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Abstract 

 

 Breast cancer is a heterogeneous and multifaceted disease, being the most 

common cancer among women and the second leading cause of cancer-related death. 

Classified into distinct biological subtypes and with different prognostic implications, 

basal-like subtype is considered the most aggressive and, so far, with no targeted 

therapy available.  

 Referred as a hallmark of cancer, the “Warburg Effect” contributes to tumour 

malignancy mainly due to the high rates of lactate produced as a consequence of 

metabolic reprogramming. In this phenomenon, even in the presence of oxygen, cancer 

cells obtain energy mainly from glycolysis, increasing the levels of glucose uptake, which 

culminates in the production of high amounts of lactate that is transported across the 

plasma membrane through Monocarboxylate Transporters (MCTs). Several studies 

reported the upregulation of MCTs in different tumour types, including breast cancer, 

in which MCT1 overexpression was associated with basal-like breast carcinoma. 

However, the potential of MCTs as therapeutic targets and especially the regulation of 

these proteins in breast cancer have been little explored.  

 Thus, in this work, inhibition of MCT activity was accomplished using the MCT 

inhibitors α-cyano-4-hydroxycinnamate (CHC), quercetin and lonidamine, in a panel of 

breast cancer cell lines. The results evidenced that lactate transport inhibition decreased 

cell proliferation, migration and invasion, promoting cell death, mainly due to MCT1 

inhibition, in the most sensitive cell lines. Additionally, downregulation of MCT1 and 

MCT4 by siRNA, in basal-like breast cancer cells, was performed in hypoxia and normoxia 

conditions, and showed that MCT knockdown decreased tumour cell aggressiveness, 

and, importantly, disrupted in vivo tumour formation and growth.  

 Furthermore, considering the enhancers of breast cancer progression, estrogen 

receptor (ER) signalling, Epithelial Mesenchymal Transition (EMT) and cancer 

microenvironment, we explored the effect of these players in the metabolic profile of 

breast cancer. We showed that low levels of glucose and exogenous lactate modulated 
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MCT expression, as well stimulation of a glycolytic profile by the EMT inducer TGF-β, in 

basal-like breast cancer cells. In the luminal breast cancer cells, stimulation of the ER 

pathway seems to not alter mRNA or protein levels of MCT1, MCT4, CD147, HKII and 

HIF-1α proteins, but, in contrast, increases lactate production. 

 This work provides novel evidence for the role and regulation of MCTs in breast 

cancer, pointing at these proteins as major players in breast cancer aggressiveness. Also, 

the results of MCT disruption in vitro and in vivo, support these proteins as targets in 

breast cancer therapy. 

  

Keywords: Glycolytic phenotype; Monocarboxylate Transporters; Breast cancer; 

Targeting; Regulation. 
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Resumo 

 

 O cancro da mama é uma doença heterogénea e multifacetada, sendo o tipo de 

cancro mais frequente nas mulheres e a segunda causa de morte relacionada com esta 

doença. Classificada em diversos subtipos, com diferentes implicações de prognóstico, 

o subtipo basal é considerado o mais agressivo e, neste momento, sem terapias dirigidas 

disponíveis. 

 Referido como uma das características das células tumorais, o “efeito de 

Warburg” contribui para a malignidade dos tumores principalmente devido aos 

elevados níveis de lactato produzidos. Mesmo na presença de oxigénio, as células 

tumorais obtêm energia principalmente a partir da glicólise, elevando os níveis de 

glucose consumida e levando à produção exacerbada de lactato o qual é transportado 

através da membrana plasmática pelos Transportadores de Monocarboxilatos (MCTs). 

Vários estudos referem a expressão aumentada dos MCTs em diferentes tipos de 

tumores, incluindo o cancro da mama, no qual a sobre-expressão do MCT1 foi associada 

com o fenótipo mais agressivo (tipo basal). Contudo, e apesar dos vários estudos, o 

potencial dos MCTs como alvos terapêuticos e em especial a sua regulação no cancro da 

mama têm sido pouco explorados. 

