated in tumor tissues, making

them attractive targets and biomarkers for a wide variety of cancers (Jones & Morris, 2016).
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1.4.1. Monocarboxylate transporter 1 (MCT1)

MCT1/SLC16A1 is a nonspecific MCT with low/moderate substrate specificity when
compared to other MCT family members (Fisel et al., 2018; Pinheiro et al., 2012). MCT1 is a
symporter that can uptake or efflux a wider range of monocarboxylates substrates through the
plasma membrane (Broer et al., 1998; Halestrap & Price, 1999), according to the predominant
intracellular and extracellular substrate concentrations and the transmembrane pH gradient (Fisel
et al., 2018; Halestrap, 2012). MCT1, encoded by the gene SLC16A1 (Halestrap, 2013), can be
found in almost all cell types of the human body, however, it is expressed at low levels in some
tissues like B-cells (Pullen et al., 2010; Romero-Garcia et al., 2016). MCT1 carries out its function
mostly in heart, skeletal muscle, intestine, liver, kidney, and metastatic cancer cell lines (Halestrap
& Price, 1999; Romero-Garcia et al., 2016). This transporter has a high affinity and it is a
stereoselective transporter for L-lactate (Broer et al., 1998; Halestrap, 2012), but not for D-lactate
(Halestrap, 2012). MCT1 can also transport pyruvate, short-chain fatty acids (acetate and
butyrate), benzoate, propionate, ketone bodies (D, L-B-hydroxybutyrate, and acetoacetate),
branched-chain keto-acids (a-ketoisocaproate) formed from transamination of amino acids, and
branched oxo-acids with a greater affinity than lactate (Broer et al., 1998; Cuff et al., 2002;
Halestrap, 2012; Halestrap & Meredith, 2004; Kido et al., 2000; Romero-Garcia et al., 2016).

1.4.1.1. Regulation of Monocarboxylate transporter 1 (MCT1)

In cancer cells, MCTs can be subjected to short term, transcriptional or post-transcriptional
regulation. In short terms regulation, the activity of MCT1 is modulated by carbonic anhydrase (CA)
Il 'and IX (Noor et al., 2018). Both CAs are involved in the interconversion of carbon dioxide and
water to bicarbonate and protons, and are responsible for supplying proton-coupled MCT1 (Figure
11) (Jones & Morris, 2016; Noor et al., 2018). CAs modulate and enhance MCT1 activity through
a “proton-collecting antenna’’ without participating in the catalytic reaction (Noor et al., 2018). The
regulatory noncovalent protein-protein interaction happens between histidine 64 of cytosolic
carbonic anhydrase Il (CAll) and an intracellular glutamic acid moiety present in MCT1 C-terminus

(Noor et al., 2015).
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Figure 11 - Glycolysis and Lactate efflux in cancer cells. Carbonic anhydrase Il (CAll) is

present in intracellular cells and binds to the C-terminal tail of MCT1/4. In hypoxic conditions,
carbonic anhydrase IX (CAIX) also binds to MCT1/4 via their chaperon CD147 and is responsible
for supplying proton-coupled MCT1/4, modulating and enhancing their activity, without
participating in the catalytic reaction. Therefore, CAIX acts as a proton antenna, and it is an
extremely important mechanism since the diffusion of H* is slow. Firstly, glucose enters the cell
through the glucose transporter (GLUT) by facilitated diffusion and it is converted into lactate by
anaerobic glycolysis. At the same time, protons are produced by the hydrolysis of ATP. To allow
fast extrusion of protons and lactate from the cell, MCTs extract simultaneously both. For

abbreviations please see page ix (adapted from Noor et al. 2018).

Regulation and trafficking of MCT1, and also MCT2, MCT3 and MCT4, have been associated
with several ancillary proteins (Jones & Morris, 2016). Firstly, a highly glycosylated type |
glycoprotein accessory, CD147 (also known as OX-47, HT7, and basigin) (Kirk et al., 2000) has
been identified as the most important chaperone protein in the regulation and activity of MCTs and
its trafficking to the plasma membrane (Gallagher et al., 2007; Pinheiro, Albergaria, et al., 2010;
Pinheiro, Longatto-filho, et al., 2009; Pinheiro, Longatto-Filho, et al., 2009; Pinheiro, Reis, et al.,
2010; Wilson et al., 2005). In fact, in the absence of this chaperone, MCT1 cannot appear in the
plasma membrane and is accumulated in the Golgi apparatus (Halestrap, 2013). The active form
of MCT1 is composed of two CD147 proteins at the cell membrane, which can recruit additional

proteins such as cytochrome oxidase (COX) to form supercomplexes (Payen et al., 2019).
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Interestingly, CD147 co-expression is essential for proper plasma membrane expression and
activity of MCT1 (Jones & Morris, 2016), and CD147 expression is also dependent on MCT1 (Deora
et al., 2005). It is possible that CD147 expression may enhance the malignant phenotype of MCT1
(Pinheiro et al., 2012). However, the association between both proteins is different among distinct
tumors, which might indicate that the regulation of CD147 and MCT1 proteins are different among

diverse cancers (Pinheiro, Reis, et al., 2010).

CD147, also identified as an extracellular matrix metalloproteinase inducer (EMMPRIN), is
upregulated in a variety of human cancers and can produce matrix metalloproteinases and vascular
endothelial growth factor (VEGF), that may interact with other molecules, such as CD98 (an amino
acid transporter), CD44, syndecan-1, y-secretase, shrew-1, and B-integrin (Gallagher et al., 2009).
The interactions can influence diverse cellular networks, suggesting that CD147 may represent a

key player in tumor cell invasion and metastasis (Riethdorf et al., 2006).

CD147 may form a “sensory complex” with CD98 and [-integrin to regulate cell physiology
and function (Gallagher et al., 2009). It is also capable of interacting with B-integrin in some
processes during cell migration, including metastasis and wound healing (Gallagher et al., 2009).
The overexpression of CD147 leads to an increase of metastatic potential in some tumors, while
the silencing of CD147 in hepatic and ovarian cancer, and lymphoma cell lines leads to a decrease

of cell migration (Gallagher et al., 2009).

In tumors, the elevated concentration of extracellular lactate leads to the upregulation of two
extracellular matrix proteins responsible for enhancing migration, namely hyaluronan, and type |
collagen (Gallagher et al., 2009). CD147 is allowed to stimulate EGFR-Ras-ERK signaling depending
on the binding of hyaluronan with CD44 (Grass et al., 2013). The hyaluronan-CD44 interaction
contributes to the regulation of MCT1 localization and function (Slomiany et al., 2009) as well as

the co-expression of either CD147 or CD44 in the plasma membrane (Pinheiro et al., 2012).

CD147 promotes the aggregation of signaling complexes containing CD147, CD44, and
EGFR (Grass et al., 2013). It has been described that oncogenic Ras regulates CD147 expression,
hyaluronan synthesis, and formation of CD147-CD44-EGFR complexes, creating a positive
feedback loop capable of amplifying tumor invasion (Grass et al., 2013). Recently, the MCT
chaperone, CD44, has been described in diverse processes related to cancer, namely in cancer
progression including cell growth control, matrix adhesion, migration, invasion, cell survival, and

chemoresistance (Marhaba & Zoller, 2004; Slomiany et al., 2009).
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In skeletal muscle, MCT1 can be transcriptionally regulated by the nuclear factor of activated
T cells (NFAT) (Halestrap & Wilson, 2012). NFAT acts by binding to the MC71 gene promoter region
in consensus NFAT binding sequences, and it is essential to the activation and proliferation of T
lymphocytes. The activation process is accompanied by higher levels of MCT1 expression to sustain

the extremely high rates of T-cells glycolysis (Halestrap & Wilson, 2012).

During physical exercise, the upregulation of MCT1 can be due to the increased
Caz/calcineurin-dependent protein phosphatase activity (CaMK), which also leads to the
dephosphorylation of the transcription factor NFAT (Halestrap, 2013; Jones & Morris, 2016). In
addition, physical exercise leads to the overexpression of MCT1 through a presumed mechanism
implicating the activation of the AMP-activated protein kinase (AMPK) and p38 mitogen-activated
protein kinases (MAPK) pathway, that triggers the direct activation of downstream regulatory
factors, such as peroxisome proliferator-activated receptor-gamma coactivator 1-o0 (PGC-1a)

(Halestrap & Wilson, 2012; Takimoto et al., 2013).

In cancer cells, MCT1 can be regulated by transcription factors, including p53 and MYC
(Halestrap, 2013). Under hypoxic conditions, p53-deficient tumors promote MCT1 expression,
allowing the tumor cells to adapt to the metabolic needs by exporting the lactate produced by
elevated glycolytic flux (Boidot, 2012) and acquiring therapeutic resistance (Doherty & Cleveland,
2013). Curiously, MYC is enabled to bind the MCT1 promoter in both normal and cancer cell lines
and, as a result, MCT1 inhibition can be a successful strategy to neutralize MYC-driven

malignancies (Doherty & Cleveland, 2013).

MCT1 regulation by hypoxic conditions seems to be controversial (Miranda-Gongalves et al.
2016). Some results indicate that MCT4 expression, but not MCT1, is activated by hypoxia and
mediated by HIF-1a, since MCT4 has hypoxia response elements (HRE) where HIF-1a can bind
(Halestrap, 2013; Ullah et al., 2006). Other studies report that the upregulation of MCT1
expression is mediated by hypoxia in order to support the glycolytic phenotype of cancer cells

(Heredia and Wood 2010; Miranda-Goncalves et al. 2016).

Recently, it has been suggested that HIF-la and hypoxia-inducible factor 2o (HIF-2a),
although have dissimilar roles in different types and stages of the tumor, can be both responsible
for the progression of the tumor by regulating targets genes that both have in common (Keith et

al., 2011).
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Extracellularly acidosis can trigger HIF-2 and consequently MCT1 transcription (Payen et al.,
2019). The HIF-2 mechanism might be involved in MYC and nuclear factor-B (NF-B) transcriptional
activity, where the deregulation of the NF-B pathway is associated with oncogenesis (Zhao et al.,

2013).