 Assim, neste trabalho, foi efetuada a inibição dos MCTs, utilizando para isso os 

inibidores destes transportadores α-cyano-4-hydroxycinnamate (CHC), quercetina e 

lonidamina, em linhas celulares de carcinoma da mama. Os resultados obtidos 

evidenciaram que a inibição do transporte de lactato diminuiu a proliferação, migração 

e invasão celular, promovendo a morte celular, devido essencialmente à inibição do 

MCT1. Além disso, foi feita a inibição da expressão do MCT1 e MCT4 nas células de 

carcinoma da mama do tipo basal, utilizando siRNA, em condições de hipóxia e 

normóxia. Deste modo, mostrou-se que a inibição da expressão dos MCTs, diminuiu a 

agressividade tumoral, mostrando-se eficaz na disrupção da formação e crescimento 

tumoral in vivo. 
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 Adicionalmente, uma vez que o MCT1 se encontra aumentado no carcinoma da 

mama, e tendo em conta os vários fatores que influenciam a progressão deste 

carcinoma, como sinalização do recetor de estrogénio (ER), a transição epitélio-

mesenquimal (EMT) e o metabolismo glicolítico, foi explorada a influência destes fatores 

na regulação do perfil metabólico do carcinoma da mama. Os resultados mostraram que 

os baixos níveis de glucose e o lactato exógeno modularam a expressão dos MCTs, tal 

como a estimulação da EMT, nas células basais do carcinoma da mama. Nas células do 

tipo luminal MCF7, a estimulação da via ER parece não ter alterado os níveis de mRNA e 

de proteína dos MCT1, MCT4, CD147, HKII e HIF-1α, contudo, aumentou a produção de 

lactato. 

 Este trabalho apoia a utilização dos MCTs como alvos terapêuticos no carcinoma 

da mama, apresentando novas evidências sobre o seu papel e regulação. Os resultados 

da sua inibição in vitro e in vivo, demonstra também o seu papel como importantes 

intervenientes na agressividade do carcinoma da mama. 

 

 

  

Palavras chave: Fenótipo glicolítico; Transportadores de Monocarboxilatos; Carcinoma 

da mama; Alvos terapêuticos; Regulação. 
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AE - anion exchanger  

AMP - 5’ monophosphate  

AMPK - 5’ monophosphate protein kinase  

ATM - serine/threonine kinase gene 

ATP - adenosine triphosphate 
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Aims  
 

 Metabolic reprograming was recently associated with cancer progression, being 

recognized as a hallmark of cancer. Importantly, the high amounts of lactate produced 

by this phenomenon are transported out of the cell by Monocarboxylate Transporters 

(MCTs), promoting acidification of the tumour microenvironment and enhancing 

tumour aggressiveness. Thus, several studies have reported upregulation of MCTs in 

several cancer types, including breast cancer, and, consequently, MCTs are considered 

as promising targets in cancer therapy. 

 Although the importance of MCTs as therapeutic targets in cancer has been 

widely discussed, their role in breast cancer is still poorly understood. Thus, the main 

aim of this thesis is to explore MCTs as therapeutic targets and understand their 

regulation in breast cancer. 

 

To achieve the main goal, the work was subdivided into the following specific aims: 

 To determine the effects of the inhibition of MCT activity in breast cancer cells, 

using in vitro models; 

 To evaluate the impact of MCT downregulation in breast cancer, using in vitro 

and in vivo models; 

 To identify putative MCT regulatory mechanisms in breast cancer cells, using in 

vitro models. 
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Thesis layout 
 

The present thesis is divided into four chapters: 

 

Chapter 1 contains a general introduction with a review of the literature, comprising a 

description of breast cancer, characterization of metabolism of normal and cancer cells, 

including glycolytic metabolism, and tumour microenvironment characterization, and 

finally a review about MCTs, the main molecules explored in this thesis.  