In osteosarcoma cell lines, it was found that the NF-B pathway influences the process of
glycogen synthase kinase 3 (GSK-3[)-mediated regulation of cell survival (Zhao et al., 2013).
Other pathways have been described in the MCT1 regulation, where activation of the Wnt pathway
and metastasis-associated in colon cancer 1 (MACC1) signaling leads to induction of MCTI

transcription (Payen et al., 2019).

MCT1 may also be epigenetically regulated by DNA methylation. For example, DNA
methylation can play a role in 3-cell-specific MCT1 silencing (Pullen et al., 2011). In human breast
cancer, it was reported that an isolated hypermethylated DNA fragment from 5 upstream region

of MCT1 leads to the silencing of this gene (Asada & Fukutomi, 2003).

A post-transcriptionally mechanism can regulate MCT1 in several tissues (Halestrap & Price,
1999; Halestrap & Wilson, 2012). MCT1 post-transcriptional regulation could also involve
regulation of its translation through specific sequences and secondary structures in the 5" or 3~
untranslated region (UTR) (Halestrap & Wilson, 2012). Since MCT1 3 "-URT is very long, it may be

related to translational control of MCT1 expression (Halestrap & Wilson, 2012).

The post-transcriptional mechanism could be associated with overexpression of MCT1
during the cell cycle, without change MCT1 mRNA levels (Halestrap & Wilson, 2012). miR-29a,
miR-29b, miR-124, and miR-495 are likewise enabled to regulate MCT1 expression as described
as B-cell silencing of MCTI gene, by connecting to the binding site present in the MCT1 3 "UTR
(Payen et al., 2019; Pullen et al., 2011). In human triple-negative breast cancer, miR-342-3p
directly targets MCT1, resulting in a change of lactate and glucose fluxes and disrupting the
metabolic homeostasis of tumor cells (Romero-Cordoba et al., 2018). However, the functional role

of many miRNAs remains unclear (Romero-Cordoba et al. 2018).

MCT1 levels at the plasma membrane are regulated by cyclic adenosine monophosphate
(cAMP)-dependent vesicular trafficking in RBE4 cells (Figure 12) (Halestrap & Wilson, 2012; Payen
et al.,, 2019; Uhernik et al., 2014). In rat brain cerebrovascular endothelial cells, cAMP can

stimulate and induce the dephosphorylation of MCT1 and therefore the internalization of the
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transporter from the plasma membrane into caveolae (CAV) and early endosomes (EE) (Smith et

al., 2012).

Constitutive Pathway Regulated Pathway

Adrenergic
agonist

LE/LYS

Figure 12 - MCT1 constitutive and regulated pathway by cAMP-dependent internalization in
RBE4 cells. In the constitutive pathway, MCT1 internalization occurs by clathrin-coated vesicles
(CCV) where it is trafficked to recycling endosomes (RE) for redistribution on the plasma
membrane, without the interference of cyclic adenosine monophosphate (CAMP) signaling. In the
regulated pathway, the cAMP production leads to activation of a phosphatase which
dephosphorylates the MCT1 plasma membrane, promoting internalization of MCT1 from the
plasma membrane into caveolae (CAV) and early endosomes (EE). For abbreviations please see

page ix (Smith et al., 2012).

MCT expression leads to the upregulation of glycolysis and acid-resistance of cancer cells
due to the “lactate shuttle”, leading to the conversion of /n7 sifu to invasive cancer (Pinheiro, Reis,
et al., 2010; Romero-Garcia et al., 2016). MCT1 has been associated with tumor aggressiveness
and “stemness” of tumor cells once it been mentioned in several cancers, such as glioma, breast,
colorectal, gastric, cervical cancer, and neuroblastoma (Pinheiro et al., 2012; Pinheiro, Reis, et al.,
2010; Romero-Garcia et al., 2016). MCT1 has been proposed as a biomarker or prognostic marker

for cancer outcome and poor prognosis (Fisel et al., 2018). Therefore, the understanding of the
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mechanism of MCT1 regulation can potentially result in a better prognosis and treatment of the

disease.

1.4.1.2. MCT1 as a therapeutic target in cancer cells

MCT]1 is responsible for cancer metabolic adaptations and has an important effect on the
metabolic-symbiosis between different types of cells present in the cancer microenvironment
(Sotgia et al., 2013). The metabolic symbiosis system may be responsible for drug-resistance
and/or the escape mechanism during antiangiogenic therapy, so targeting this transporter with
new effective and nontoxic drugs in cancer therapies will “shut-down” the advantageous symbiosis,
making a serious impact in tumor homeostasis (Pinheiro et al., 2012; Sotgia et al., 2013). Knowing
that MCT1 is overexpressed in some cancer cell lines and that its aberrant expression occurs along
with tumor aggressiveness (Fisel et al., 2018), MCT1 inhibition can be used as a potential
therapeutic approach in cancer, either to inhibit the effect of lactate, improve the immune system

response or decrease the capacity of tumor cells migration (Pinheiro et al., 2012).

Inhibition of MCT1 can be performed in a nonspecific way by a-cyano-4-hydroxycinnamic
acid (CHC) and its analogs, stilbene disulphonates including 4,4 "-di-isothiocyanostilbene-2,2 " -
disulphonate (DIDS) and 4,4 -dibenzamidostilbene-2,2 "- disulphonate (DBDS), phloretin and
bioflavonoids such as quercetin, cyanocinnamates, p-chloromercuribenzene sulfonate (pCMBS),
and statins (Fisel et al., 2018; Halestrap, 2012, 2013; Halestrap & Price, 1999; Halestrap &
Wilson, 2012).

DIDS can irreversibly bind to MCT1 and MCT2 and disrupt the transporter, while pCMBS,
an organomercurial reagent, can interrupt MCT-CD147 interaction by directly targeting basigin,
and consequently breaking up MCT1, MCT3, and MCT4 expression and activity (Park et al., 2018;
Payen et al., 2019). CHC has an antitumor effect by inhibiting lactate uptake into oxygenated
cancer cells and indirectly starve hypoxic cancer cells of glucose, disrupting metabolic coupling
present in the tumor microenvironment (Bola et al., 2014). In that way, CHC is able to decrease
tumor growth, increase the necrosis core associated with the eradication of hypoxic tumor area,
and increase the sensitivity of the remaining oxygenated tumor to radiotherapy (Bola et al., 2014;
Payen et al., 2019). While effective at inhibiting MCT1 /n vifro, CHC and DBDS were reported to
exhibit substantial off-target effects. CHC can bind and inhibit mitochondrial pyruvate transport and

DBDS leads to erythrocyte chloride/bicarbonate exchanger AE1 suppression (Park et al., 2018).
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Lipophilic statins, such as cerivastatin, simvastatin, lovastatin, fluvastatin, and atorvastatin,
have been described as anticancer medications based on their antiproliferative, proapoptotic and
tumoricidal properties in distinct cancer cells by competitive nonspecific MCT inhibition (Fisel et
al., 2018; Mehibel et al., 2018). Lovastatin and simvastatin are administered in the inactive lactone
form and have the advantage of increasing their lipophilicity and have better access to different
tissues, especially to non-hepatic tissues, where they can pass the plasma membrane through
passive diffusion and be metabolized to the corresponding active -hydroxy acid (Kato et al., 2010;

Matusewicz et al., 2015). The remaining are applied in the active form (du Souich et al., 2017).

Statins are a 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase competitive
inhibitor used to reduce concentrations of low-density lipoproteincholesterol (du Souich et al.,
2017; Kikutani et al., 2016; Matusewicz et al., 2015). When the statin is in their active form, 3-
hydroxy acid, can be biotransformed in hydroxylated metabolites that also contribute to inhibit
HMG-CoA (du Souich et al., 2017). In this way, the biosynthesis of mevalonic acid is disrupted as
well as the biosynthesis of cholesterol, isoprenoid, ubiquinone, steroids, bile acids, vitamin D, as
well as geranylgeranyl pyrophosphate (GGPP) and farnesyl pyrophosphate (FPP) (du Souich et al.,
2017; Kato et al., 2010). However, the anticancer activity of statins still remains unclear
(Matusewicz et al., 2015). Other studies describe more cytostatic and cytotoxic effects of statins in
malignant and highly metastatic cancer cells than benign and low metastatic cancers when
possesses the same origin (Hentosh et al., 2001). Statins affect cell-cycle regulatory proteins in G1
and S phase in a dose and time-dependent manner (Matusewicz et al., 2015). Lipophilic statins
can be used to sensitize cancer cells to different chemotherapies without affecting normal cells,

improving overall survival in patients (Kato et al., 2010).

Another chemotherapeutic agent is lonidamine (LND) which was described to be responsible
for potent and nonspecific inhibition of MCT1, MCT2, and MCT4, sensitizing tumor cells and
enhancing treatments (Fisel et al., 2018; Nancolas et al., 2016). LND has as an advantage the
selective activity against different tumors without affecting normal tissues (Nath et al., 2016). In
human melanoma xenografts, LND inhibits the mitochondrial pyruvate carrier (MPC) and
suppresses MCT1 by an unknown mechanism (Figure 13) (Nancolas et al., 2016; Nath et al.,
2016). However, it has been described that the inhibition of respiration involves reduced
mitochondrial uptake of pyruvate via MPC, as well as inhibition of the mitochondrial electron-

transport chain at Complex Il and perhaps also Complex | (Nath et al., 2016). LDN can drive to the
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accumulation of reactive oxygen species (ROS) through Complex Il (Nath et al., 2016).
Consequently, LND leads to an increase of intracellular L-lactate, a reduction of the intracellular
pH, and a decrease of nucleoside triphosphate levels, leading to the inhibition of MCT1 (Nancolas

et al., 2016; Nath et al., 2016).
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Figure 13 - Lonidamine structure and its mechanism for MCT1, MCT2, and MCT4
nonspecific inhibition. Lonidamine (LND) is responsible for the inhibition of mitochondrial pyruvate
carriers (MPC) and complex I, increasing the intracellular levels of L-lactate and decreasing
intracellular pH and nucleoside triphosphate levels, leading to the inhibition of MCT1 (Nath et al.,
2016).

Nonspecific MCT inhibition has been demonstrated to exert therapeutic effects, but these
compounds cannot determine the individual role of MCT isoforms or particularly inhibit one specific
altered MCT in a pathophysiological pathway (Fisel et al., 2018). Nonspecific MCT inhibitors do not
present a high clinical prospect in cancer (Payen et al., 2019). It is crucial to create new specific

inhibitors of MCT1 and test their efficacy in preclinical studies (Fisel et al., 2018).

The interest in MCT1 inhibitors increased in 2007 with a new class of immunomodulatory
drugs (Bueno et al., 2007). AR-C117977 and AR-C122982 are potent MCT1 and MCT2 inhibitors
that can act through direct binding to intracellularly TM domains 7-10 (Park et al., 2018). The
MCT1 suppression can affect the function of B lymphocytes in vitro and /in vivo and cause

immunosuppression i inhibition of T lymphocyte proliferation (Paul et al., 2017). However, AR-
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C117977 and AR-C122982 present some disadvantages as they cannot inhibit cytokine production
or the expression of early leukocyte activation markers /in vifro, and had high lipophilicity, very low
solubility, poor oral bioavailability with short plasma half-lives, limiting their clinical value (Bueno et
al., 2007; Pahlman et al., 2013; Park et al., 2018). In order to overcome these barriers, other
compounds were synthesized based on the above mentioned compounds. AR-C155858 and its
derivative, AZD3965 (Polanski et al., 2014), are specific and extremely high-affinity inhibitors of
MCT1 over MCT2 (6-fold greater specificity), developed by AstraZeneca. These inhibitors are able
to inhibit T lymphocyte activation and proliferation, by blocking lactate efflux, and also MCT1 while
having an immunosuppressive effect (Bola et al., 2014; Fisel et al., 2018; Halestrap, 2013; Ovens
et al., 2010; Payen et al., 2019). The inhibition of MCT1 by AZD3965 was shown to be time-
dependent, suggesting that maybe the compound enters the cell before binding to the same region
than AR-C117977 and AR-C122982. At this moment, AZD3965 is at phase I/l in preclinical tests
for treating patients with some types of advanced cancers (Fisel et al., 2018; Park et al., 2018).
AZD3965 has been shown to be most effective against cancer cells expressing high levels of MCT1
in hypoxia with simultaneous low expression of MCT4, once high levels of MCT4 expression are

correlated with resistance of the drug (Jones & Morris, 2016; Park et al., 2018).

BAY-8002 was described as a novel potent and selective inhibitor of MCT1-dependent
bidirectional lactate transport (Quanz et al., 2018). BAY-8002 and AZD3965, despite the distinct
structure, both act in a similar way, binding to the same or overlapping sites, and suppressing
MCT1 and MCT2 activity, which decreases tumor growth but not tumor regression (Payen et al.,
2019; Quanz et al., 2018). However, BAY-8002 is more selective for MCT1 than MCT2 (Payen et
al., 2019).

An alternative strategy to specifically target MCT1 consists in the use of small interfering
RNAs (siRNAs) loaded in PEGylated chitosan nanoparticles (Corbet et al., 2015; Payen et al.,
2019). Chitosan is a natural polymer that is non-toxic, non-immunogenic, biodegradable, and
biocompatible. When combined with nanoparticles, it can be used as a platform for delivery siRNA
into tumors through electrostatic interactions, increasing the efficacy of cell binding (Corbet et al.,

2015).

MCT1 and MCT4 present a similar function which can result in a compensatory pathway,
increasing chemosensitivity and radiosensitivity, but not tumor cell death (Fisel et al., 2018; Quanz

et al., 2018). Even with the simultaneous inhibition of MCT1 and MCT4, cancer cells can induce a
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metabolic shift toward oxidative phosphorylation and survival (Fisel et al., 2018). So, the utilization
of a rational drug combination that includes MCT1 and MCT4 inhibitors and blockers of oxidative
phosphorylation is fundamental to disrupt metabolic homeostasis of cancer cells, leading to tumor

cell death (Fisel et al., 2018).

1.5. Outline of the thesis

MCTs are present in a wide variety of tissues and are involved in the transport of diverse
monocarboxylates across the plasma membrane. MCTs belong to the SLC16 transporter family
and, so far, 14 homolog members have been identified, being all essential for the regulation of
fundamental cellular processes. MCT1 is a well characterized member that functions as a proton-
symporter of metabolic monocarboxylic acids in mammals. While MCT1 enables the uptake of
lactate, facilitating to upregulation of glycolysis, it also enables the transport of H+, contributing to
the preservation of intracellular pH of cancer cells. MCT1 plays a dual role in the maintenance of
the metabolic phenotype in tumor cells. MCT1 has also been associated with angiogenesis and
cancer migration, invasion, and metastasis. Therefore, MCT1 is a potential target molecule for

cancer therapy as well as a useful prognostic factor.

Little is known regarding the conditions that lead to removal of MCT1 from the plasma
membrane. This project aims at studying the expression and localization of MCT1, by confocal
microscopy. We will use a U20S cancer cell line harboring MCT1 fused at the N-terminal with the
EGFP protein, by CRISPR-Cas9. Cells will be grown in media with or without glucose and/or
glutamine and in the presence or absence of distinct compounds namely cycloheximide,
lenalidomide, FTY720, PMA, lithium cloride, and quercetin. These conditions were selected based
on previous reports stating that they influence MCT1 or other nutrients transporters expression at

the plasma membrane.
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2. Materials and Methods

2.1. Biological Materials

We used U20S cells harboring MCT1 fused with the enhanced green fluorescent protein
(EGFP-MCT1) in both alleles, at the N-terminal, using Clustered Regulatory Interspaced Short
Palindromic Repeat (CRISPR)-Cas9 technology. These cells were previously generated by our group

(Gomez-Varela et al., 2020).

2.2. Cell culture

U20S cells were thawed using a 37°C water bath and cultured in Dulbecco's Modified Eagle
Medium (DMEM; Lonza and Gibco), supplemented with 10% (v/v) Fetal Bovine Serum (FBS; Gibco),
and 10.000 U/mL Penicillin and 10.000 pg/mL Streptomycin (Merck). The medium DMEM,

containing 4.5 g/L of glucose and L-glutamine, was used as standard.

The adherent cell line was always grown in monolayer culture at 37°C in a humidified

incubator with 5% CO.. U20S cells were periodically tested for Mycoplasma by PCR.

2.3. Compounds for assessing MCT1 expression

Cells were treated, when indicated, with phorbol 12-myristate 13-acetate (PMA; Sigma-
Aldrich ref P1585-1MG), cycloheximide (CHX; Sigma-Aldrich ref C7698-1G), fingolimod
hydrochloride (FTY720; Sigma-Aldrich ref SML0O700), lithium chloride (LiCl; Sigma-Aldrich ref L-
0505), (3S)-3-(4-Amino-1-oxo-1,3-dihydro-2H-isoindol-2-y) piperidine-2,6-dione (lenalidomide; Santa
Cruz Biotechnology ref sc-218656), and quercetin dihydrate (EMD Millipore ref 551600). FTY720
was dissolved in water and stored at -20°C; LiCl was dissolved in water and stored at room
temperature; the remaining compounds (CHX, lenalidomide, PMA and quercetin) were dissolved
in DMSO and stored at -20°C. For these compounds, 1% of DMSO was added to the medium as a

control. The stock concentration of compounds are presented in Table 1.
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Table 1 - Compounds and respective stock concentration (mM) used to study MCT1 protein

expression.
Compounds Concentrations (mM)

cycloheximide 3.55x10:
FTY720 5.82x10~

lenalidomide 1x10

LiCl 1x10°

PMA 1
quercetin 8x10

The cell culture media used in this study were either DMEM (4.5 g/L of glucose and L-
glutamine) as a standard condition, or medium A (no glucose, no glutamine and no phenol red;
Alfagene) and medium B (no glucose and no sodium pyruvate, supplemented with glutamine;

Alfagene), all stored at 4°C.

2.4. Cell sample preparation and optimization for fluorescence microscopy experiments

For the confocal fluorescence microscopy imaging, cells at 80-90% confluence were washed
with Dulbecco's Phosphate-Buffered Saline (DPBS; Gibco), detached with Trypsin (Corning) and re-
suspended in fresh complete medium (DMEM). To optimize the cell density for fluorescence
microscopy experiments, gene-edited U202 cells were seeded into a u-Slide 8 well plate ibiTreat
(Ibidi) at different concentrations, namely 5x10¢, 7x10¢4, 9x10+ and 11x10* cells/mL. These cell
densities were selected based on a concentration range recommended by the manufacturer s
instructions. Cells were incubated for 24 h at 37°C, 5% CO., and imaged with a confocal

fluorescence microscope at time 0 h and 25 h later.

2.5. Cell seeding for live-cell imaging

After re-suspension in fresh complete medium, cells were seeded into ibiTreat u-Slide 8 well
chambers, with a cell density of 5x10¢ cells/mL, per well. After 24 h of incubation, cell medium
was removed and cells were washed with DPBS. 300 pL of either standard DMEM, medium A, or

medium B, and the corresponding compounds, were added to each well. The final concentration
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of compounds used to study MCT1 protein expression are presented in Table 2. Fluorescence

microscopy was performed after 6 h and 24 h of incubation.

Table 2 - Compounds and respective final concentration (nM) used to study MCT1 protein

expression.
Compounds Concentrations (nM)
cycloheximide 3.55x10¢
FTY720 5.82x102
lenalidomide 1x10
LiCl 2x107
PMA 1x10°
quercetin 8x10¢

2.6. Confocal Fluorescence Microscopy

Live-cell imaging with U20S cells was performed with a Zeiss LSM 780 inverted confocal
microscope after 24 h of incubation of U20S cells. EGFP-MCT1 was excited using an Argon laser
at 488 nm and detected between 493-598 nm. To avoid photobleaching, and consequently the
phototoxicity of cells, the intensity of lamp was set at 15% of power laser. The pinhole size was set
to 1 Airy units, the detector gain to 700, the digital offset to O and the digital gain to 1.0. Microscopic
images were acquired with an oil immersion 40x(1.3 NA) objective (EC Plan-Neofluar®) and using

the Zeiss ZEN digital imaging software.