 

Chapter 2 is composed by two studies, published in international peer reviewed 

journals. In the first one, inhibition of MCT activity in breast cancer cells was evaluated 

using classical and non-classical MCT inhibitors, and, in the second one, the impact of 

downregulation of MCT expression on tumour aggressiveness was evaluated also in in 

vitro models, but, most importantly, in in vivo models (mouse xenografts). 

 

Chapter 3 is composed by unpublished results, exploring putative mechanisms of MCT 

regulation in breast cancer. 

 

Chapter 4 contains a general discussion of the results obtained in this work, and a 

general conclusion. 

  



Aims and thesis layout 

 

 
XXXVI 
 

 

  



 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER 1: GENERAL INTRODUCTION 

 

  



 

 
 

 

 



CHAPTER 1: General introduction 

 

 
3 

 

 
1.1. Breast cancer 
 
 The normal breast is composed by lobes and ducts. Each breast contains 15-20 

lobes, and each lobe presents many smaller sections designated as lobules, which 

function is milk production, being all these structures linked by ducts (Figure 1). Breast 

tissue is also composed by blood vessels, lymph vessels, and surrounding stroma, which 

comprises more than 80% of the breast volume, providing nutrition and structural 

support to the normal epithelium [1].  

 Breast cancer is characterized by a molecular and clinical heterogeneity, and has 

been recognized as a multifaceted disease. This tumour type presents distinct biological 

subtypes, with a diverse range of clinical, pathological and molecular features, and 

different prognostic and therapeutic implications [2-4]. Breast cancer was still the most 

common diagnosed malignancy in 2016 and is the second cause of cancer-related death 

in woman [5]. 

  

 

 

Figure  1- Anatomy of female breast [6]. 

 

 Most of breast cancer types derive from epithelial cells, and so are classified as 

carcinomas, being adenocarcinomas, which start in the glandular tissue, a very common 

type. In fact, a single breast cancer can be a combination of different types of breast 



CHAPTER 1: General introduction 

 

 
4 
 

cancer cells, with different origins, different grade of invasiveness or different molecular 

features [5, 7]. Although most of breast cancers derive from epithelial cells, there is 

evidence indicating that stroma plays an important role in cancer initiation and 

progression [1].  

 

 

1.1.1.  Breast cancer types and risk factors 
 
 Ductal carcinoma in situ (DCIS) originates from duct cells and is considered as 

non-invasive breast cancer, being cancer cells confined to the ducts, without invading 

the surrounding tissue. In contrast, invasive ductal carcinoma (IDC) has the same origin, 

but cancer cells are able to invade the surrounding breast tissues, like fat tissue (Figure 

2). Invasive cancer cells are able to spread to other parts of the body through the 

lymphatic system, originating metastases. This is the most frequent type of breast 

cancer, and around 8 of 10 invasive breast cancers are IDC. Another type of breast 

cancer is the invasive lobular carcinoma (ILC), which starts in the lobules, and these 

cancer cells are also able to originate metastases (Figure 2). One in 10 cases of breast 

cancer is ILC, being its detection more difficult. Within the less common breast cancer 

types is the inflammatory breast cancer (IBC), an invasive type of breast cancer, with an 

incidence around 1-3% of all breast cancers. Other invasive cancer types like adenoid 

cystic carcinoma, low-grade adenosquamous carcinoma, medullary carcinoma, and 

papillary carcinoma are less frequent and, in general, have a better prognosis than IDC. 

Metaplastic carcinoma, micropapillary carcinoma, and mixed carcinoma are also less 

frequent but present worse prognosis than IDC [1, 5, 7-9].  