2.7. Image processing and analysis

Fluorescence intensity of all images was acquired in Z-stacks (8-bit, 1024x1024 pixels, Ism
files). All images were processed and analyzed using FlJI software (Schindelin et al., 2012), as
briefly explained in Figure 14. For optimization experiments, each z-stack image was acquired at 0
h and 25 h. For MCT1 expression analysis, acquisition was performed at 6 h and 24 h, using the

sum slices tool in order to visualize the sum of each intensity pixel in all cells.
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For MCT1 expression representative images acquired by confocal microscopy, all images
were acquired by subtraction of just one stack (representative of the middle of the cell) and colored

in green.

For confocal imaging data analysis (Appendix), each z-stack image was combined into two
equal sum slices z-stack image, where one of them was used as the original image (Figure 14A)
and the other one was adjusted with a median filfer tool (Figure 14B) to smooth the image and
remove thin-structured objects (Yang, 2016). The /mage calculator tool was used to subtract the
second filtered image from the original, to remove background and to enable the appearance of
small features, corresponding to the pixels with the highest intensity of the original image (Figure
14C). The noise level of the images was reduced using the thresholdingtool, with identical settings
for all images. This approach can remove some texture introduced by the previous median filter
that was not present in the original image, once the filter size was significant (Yang, 2016). Another
median filter was used to reduce residuals of autofluorescence background from images (Powell
et al., 2019) by replacing each pixel with the median of the neighboring pixel values (Bankhead,
2014). The quantification of MCT1 fluorescence intensity was normalized by dividing the
fluorescence intensity per number of cells in each image. The number of cells was determined

using the cell counter plugin and only cells with a visible nucleus were considered.
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Figure 14 - Key stages of image processing used for the quantification of MCT1 expression.

Each z-stack image acquired after 6 h and 24 h of cell incubation was combined into two equal
sum slices z-stack image: (A) the original image and (B) the original image adjusted with a median
filtertool. (C) The /mage calculatortool was used to subtract the adjusted image from the original.
The results of subtracted images were adjusted using the fhresholdingtool and processed by a
median filter, before quantifying the fluorescent intensity of each image. (D) The merge channels
plugin was used to combine images acquired after the different median filtertool (step B and C) to
enhance the visualization of the MCT1 (green) in the cell (grey). This step was just used in the

confocal microscopy analysis.

All images were processed in the same way with all tools, except with the thresholding tool

once images from different sets were acquired with a different laser intensity. So, in order to not
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acquire more or less information than the original image, thresholding was higher for the images
acquired with more laser intensity, and smaller for the images acquired with less laser intensity.
However, all images acquired on the same day were processed with the same thresholding as they

were exposed to the same laser intensity, enabling the statistical analyzes of the data.

For the analysis of MCT1 expression by confocal microscopy imaging, the images processed
with the median filter were combined with the merge channel plugin to improve the visualization

of MCT1 (green) in the cells (grey) (Figure 14D).

2.8. Statistical analysis

GraphPad Prism 8 software (GraphPad Prism Software Inc., San Diego, CA, USA) was used
for statistical analysis. The experiments with FTY720 and lenalidomide were repeated 3 times
independently while other experiments, including assays with cycloheximide, PMA, LiCl, quercetin,
medium A and medium B were repeated 2 times independently. Fluorescent intensity values were
tested with a two-way ANOVA. Statistical significance between groups was analyzed by Tuckey post
hoc test and was considered to be statistically significant at P < 0.05. Results shown on graphs

represent the mean + standard deviation (mean + SD).
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3. Results and Discussion

3.1. Optimization of cell seeding for confocal imaging

To optimize the optimal cell density for microscopy, gene-edited U202 cells were seeded
into a u-Slide 8 well plate ibiTreat (Ibidi) at different concentrations (5x10¢, 7x10¢, 9x10¢and 11x10¢
cells/mL). Cells were observed with the confocal fluorescence microscope after O h and 25 h of
incubation (Figure 15).

As shown in Figure 15, all cell densities were suitable for quantitative image analysis at
different time-points. At O h, cells were separated enough to enable the visualization of MCT1
transporter and to simplify the cell counting, improving data analysis. However, after 25 h, at 9x10¢
cells/mL and 11x10+ cells/mL cell densities, the acquired images were saturated, leading to
inaccurate quantification in live-cell imaging (Bankhead, 2014). From all the tested concentrations,
5x10¢ cells/mL was found to be the optimal cell concentration for confocal imaging because of the
quality of images and to facilitate the counting of the cell number, which is required for the

fluorescent intensity quantification studies.

5x104cells/mL 7x10% cells/mL 9x10%cells/mL 11x10% cells/mL

Oh

25h

Figure 15 - Fluorescence of U20S cells at different concentrations (5x10¢, 7x10¢, 9x10¢* and

11x10¢ cells/mL) after O h and 25 h of incubation. 5x10¢ cells/mL was chosen as an optimal cell

concentration for confocal imaging. Scale bar corresponds to 50 pm.
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3.2. Effect of glucose and glutamine deprivation on MCT1 protein expression in U20S cells

Cancer cells consume high levels of glucose and convert them rapidly into lactate (Vander
Heiden et al., 2009; Warburg et al., 1927). This has been described as a key feature of their
metabolism, promoting growth, survival, proliferation, longterm maintenance, as well as a
reduction of overall survival in cancer patients (Liberti & Locasale, 2016; Walenta et al., 1997). As
mentioned in the introduction section, MCT1 has been reported to be overexpressed in several
cancer cell lines. In order to analyze MCT1 expression in the U20S cell line, cells were grown in
distinct media (medium A and medium B) containing different components.

Firstly, cells were exposed either to medium A (no glucose and no glutamine) or to the
standard DMEM control medium and observed by confocal microscopy, every 3 h for a period of 9
h (Figure 16A). It was possible to detect a fluorescent signal, localized at the plasma membrane,
in all conditions analyzed. After 3 h of incubation, the level of MCT1 expression was higher in cells
incubated with DMEM than when cells were incubated in medium A. The expression of MCT1
increases over time in Medium A, and after 9 h no difference is found between the conditions
tested and MCT1 fluorescence is clearly observed at the plasma membrane. Fluorescence signal
strength levels (Figure 16B) remain similar after 6 h and 9 h of incubation. Mean fluorescence
signal strength values for cells incubated with DMEM (standard) and medium A after 3 h, 6 h and
9 h of incubation are presented in Table 3.

These results are in contrast to what has been reported when MCT1 was ectopically
expressed in SiHa cells lysates under glucose- and glutamine-deprivation for 48 h (Saedeleer et al.,
2014). However, in our work MCT1 is expressed under the control of its native promoter, and we
observe that cells treated with medium A seem to recover MCT1 expression after 9 h of incubation

(Figure 16A).
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Figure 16 - Analysis of MCT1 expression in gene-edited U20S cells after 3 h, 6 h and 9 h
of incubation with standard medium (DMEM) and medium A (no glucose and no glutamine) by
confocal microscopy imaging (A) and fluorescence quantification (B). Images are representative of
two independent experiments. Scale bar corresponds to 30 um. The quantification of fluorescence
signal strength was normalized by dividing the total fluorescence intensity per number of cells in

each image acquired using confocal microscopy imaging. Error bars represent SD.
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Table 3 - Mean fluorescence signal strength values for the standard and cells treated with

different media (medium A and medium B) for 3 h, 6 h or 9 h (n=2).

Mean fluorescence signal strength values
Incubation time
Standard Medium A Medium B
3h 0.0861 + 0.0434 0.0454 + 0.0204 0.1098 + 0.0467
6h 0.0859 + 0.0635 0.0899 + 0.0791 0.0741 + 0.0347
9h 0.0942 + 0.0495 0.0993 + 0.0630 0.1416 + 0.0468

In the last decades, transient transfection has been continually used to study proteins and
their involvement in cellular processes (Gibson et al., 2013; Moriya, 2015). However, this results
in artificial overexpression of proteins, leading to complex consequences as the function of diverse
proteins is interconnected (Moriya, 2015). Overexpression of proteins can lead to cell toxicity,
dysregulation of the gene dosage balance which affects protein folding and complex assembly,
accumulation of complex aggregates, downstream regulation, biological pathway modulation, and
severe abnormal changes in phenotypes (Bolognesi & Lehner, 2018; Gibson et al., 2013; Moriya,
2015). In addition, overexpressed GFP-tagged proteins may result in ectopic cellular localizations
and/or be involved in non-native interactions (Bolognesi & Lehner, 2018; Gibson et al., 2013).

Regulatory molecules such as transcription factors and signaling molecules can be
modulated by alterations in the external/internal cellular conditions (Moriya, 2015). MCT1 is highly
regulated by transcription factors that when activated/inactivated can promote/reduce the
expression of MCT1 (Halestrap, 2013; Jones & Morris, 2016; Payen et al., 2019). So, it is possible
that the variations in the external/internal cellular conditions led to altered MCT1 regulation and

trafficking in cells overexpressing the transporter, as presented by Saedeleer and colleagues.