 It is known that 5-10% of breast cancer cases are hereditary, being in the majority 

of cases associated with BRCA1 and BRCA2 (Breast Cancer 1 and 2) gene mutations, and 

less commonly associated with mutations in TP53 (Tumour Protein p53), PTEN 

(Phosphatase and Tensin Homolog), CDH1 (E-cadherin), ATM (serine/threonine kinase), 

CHEK2 (Checkpoint Kinase 2) or PALB2 (Partner and Localizer of BRCA2) tumour 

suppression genes, among others [10]. Around 20-25% of familial breast cancer cases 

are caused by mutations in BRCA1 or BRCA2 genes, which increase the risk of breast and 

ovarian cancer, being BRCA1 mutation associated with a risk two times higher than 
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BRCA2 mutation [11]. Women who have these mutations tend to develop breast cancer 

at younger ages than women without these mutations, and, normally, breast cancer is 

found in both breasts [12]. 

 Around 85% of breast cancers are diagnosed as sporadic cancers, occurring in 

woman with no familial history of breast cancer, which result from accumulation of 

several mutations in somatic genes, as a result of the aging process and lifestyle in 

general [10, 13, 14]. Many risk factors have been studied, and is known that about 40% 

of all breast cancer cases are linked to age, reproductive history, hormonal status, family 

history, lifestyle, and environmental factors [5, 14, 15].  

 Although the factors causing breast cancer can be useful to stratify patients and 

treatment options, estrogen receptor (ER), progesterone receptor (PR) and human 

epidermal growth factor receptor 2 (HER2) status have demonstrated to be more useful 

to predict prognosis and treatment options [3, 4]. 

 

 

 

  

 

 

 

Figure 2- Stages of Ductal Carcinoma in Situ (DCIS) (A) and Lobular Carcinoma in Situ (LCIS) (B). IDC 
(Invasive Ductal Carcinoma); ILC (Invasive Lobular Carcinoma). Adapted from [16].  

 

1.1.2. Molecular subtypes 

 Independently from the different types of breast cancer, based on the origin and 

organization of cancer cells under the microscope, breast cancer has been classified 

according to its gene profile into five major subtypes [17, 18]. The luminal subtype is one 

of the most common subtypes, being less invasive and presenting a more favourable 

A B 
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prognosis than the other subtypes. The luminal subtype is divided into luminal A (ER+ 

and/or PR+, HER2-) and luminal B (ER+ and/or PR+, HER2+). The HER2+ subtype is 

characterized by absence of ER and PR and presence of HER2, while triple negative 

breast cancer (TNBC) is characterized by absence of positivity for ER, PR and HER2. In 

fact, many authors refer basal-like subtype as TNBC, and many times these two subtypes 

are mentioned as being the same. However, basal-like subtype, besides not presenting 

ER, PR, and HER2 expression, is also characterized by presence of the basal markers 

cytokeratin 5/6 (CK5/6) and/or epidermal growth factor receptor (EGFR). It is reported 

that not all TNBC express basal markers, being positivity for basal markers generally 

associated with worse prognosis than TNBC itself [2, 12, 19]. These molecular signatures 

have been useful to indicate the prognosis and also to decide treatment options, being 

patients with luminal A subtype the ones who have the best prognosis and patients with 

basal-like the worst prognosis (Figure 3) [12, 17, 18, 20].  

 The fifth subtype is designated as normal-like, and presents, most of the times, 

normal cells associated with tumour cells [12, 17, 18, 20].  

 

 

Figure  3- Patient outcome based in molecular breast cancer subtypes [12]. 
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1.1.3. Breast cancer therapy 

 Currently, breast cancer patients can be separated according to treatment 

options, however, only patients with luminal and HER2+ subtypes can benefit from 

targeted therapy, while TNBC and basal-like only have chemotherapy and local 

treatments as options [14, 18, 21, 22]. Being TNBC responsible for 10-30% of all breast 

cancers, and associated with younger age, higher stage at diagnosis, and poor prognosis, 

the need for more specific therapies for this subtype is urgent [5, 19, 22]. 

 Local treatments, like surgery and radiation therapy, could be good options for 

breast cancer at early stages. Surgery can include only removal of the part of the breast 

containing the tumour (breast-conserving surgery) or radical mastectomy, in which the 

entire breast is removed. Radiation therapy is frequently useful after breast-conserving 

surgery or mastectomy [7]. 