We also compared the expression of MCT1 after cells were incubated either with medium B
(no glucose and glutamine) or with the standard control (DMEM). Few differences were found after
cells were observed by confocal microscopy (Figure 17A). MCT1 was clearly localized at the plasma
membrane, in all time points analyzed and for both conditions. This is in accordance with the
fluorescence signal strength levels obtained (Figure 17B). Mean fluorescence signal strength values
for the standard and cells treated with medium B after 3 h, 6 h and 9 h of incubation are presented
in Table 3.
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The results reported in the literature seem to be controversial as it has been described that
MCT]1 protein expression increased in transfected SiHa cells lysates 48 h after glucose-deprivation
(Saedeleer et al., 2014). However, it was also described that MCT1 protein expression was equal
in HBMEC cells lysates 24 h after glucose-deprivation (Miranda-Goncalves et al., 2017). Cells
treated with medium B also seem to slightly recover MCT1 expression after 9 h of incubation

(Figure 17A).
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Figure 17 — Analysis of MCT1 expression in gene-edited U20S cells after 3 h, 6 h, and 9 h
of incubation with medium B (with glutamine and without glucose) by confocal microscopy imaging
(A) and fluorescence quantification (B). Images are representative of two independent experiments.
Scale bar corresponds to 30 um. The quantification of fluorescence signal strength was normalized
by dividing the total fluorescence intensity per number of cells in each image acquired using

confocal microscopy imaging. Error bars represent SD.
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In /n vivo tumors, the lactate present in the microenvironment strongly activates the
glutaminolysis machinery in an MCT1-dependent manner (Figure 18) (Pérez-Escuredo et al.,
2016). This involves the uptake of lactate by MCT1 and its oxidation to pyruvate by lactate
dehydrogenase 1 (LDH1). In the cytosol, pyruvate mediates lactate signaling by inhibiting the
prolylhydroxylases (PHD) and consequently stabilizing HIF-2a protein. HIF-2a stabilizes c-Myc
protein expression into the nucleus of the cell, leading to the transcription of target genes, such as
ASCTZ, that is responsible for glutamine uptake into the cells (Pérez-Escuredo et al., 2016). Our
results show that, in the conditions tested, EGFP-MCT1 is stably maintained at the plasma

membrane, both in the presence or absence of glucose or glutamine.

glutaminolysis

L-glutamine

Figure 18 — Mechanism of lactate-induced glutamine uptake and metabolism in cancer cells.
Lactate enters into the cell by MCT1-facilitated transport and its oxidized to pyruvate in the cytosol
by lactate dehydrogenase 1 (LDH1). Pyruvate inhibits the prolylhydroxylases (PHD), resulting in the
stabilization of HIF-2a protein. HIF-2a protein stabilizes c-Myc protein expression (or c-Myc-Max
complexes) in the nucleus. c-Myc promotes the transcription of target genes, such as ASC7Z, a
transmembrane transporter responsible for the uptake of glutamine to inside the cell. Glutamine
can stay in the cytosol or in the mitochondria, where it is converted to glutamate by glutaminase 1

(GLS1) (adapted from Pérez-Escuredo et al. 2016).

From this point on, we proposed to test the effect of specific compounds in the expression

and localization of MCT1, namely cycloheximide, lenalidomide, FTY720, PMA, LiCl and quercetin.
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However, after the experiments described in this section, we had difficulties to establish the
conditions for control experiments. In the above mentioned experiments, we see a clear localization
of MCT1 at the plasma membrane when cells are incubated for 3 h in DMEM medium (control)
and a negligible GFP cytoplasmatic signal is observed. This is in contrast to what was found in the
experiments that will be described in the following sections, where we observe internal fluorescence
already in the control experiments. Still, we will present the results obtained and the reasoning

behind testing the selected compounds, as well as the expected results.

3.3. Testing the effect of cycloheximide on MCT1 protein expression in U20S cells

Cycloheximide (CHX) is a eukaryotic protein synthesis inhibitor that acts by reversibly binding
to the ribosomal E-site and inhibits the attachment of eukaryotic elongation factor 2 (eEF2),
responsible for the elongation phase of eukaryotic translocation (Figure 19) (Schneider-Poetsch et
al., 2010; Sharma et al., 2019). However, the exact binding site for CHX remains unknown and it
is unclear if CHX acts directly or indirectly with eEF2 (Schneider-Poetsch et al., 2010). Surprisingly,
even in high concentrations, CHX allows one complete translocation cycle from their initial position
on mRNA before interrupting elongation, leading to the accumulation of ribosomes in the start

codon (Schneider-Poetsch et al., 2010; Sharma et al., 2019).
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Figure 19 - Proposed inhibition mechanism of cycloheximide (CHX). CHX binds the
ribosomal E-site and inhibits eukaryotic translocation by preventing the attachment of eukaryotic
elongation factor 2. However, the attachment of CHX leads to the skewing of the deacylated tRNA
binding to the E-site allowing one complete translocation round from their initial position on mRNA
before interrupting elongation. This leads to the accumulation of ribosomes in the start codon. For

abbreviations please see page ix (Schneider-Poetsch et al., 2010).
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The acquired fluoresce live-cells images show a slight decrease in MCT1 expression at the
plasma membrane when cells are treated with CHX, when compared to the standard, more
pronounced after 24 h of incubation (Figure 20A). Comparable results were obtained by Talaia and
colleagues where CHX triggered Jen1 protein internalization (Talaia et al., 2017). Jenl is a lactate
transporter well characterized in Saccharomyces cerevisiae.

Analysis of fluorescence signal strength (Figure 20B) suggested a decrease of fluorescence
signal strength in cells treated with CHX compared with the standard, after 6 h and 24 h of
incubation. The fluorescence signal strength response to treatment with CHX showed analogous
results from previously published results, where after 24 h of incubation with this compound and
in glucose medium, the MCT1 protein expression decreased in transfected SiHa cells lysates
(Saedeleer et al., 2014). Mean fluorescence signal strength values for the standard and cells

treated with CHX after 6 h and 24 h of incubation are presented in Table 4.
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Figure 20 — Analysis of MCT1 expression in gene-edited U20S cells after 6 h and 24 h of
incubation with cycloheximide (CHX) by confocal microscopy imaging (A) and fluorescence
quantification (B). U20S cells were treated with 3.55x10° nM CHX. Images are representative of
two independent experiments. Scale bar corresponds to 30 um. The quantification of fluorescence
signal strength was normalized by dividing the total fluorescence intensity per number of cells in

each image acquired using confocal microscopy imaging. Error bars represent SD.
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Table 4 - Mean fluorescence signal strength values for the standard and cells treated with

CHX for 6 h or 24 h (n=2).

Mean fluorescence signal strength values
Incubation time

Standard CHX
6h 0.1298 + 0.0829 0.0317 £ 0.0277
24 h 0.1707 + 0.0621 0.0415 +0.0191

3.4. Testing the effect of lenalidomide on MCT1 protein expression in U20S cells

Recently, an activity for an immunomodulatory drug, lenalidomide, was reported on
hematological malignancies and distinct solid tumor types (Eichner et al., 2016). Lenalidomide
treatment leads to destabilization of cereblon preventing its binding to CD147 and MCT1 proteins,
disturbing the correct folding and maturation of CD147 and MCT1 proteins, and inactivating the
CD147-MCT1 transmembrane complex (Figure 21) (Eichner et al., 2016).

4
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Figure 21 - Schematic illustration of the lenalidomide mechanism. (A) Cereblon (CRBN)
functions as a chaperon for CD147-MCT1 association and proper localization in the cell membrane.
(B) Lenalidomide binds competitively to CRBN and abrogates CD147-MCT1 transmembrane

complex assembly and correct localization (adapted from Heider 2018).

To analyze the effect of lenalidomide on MCT1 expression, cells were visualized by confocal
microscopy after 6 h and 24 h of incubation with this compound (Figure 22A). After 6 h of
incubation, we observe a more clear labeling of the plasma membrane in non-treated cells. This is
in accordance with what is described in the literature, where lenalidomide leads to the decrease of
MCT1 expression (Eichner et al., 2016; Heider, 2018). It was also reported an increase of MCT1
internalization and its accumulation in the endoplasmic reticulum (ER), in transfected MM1S cells

treated with lenalidomide, in a dose and time-dependent manner (Eichner et al., 2016).
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In addition to conventional analysis, we calculated the fluorescence signal strength by data
analysis (Figure 22B). As shown, no significant difference in the fluorescence signal strength was
detected between cells treated with lenalidomide when compared with the standard, after 6 h and
24 h of incubation (p=0.9017 and p=0.9945, respectively). Mean fluorescence signal strength
values for the standard and cells treated with lenalidomide for 6 h and 24 h are presented in Table

5.
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Figure 22 — Analysis of MCT1 expression in gene-edited U20S cells after 6 h and 24 h of
incubation with lenalidomide by confocal microscopy imaging (A) and data analysis (B). U20S cells
were treated with 10 nM lenalidomide. Images are representative of three independent
experiments. Scale bar corresponds to 30 um. The quantification of fluorescence signal strength
was normalized by dividing the total fluorescence intensity per number of cells of each image
acquired using confocal microscopy imaging. Error bars represent SD. No significant differences

were determined.
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Table 5 - Mean fluorescence signal strength values for the standard and cells treated with

lenalidomide for 6 h or 24 h (n=3).

Mean fluorescence signal strength values
Time Incubation

Standard Lenalidomide
6h 0.1213 + 0.0756 0.1022 + 0.0796
24 h 0.1569 + 0.0593 0.1623 + 0.1209

The fact that the decrease in protein expression in our work is not so evident might lay on
the fact that distinct cell lines were used in the above-mentioned studies. On the other hand, CRBN
is essential for lenalidomide activity, however, the complete molecular and biochemical
mechanisms for this immunomodulatory drug resistance remain unknown (Sebastian et al., 2017).
In cell lines resistant to lenalidomide, the expression of CRBN protein is greatly reduced (Gandhi
etal., 2014; Zhu et al., 2019), some signaling pathways are dysregulated, such as Wnt/B-catenin,
MEK/ERK, or STAT3 pathways, and a higher antioxidative capacity is found (Mogollén et al., 2019;
Nass & Efferth, 2018; Sebastian et al., 2017).

Lenalidomide mediates the activation of the Wnt/-catenin pathway by suppressing casein
kinase 1o expression while enhancing glycogen synthase kinase 3a/B phosphorylation, enzymes
that function as regulators of signal transduction pathways (Bjorklund et al., 2011; Mogollon et al.,
2019). The immunomodulatory drug can disrupt CRBN-E3 ubiquitin ligase complex, responsible
for the ubiquitination of diverse cellular proteins, and accumulate B-catenin in the cytoplasm that
when translocated to the nucleus caused overexpression of various pro-survival and anti-apoptotic
factors increasing cell survival, such as c-Myc protein, and cyclin D1 (Bjorklund et al., 2011; Nass
& Efferth, 2018).

It is possible that U20S cells are less sensitive to lenalidomide. So, more studies need to be
performed in order to elucidate this hypothesis. Studies with supplementary lenalidomide doses
need to be done to clarify if lenalidomide was used at a non-toxic concentration. On the other hand,

since lenalidomide acts in a time-dependent manner, longer incubation periods should be tested.

3.5. Testing the effect of FTY720 on MCT1 protein expression in U20S cells
FTY720 is a water-soluble sphingolipid synthetic molecule which, can trigger nutrient

transporter proteins downregulation, reduce cell surface expression of transporters and access to
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nutrients, and induce a starvation-like response in both yeast and mammalian cells (Barthelemy et
al., 2017; Finicle et al., 2018; Rosales et al., 2011). When dephosphorylated, FTY720 enters
through the plasma membrane and perhaps alters the lipidic microenvironment and structure and
activity of plasma membrane proteins, including transporters (Figure 23) (Barthelemy et al., 2017).
The synthetic molecule disrupts the endocytic trafficking of transporters, including transporters of
the following substrates: glucose (such as GLUT1), pyruvate, lactate and acetate (such as MCT1
and MCT4), glutamine (such as ASCT?2), leucine (such as LAT1), and cationic amino acid (such as
CAT1) (Barthelemy et al., 2017; Finicle et al., 2018).

FTY720 acts by inhibiting phosphatidylinositol 3-phosphate 5-kinase, leading to the
accumulation of large endosomes with intraluminal vesicles, to inhibition of autophagosome
formation and autophagosome-lysosome fusion (Barthelemy et al.,, 2017). However, the
mechanism of action of this compound is not totally understood. It has been described that FTY720
may function via regulation of mMTOR complex 1 (nTORC1) and stimulation of protein phosphatase

2A (PP2A), inducing the downregulation of transporters (Barthelemy et al., 2017).

+ FTYTZO
aa @ 4

T mi - rumm R TE

aa aa \
aa aa "N, | \ P %
] R
PP2A l Pp2A \T |
e ¥ — —

mTORC1 mTOle , “lnn‘ P
1 ‘ ‘

=] v
PP2A
l YT | y
\
Upstream regulators of Factors promoting
transporter endocytosis S transporter endocytosis

Figure 23 — Diagram of endocytic trafficking of transporters disrupted by FTY720. In
mammalian cells, the mechanism of action of this compound is not totally understood. However,
dephosphorylation of FTY720 leads to the insertion of these molecules into the plasma membrane,
causing a decrease of the intrinsic nutrient transporter’s activity, and consequently nutrient uptake,
and inhibition of the TORC1 kinase complex. The reduced mTOR complex 1 (mTORC1) signaling
contributes to the stimulation of mechanism involving a Protein Phosphatase 2A (PP2A) which can
activate a machinery, possibly dependent on ubiquitin, and promote the endocytosis of nutrient

transporters. For abbreviations please check page ix (adapted from Barthelemy et al. 2017).
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In images acquired by confocal microscopy analysis (Figure 24A), we observed a higher
number of internal fluorescent punctuate structures in treated cells when compared to control cells,
after 6 h of incubation. Barthelemy et a/. reported that 6 h of FTY720 treatment was sufficient to
promote endocytosis of the LAT1/SLC7AD, a bidirectional L-Type amino acid transporter, very
important in leucine uptake, in transfected Hela cells (Barthelemy et al., 2017). In addition, the
SH-BC-893, a highly effective and non-toxic FTY720 analog widely used in many model systems
(Rosales et al., 2011), led to the internalization and vascularization of GLUT1/SLC2A1 transporter
in Hela cells after 6 h of incubation, mimicking the effect of glucose starvation as FTY720 (S. M.
Kim et al., 2016). It was also reported that FTY720 led to the downregulation of GLUT1 and
accumulation in vesicles in the cytoplasm in HelLa and DU145 cells, after 15 h of incubation, and
in FL5.12 cells, after 24 h of incubation (Rosales et al., 2011).

The fluorescence signal strength was obtained by data analysis (Figure 24B) and no
significant differences were found between cells treated with FTY720 when compared to the
standard, independently of the incubation time (p=0.9852 and p=0.7099, after 6 h and 24 h of
incubation, respectively). Mean fluorescence signal strength values for the standard and cells

treated with FTY720 after 6 h and 24 h of incubation are presented in Table 6.
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Figure 24 — Analysis of MCT1 expression in gene-edited U20S cells after 6 h and 24 h of
incubation with FTY720 by confocal microscopy imaging (A) and fluorescence quantification (B).

U20S cells were treated with 5.82x102 nM FTY720. Images are representative of three independent
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experiments. Scale bar corresponds to 30 um. The quantification of fluorescence signal strength
was normalized by dividing the total fluorescence intensity per number of cells of each image
acquired using confocal microscopy imaging. Error bar represents SD. No significant differences

were determined.

Table 6 - Mean fluorescence signal strength values for for the standard and cells treated with

FTY720 for 6 h or 24 h (n=3).

Mean fluorescence signal strength values
Incubation time

Standard FTY720
6h 0.1157 + 0.0725 0.1447 + 0.1782
24 h 0.1182 + 0.0791 0.1695 + 0.1042

The concentration of FTY720 used in this study (0.58 uM) was lower than employed in the
literature (5 uM). In the future, additional FTY720 concentrations should be studied.

3.6. Effect of Protein kinase C (PKC) activator in disruption of MCT1 trafficking transport

in U20S cells

Protein kinase C (PKC) belongs to a serine/threonine kinases family and can be divided into
dissimilar isoforms broadly conserved in eukaryotes (Koivunen et al., 2005; Rosse et al., 2010).
Through several different transcription factors, including ERK, JNK, and NF-kB (Leonard et al.,
2015), PKC acts in diverse intracellular signaling processes in physiological and pathological
conditions (Isakov, 2018), including tumor formation, proliferation, differentiation, and invasion,
and chemoresistance (Katsuya Narumi et al., 2012; Otake et al., 2013).

Activation of this network is mediated by G-protein coupled receptor or receptor tyrosine
kinase activation and posteriorly generation of inositol-1,4,5-triphosphate (IP3) and diacylglycerol
(DAG) (Figure 25) (Matias et al., 2016). DAG activates and translocates PKC to cell membranes
while IP3 releases calcium from ER which potentiates PKC activation (Matias et al., 2016).
Internalization and translocation of PKC occurs from the plasma membrane to a perinuclear subset
of RAB11-positive recycling endosomes by dependent caveolae- and clathrin-mediated endocytosis
(M. Liu et al., 2017). Activation of PKC is strictly dependent on a posttranslational maturation

process involving a series of phosphorylation steps that culminate in the regulation of gene
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expression, cell-cycle progression, cell migration, proliferation and differentiation, cell survival, and
apoptosis (Isakov, 2018). However, the downstream pathway of this signaling cascade involved in
the regulation of MCT1 expression remains poorly understood (K. Narumi et al., 2010). To
understand the role of PKC in the expression and function of mammalian lactate transporter MCT1,

we analyzed the PMA, a PKC activator in U20S human cell lines (K. Narumi et al., 2010).
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Figure 25 - Schematic representation of PMA activation of Protein Kinase C (PKC). Canonical
PKC signaling pathway is mediated by G-protein coupled receptor or receptor tyrosine kinase
activation and posteriorly generation of inositol-1,4,5-triphosphate (IP3) and diacylglycerol (DAG)
from cell membrane phospholipids. DAG activates and translocates PKC to cell membranes while
IP3 releases calcium (CA>) from the endoplasmic reticulum (ER) which potentiates PKC activation.
Then, activated PKC phosphorylates its specific substrates on serine/threonine residues. PMA, a
PKC activator, competes with DAG for the same binding site similarly leading to PKC activation.

For abbreviations please check page ix (adapted from Leonard et al. 2015).

PMA leads to PKC activation by competing with DAG for the same binding site (Figure 25)
(M. Liu et al., 2017; Matias et al., 2016).
The impact of PMA treatment in MCT1 expression in U20S cells was analyzed by confocal

microscopy (Figure 26A). When cells were treated with PMA there was not such distinct labeling of
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the plasma membrane, after 6 h of incubation, in comparison with control cells. After 24h of
incubation with PMA, we observed a slight increase in internal cytoplasmatic fluorescence. Similar
results were reported by Sorkin et a/., where PMA led to the decrease of DAT expression at the
plasma membrane and to its subsequent internalization, after 0.5 h of incubation, in transfected
Hela cells.

The fluorescence signal strengths between cells treated with PMA and the standard was
similar in both time points (Figure 26B). Mean fluorescence signal strength values for the standard

and cells treated with PMA after 6 h and 24 h of incubation are presented in Table 7.
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Figure 26 — Analysis of MCT1 expression in gene-edited U20S cells after 6 h and 24 h of
incubation with PMA by confocal microscopy imaging (A) and fluoresce quantification (B). U20S
cells were treated with 1x10: nM PMA. Images are representative of two independent experiments.
Scale bar corresponds to 30 um. The quantification of fluorescence signal strength was normalized
by dividing the total fluorescence intensity per number of cells in each image acquired using

confocal microscopy imaging. Error bars represent SD.
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Table 7 - Mean fluorescence signal strength values for the standard and cells treated with

PMA for 6 h or 24 h (n=2).

Mean fluorescence signal strength values
Incubation time

Standard PMA
6h 0.1584 + 0.0542 0.1257 + 0.1032
24 h 0.1998 + 0.0955 0.2321 + 0.0656

The results acquired are the opposite of what is described in the literature, where the
expression level of MC71 mRNA and MCT1 protein increased in transfected RD cells lysates after
24 h of incubation with PMA (K. Narumi et al., 2010). Similar outcomes were achieved in Caco-2
cells lysates, where an increase in MCT1 protein expression was observed after 24 h of incubation
(Alrefai et al., 2004). In these reports the authors analyzed protein expression by western-blotting
and no fluorescence microscopy analysis was carried out.

It has also been described that the expression levels of MC74 mRNA, encoding a similar
mammalian transporter that mediates the efflux of lactate and that is highly expressed in cancer
cells, were enhanced in response to PMA in a time-dependent manner. The expression levels of
MCT74 mRNA increased over time in a period of 24 h in transfected RD cells lysates (Katsuya
Narumi et al., 2012). However, the increase in MCT4 protein expression was only detected after
24 h of incubation (Katsuya Narumi et al., 2012).

In addition, it has been described that PMA can increase insulin-independent glucose
transporter GLUTI mRNA, after 6 h and 12 h of incubation, and GLUT73 mRNA levels, after 6 h
and 24 h of incubation, in RD cells lysates (Otake et al., 2013). Yet, several studies have
demonstrated a poor correlation between mRNA and protein expression levels in different human
cancer cells (Chen et al., 2002; Koussounadis et al., 2015; Lichtinghagen et al., 2002; Pascal et
al., 2008; Shankavaram et al., 2007). Our studies need to be repeated and complemented with

western blot analysis.

3.7. Testing the effects of a Wnt/B-catenin pathway activator and an inhibitor on MCT1
protein expression in U20S cells
The canonical Wnt/B-catenin signaling pathway plays an important role in developmental

processes, such as cell growth and differentiation. However, the aberrant and constitutive activation
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of this signaling pathway has been tightly associated with tumorigenesis of various types of human
cancers (Yao et al., 2011). To understand the role of this pathway in the expression and function
of MCT1 protein, we studied the effects of LiCl and quercetin, a Wnt/[3-catenin activator and
inhibitor, respectively, in the U20S human cell line.

LiCl inhibits glycogen synthase kinase 3 B protein (GSK-3[3), a negative regulator of the Wnt
signaling pathway /n7 vivo (Figure 27) (Hedgepeth et al., 1997; Phiel & Klein, 2001). LiCl prevents
the formation of a multiprotein complex with GSK-33 and other proteins, including the
adenomatous polyposis coli protein (APC), axin, PP2A, dishevelled (dsh), and B-catenin (Phiel &
Klein, 2001). The activation of this signaling pathway blocks the phosphorylation of B-catenin, a
market for ubiquitination and degradation via the proteasome pathway, allowing the accumulation
of this protein in the cytoplasm and its subsequent translocation to the nucleus. This leads to the
transcription of Wnt target genes that play a key role in the regulation of cell proliferation (Phiel &

Klein, 2001).
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Figure 27 - Schematic representation of the Wnt/B-catenin pathway and their regulation by
an activator, LiCl, and an inhibitor, quercetin, of this network. Dickkopf (Dkk) interacts with low-
density lipoprotein receptor-related protein 5/6 (LRP5/6) to inhibit the binding of Wnt ligands. In

the absence of Wnt/B-catenin signaling, “Wnt off” state (Left panel), free cytoplasmic B-catenin is
phosphorylated by a complex assembly by casein kinase 1a (CK1a), glycogen synthase kinase-33

(GSK3B), adenomatous polyposis coli (APC), and Axin and recognized by B-transducin repeat-
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containing protein (B-TrCP). B-catenin is subsequently ubiquitinated, which targets it for
degradation via the proteasome pathway. Interactions between the Wnt ligand and the Fz/LRP
receptor trigger Wnt signal transduction, as seen in the ‘Wnt on’ state (Right panel).
Phosphorylation of B-catenin is interrupted, allowing the accumulation of this protein in the
cytoplasm and consequently translocation to the nucleus, where forms a complex with TCF/LEF
and activates the transcription of Wnt target genes. LiCl, by inhibition of GSK-3[3 protein, blocks the
formation of a multiprotein complex with GSK-3B and other proteins (APC, axin, PP2A, dsh, and B-
catenin), leading to the accumulation of B-catenin in the cytoplasm. The migration of B-catenin to
the nucleus is the key to the transcription of Wnt target genes. Quercetin reduces the stabilization
of the B-catenin and consequently inhibits the Wnt pathway. For abbreviations please check page

ix (adapted from Yao, Ashihara, and Maekawa 2011).

In live-cells confocal imaging (Figure 28A), we observed that treatment with LiCl resulted in
a similar expression of MCT1 when compared to control cells after 6 h of incubation. An increase
in MCT1 expression and internal EGFP-MCT1 signal was found in cells treated with LiCl over the
standard after 24 h of incubation. It has been described that MCT1 expression was dramatically
increased in transfected RBE4 cells after 24 h of incubation with LiCl, but the level of MCT71 mRNA
was not affected (Z. Liu et al., 2016).

Analysis of data acquired from confocal microscopy imaging (Figure 28B) show a similar
fluorescence signal strength in cells treated with LiCl over the standard after 6 h and 24 h of
incubation. Mean fluorescence signal strength values for the standard and cells treated with LiCl

for 6 h and 24 h are presented in Table 8.
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Figure 28 - Analysis of MCT1 expression after 6 h and 24 h of incubation with LiCl by
confocal microscopy imaging (A) and fluorescence quantification (B). U20S cells were treated with
2x10” nM LiCl. Images are representative of two independent experiments. Scale bar corresponds
to 30 um. The quantification of fluorescence signal strength was normalized by dividing the
fluorescence intensity per number of cells of each image acquired using confocal microscopy

imaging. Error bars represent SD.

Table 8 - Mean fluorescence signal strength values for the standard and cells treated with

LiCl for 6 h or 24 h (n=2).

Mean fluorescence signal strength values
Incubation time

Standard LiCl
6h 0.0665 + 0.0300 0.1084 + 0.0665
24 h 0.1606 + 0.0544 0.4401 + 0.1636

Quercetin is a naturally produced flavonoid (McKay et al., 2015) which has been widely
studied for its antioxidative, anti-inflammatory, antiallergic, antiviral, and anticarcinogenic
properties (H. Kim et al., 2013; Q. Wang & Morris, 2007). Quercetin goes into the cells via GLUT],
3, and 4 (Gomes, 2014) and leads to the inhibition of the Wnt pathway, by reducing the stabilization

of the B-catenin protein (H. Kim et al., 2013), and to blocking diverse efflux transporters, including
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the membrane transport of lactate (Figure 27) (Q. Wang & Morris, 2007). However, the interaction
between flavonoids and plasma membrane transporters is not totally categorized (Shim et al.,
2007). This flavonoid applies diverse biological activities in diverse cancer cell models (H. Kim et
al., 2013).

The level of MCT1 expression seems lower in treated cells after 6 h of incubation but no
differences were found between treated and non-treated cells, after 24 h of exposure with quercetin
(Figure 29A).

Analysis of fluorescence signal strength (Figure 29B) detected a decrease, after 6 h of
incubation, and a similar fluorescence signal strength in cells treated with quercetin over the
standard, after 24 h of incubation. Due to the high standard deviation acquired for cells treated
with quercetin these results need to be confirmed with additional biological replicates. Mean
fluorescence signal strength values for the standard and cells treated with quercetin after 6 h and

24 h of incubation are presented in Table 9.
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Figure 29 - Analysis of MCT1 expression analysis after 6 h and 24 h of incubation with
quercetin by confocal microscopy imaging (A) and fluorescence quantification (B). U20S cells were
treated with 8x10¢ nM quercetin. Images are representative of two independent experiments. Scale
bar corresponds to 30 um. The quantification of fluorescence signal strength was normalized by
dividing the fluorescence intensity per number of cells of each image acquired using confocal

microscopy imaging. Error bars represent SD.
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Table 9 - Mean fluorescence signal strength values for the standard and cells treated with

quercetin for 6 h or 24 h (n=2).

Mean fluorescence signal strength values
Time Incubation

Standard Quercetin
6h 0.1584 + 0.0542 0.0861 + 0.0296
24 h 0.1998 + 0.0955 0.3196 £ 0.2153

It was suggested that quercetin changes glucose metabolism by inhibiting MCT1 activity
(Morris & Felmlee, 2008; Payen et al., 2019; Reyes-Farias & Carrasco-Pozo, 2019). Quercetin has
been demonstrated to inhibit MCT1- mediated L-lactate uptake (Broer et al., 1999). However, Izumi
et al,, found that after 72 h of quercetin incubation (5 uM), cell invasion activity was reduced
without affecting the expression of MCT1 protein in human lung cancer A110L cells lysates (Izumi
etal, 2011).

Quercetin is a non-specific MCT1 inhibitor that can inhibit other cell targets (Amorim et al.,
2015). Le Floch et al demonstrated that specific MCT1 inhibitor by AR-C155858 in Ras-
transformed fibroblasts led to the suppression of lactate export, glycolytic rates, and tumor growth
(Le Floch et al., 2011). However, with the reestablished of MCT4 expression, cells became resistant
to MCT1 inhibition and an increase of tumorigenicity was observed (Le Floch et al., 2011). The
MCT1/MCT4 shuttle between normoxic/oxidative and hypoxic/glycolytic cancer cells can be the

explanation for the results acquired after 24 h of incubation with quercetin.
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4. Final Remarks and Future Perspectives

In cancer cells, the accumulation of high levels of lactate in the extracellular medium due to
the Warburg effect and, consequently, the reduction of extracellular pH, are essential conditions
for the growth and metastasis of these cells. MCTs are involved in the influx and efflux of lactate
from cancer cells and are related to the malignant behavior and aggressiveness of these cells. The
overexpression of MCT1 has been identified in several types of cancer as a marker for poor
prognosis. The aim of the present work was to analyze the effect of specific metabolic conditions
and compounds in MCT1 protein expression and localization, in genetically edited human cancer

cell lines.

In this work we could not determine a clear metabolic condition triggering MCT1
internalization. When cells were incubated in media A or B, MCT1 was clearly stabilized at the
plasma membrane, contrary to what is reported in the literature. The potential internalization
seems to be overtaken by a strong recycling of the protein. In cancer cells, MCT1 can be subjected
to various types of regulation (Payen et al., 2019). MCT1 expression levels at the plasma
membrane can be regulated by two distinct physiological conditions: a constitutive pathway or a
cAMP-dependent pathway. By a constitutive pathway, MCT1 is highly recycled involving clathrin-
coated vesicles (CCV) (Smith et al., 2012). MCT1 contains a motif in its C-terminus that allows
interactions with adaptor protein 2 (AP-2) complexes and, consequently, promotes the
internalization of the transporter by CCV to recycling endosomes (RE) for redistribution at the
plasma membrane (Smith et al., 2012; Staruschenko et al., 2005). Because of this mechanism,
MCT]1 is always in constant movement in the cell, where the velocity of its transport depends on
the relationship between the size and the velocity of cells (Uhernik et al., 2014). The CCV
mechanism allows the visualization of some MCT1 concentrated points in the cytoplasm without
any previous metabolic induction, which is what we find in most conditions tested. Our data
highlights the fact that many studies reported in the literature should be revised using cell lines

expressing proteins at their endogenous levels.

The work described in this thesis, regarding the analysis of the effects of specific compounds
on MCT1 protein expression and trafficking, should be repeated and complemented with further
analyzes. Most compounds were only tested twice, due to the pandemic situation that halted all

laboratory work for several months. Still, we believe that we gained experience in working with
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these compounds and we believe to have at least one promising candidate for further analysis. In
our preliminary studies it seems that lithium chloride (LiCl), an activator of the Wnt pathway, results

in an increase in MCT1 internalization, after 24 h of incubation.

In the future, we hope to fully characterize the mechanisms underlying the endocytic
trafficking and downregulation of MCT1, determining whether a clathrin-dependent or independent
process is involved. We also hope to identify the signaling pathways that are associated with MCT1
regulated endocytosis. Moreover, all studies should be complemented with western blot analysis,

a semiquantitative analysis of protein expression typically used in this field (Gorr & Vogel, 2015).

Bioimaging, acquired by fluorescence microscopy, is a fundamental technique for tracking
and monitoring important biological processes, fundamental biomolecular interactions, and
visualizing different cellular and subcellular components, providing higher and more complemented
information (Cordina et al., 2018; Payen et al., 2019). However, bioimaging technology has some
barriers, such as the autofluorescence of cells and no standardization of image acquisition and
processing (Pang et al., 2012). Autofluorescence of cells can happen due to some endogenous
fluorescent cell metabolism molecules such as morinamide adenine dinucleotide (NADH),
riboflavin and flavin adenine dinucleotide (FAD) coenzymes (Andersson et al., 1998; Aubin, 1979;
Hennings et al., 2009; Pang et al., 2012). Autofluorescence of cells cannot be removed with a non-
toxic approach (Payen et al., 2019; Van de Lest et al., 1995), which consequently can affect the
quantification of fluorescent targeting specific cellular components (Cordina et al., 2018). A new
approach to study MCT1 expression using confocal microscopy needs to be evaluated to reduce
the autofluorescence and to upgrade the quantification of MCT1 expression. Van de Lest ef a/.
proposed a technique that involves the acquisition of two images, one acquired at 480 nm
representing both fluorescence and autofluorescence and a second image acquired at 380 nm
representing only autofluorescence. The autofluorescence free image was the result of subtraction
of the second image from the first one (Van de Lest et al., 1995). However, this method involved
a reference image obtained at a different excitation wavelength, which cannot correspond
necessarily to the true autofluorescence (Pang et al., 2012). Without a standardization procedure
for the acquisition and processing of images acquired with autofluorescence contamination, the
quantification of the biomarker signal expression can be often confounded with the
autofluorescence of cells and originate false positives (Payen et al., 2019). Even with the
optimization of fluorescent microscopy parameters, such as excitation wavelengths, excitation
power, microscope apertures, and buffers (Van de Lest et al., 1995), studies involved the
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standardization of image acquisition, considering the determination of the best dark pixel intensity,
illumination pattern correction, and photobleaching determination need to be performed in order

to minimize the autofluorescence of cells (Payen et al., 2019).

MCT1 has been mainly described to be functionally active at the plasma membrane, but
also at the mitochondrial and peroxisomal membranes (Payen et al., 2019). MCT1 can be also
expressed in the nucleus in low-grade tumors (Pinheiro et al., 2014). Consequently,

complementary studies should be done to clarify the role of MCT1 at different cellular locations.

Studies regarding MCT4 expression in the U20S cell line should also be performed as there
seems to be a high correlation between MCT1 and MCT4 expression (MCT1-MCT4 shuttle). A
simultaneous analysis of MCT1 and MCT4 expression would promote the understanding of the
symbiotic relationship between these transporters. MCT1 degradation can lead to the inhibition of
compensatory pathways responsible for the chemo- and radioresistance of cancer cells, opening
new targeted therapies (Fisel et al., 2018; Quanz et al., 2018). Also, to better study the interactions
of these carriers with other molecules, different biochemical techniques could be used to collect
large data sets for molecular interactions and discover the existence of protein complexes in cells

(Wilson et al., 2009).

Fluorescence resonance energy transfer (FRET) is a powerful technique with improved
spatial (angstrom) and temporal (nanosecond) resolution, distance, range, and sensitivity (Sekar &
Periasamy, 2003). FRET has been useful for monitoring several developmentally regulated events
in single cells, tissues, and organ cells (De Los Santos et al., 2015). FRET is particularly useful for
studying the distance between two distinct sites on a macromolecule, the distance between two
fluorophore-tagged proteins and molecular interactions in alive cells (De Los Santos et al., 2015).
This mechanism involves the transference of nonradiative energy from a donor fluorophore, in an
excited electronic state, to a nearby acceptor chromophore through intermolecular long-range
dipole-dipole interactions between the pair of molecules (De Los Santos et al., 2015; Sekar &
Periasamy, 2003). The donor molecule is excited and emits energy that is absorbed by the acceptor
and loses energy via heat or fluorescent emission, called sensitized emission (Sekar & Periasamy,

2003).

Currently, the most commonly used FRET pairs are cyan fluorescent protein (CFP)-yellow
fluorescent protein (YFP) variants, mitochondrial fission process 1 (mTFP1)-YFP variants, and GFP-

red fluorescent protein (RFP) variants (De Los Santos et al., 2015; Diaspro et al., 2006).
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GFP is a bright, stable, non-toxic fluorophore (White & Stelzer, 1999) usually used for
molecular and cellular biology studies as a fluorescent marker to study the structural dynamics
and proton transfer process in a living cell (Kaur, 2018; Weiss, 2004). However, when green-red
FRET pairs are used, the red fluorescent proteins can present low brightness. So, the GFP-mCherry
FRET pair is used in fluorescence lifetime imaging microscopy forster resonance energy transfer
(FLIM-FRET) as it exhibits a decent dynamic range due to the relatively high fluorescence lifetime
of GFP and relatively large spectral overlap. This could make this technique a better candidate to
study the protein dynamics of these carriers (Bajar et al., 2016). FLIM-FRET approach could be a

positive added value to future experiments.

In order to perform this technique, plasmids harboring MCT1 or MCT74 genes with GFP or
mCherry at their 3'- or 5'- ends, need to be designed and constructed by the classical DNA cloning
method. After transfection, cells would be able to express MCT1 or MCT4 proteins tagged with
either GFP or mCherry at the C- or N-termini (Figure 30) (Wilson et al., 2002).
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Figure 30 - Schematic representation of MCT1 or MCT4 and their regulatory proteins (i.e.
CAll, CAIX and CD147) with GFP or mCherry tagged with either GFP or mCherry at the C- or N-
termini and their nomenclature. For abbreviations please check page ix (adapted from Wilson et

al., 2002).
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FRET analysis would have the potential to possible interactions that may occur between
MCT1 and MCT4. Additionally, the plasmids constructions could be used for colocalization studies.
The FLIM-FRET technique would also allow the study of the interactions between MCT1 or MCT4
with proteins involved in the regulation of these carriers, such as CAll, CAIX, or CD147. However,
these analyzes would require that the above-mentioned strategy for plasmids construction should
be followed. In this case the generation of plasmids harboring the regulatory proteins CAll, CAIX,
or CD147 with GFP or mCherry at the C- or N- termini would need to be carried out (Figure 30)
(Wilson et al., 2002).

The study of protein interactions between MCT1 or MCT4 will result in a better understanding
of the mechanisms underlying the regulation and endocytic trafficking of both carriers and,

therefore, will contribute to develop potential novel therapies.
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6. Appendix

Standard Medium A

3h

Figure 31 - Image analysis of MCT1 expression after 3 h, 6 h and 9 h of incubation with
medium A (no glucose and no glutamine) by confocal microscopy. Images are representative of

two independent experiments performed in triplicate. Scale bar corresponds to 30 pum.
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Standard _ Medium

3h

6h

Figure 32 - Image analysis of MCT1 expression after 3 h, 6 h and 9 h of incubation with
medium B (with glutamine and without glucose) by confocal microscopy. Images are representative

of two independent experiments performed in triplicate. Scale bar corresponds to 30 um.
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Standard Cycloheximide

6h

24h

Figure 33 - Image analysis of MCT1 expression after 6 h and 24 h of incubation with
cycloheximide by confocal microscopy. Images are representative of two independent experiments

performed in triplicate. Scale bar corresponds to 30 um.

Standard Lenalidomide

6h

24h

Figure 34 - Image analysis of MCT1 expression after 6 h and 24 h of incubation with
lenalidomide by confocal microscopy. Images are representative of three independent experiments

performed in triplicate. Scale bar corresponds to 30 um.
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Standard FTY720

6h

24h

Figure 35 — Image analysis of MCT1 expression after 6 h and 24 h of incubation with FTY720
by confocal microscopy. Images are representative of three independent experiments performed

in triplicate. Scale bar corresponds to 30 um.

Standard PMA

6h

24h

Figure 36 — Image analysis of MCT1 expression after 6 h and 24 h of incubation with PMA
by confocal microscopy. Images are representative of two independent experiments performed in

triplicate. Scale bar corresponds to 30 um.
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Standard LiCl

6h

24h

Figure 37 — Image analysis of MCT1 expression after 6 h and 24 h of incubation with LiCl
by confocal microscopy. Images are representative of two independent experiments performed in

triplicate. Scale bar corresponds to 30 um.

Standard Quercetin

6h

24h

Figure 38 - Image analysis of MCT1 expression after 6 h and 24 h of incubation with
quercetin by confocal microscopy. Images are representative of two independent experiments

performed in triplicate. Scale bar corresponds to 30 um.

88