 Systemic treatments are frequently used and can involve chemotherapy, 

hormone therapy and targeted therapy, being common the combination of these 

different types of treatment [7]. Chemotherapy can be administrated after surgery 

(adjuvant chemotherapy) or before surgery (neoadjuvant chemotherapy). 

Chemotherapy is especially used when breast cancers are very extensive and in 

advanced breast cancers, in which breast cancer has already metastasis. Currently, 

antracyclines (e.g. doxorubicin and epirubicin), taxanes (e.g. paclitaxel and docetaxel), 

the antimetabolite drug 5-fluorouracil, alkylating agents (e.g. cyclophosphamide), and 

platinum drugs (e.g. carboplatin), are often used in combination of 2 or 3 drugs, and in 

breast cancer cases with no indication for targeted therapies [23]. Tumours that present 

positivity for hormonal receptors, like ER and PR that are stimulated by estrogen or 

progesterone for breast cancer growth, benefit from targeted therapy like aromatase 

inhibitors, which block estrogen production, or tamoxifen and fulvestrant, which block 

ER signalling. In HER2 positive cancers, monoclonal antibodies that block this receptor, 

like trastuzumab and pertuzumab, as well as small molecule inhibitors, like lapatinib, are 

used [7, 24, 25].  
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1.2. Cell metabolism 

 Cell metabolism is a highly synchronized cellular process in which several 

metabolic pathways cooperate to convert nutrients into other molecules essential for 

specific cellular functions [26]. Differentiated tissues and quiescent cells obtain most of 

the adenosine triphosphate (ATP) through oxidative phosphorylation (OXPHOS), which 

follows the oxidation of pyruvate into the tricarboxylic acid cycle (TCA), after the 

conversion of glucose into pyruvate during glycolysis [26, 27].  

 Glycolysis is a cascade of enzymatic reactions that converts one molecule of 

glucose in two molecules of pyruvate, which still contain most of the chemical potential 

energy of glucose [26, 28]. Glucose enters the cell by uptake through glucose 

transporters (GLUTs), and is then converted into glucose-6-phosphate by hexokinase 

(HK), following the conversion into pyruvate through different reactions, generating a 

net amount of 2 molecules of ATP per glucose. In the presence of oxygen (aerobic 

conditions), glycolysis is the first stage of complete degradation of glucose. After, 

oxidation of pyruvate into acetyl-CoA occurs followed by the TCA cycle in the 

mitochondria. In this situation, NADH, an OXPHOS fuel to maximize the production of 

ATP, is produced, with minimal production of lactate (Figure 4) [27, 29]. Exceptionally, 

in the absence of oxygen (anoxia) or under low oxygen levels (hypoxia), differentiated 

cells are able to reduce pyruvate into lactate through lactic acid fermentation, 

transferring electrons from NADH and regenerating NAD+ essential for glycolysis to carry 

on [29]. In this case, the lactate produced needs to be transported out of the cells by 

monocarboxylate transporters (MCTs) [27, 30]. In both cases, there is production of 

protons, which must be exported out of the cell, leading to extracellular acidification 

[27].  
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Figure  4- Schematic representation of glucose metabolism in a normal cell. In the presence of oxygen 
(+O2), non-proliferating tissues metabolize glucose into pyruvate, which is oxidized in mitochondria 
through OXPHOS. In the absence of oxygen (-O2), glucose is metabolized into lactate. ATP (adenosine 
triphosphate); pHe (extracellular pH); pHi (intracellular pH); GLUT (glucose transporter); MCT 
(monocarboxylate transporter); TCA (tricarboxylic acid cycle). Adapted from [31]. 

  

 

The metabolic flux is controlled and regulated by several effectors, like 

hormones, small macromolecules and other extracellular factors, which maintain ATP 

levels almost constant, as well as glycolytic intermediates. For instance, 5’ adenosine 

monophosphate protein kinase (AMPK) is a metabolic sensor that coordinates cellular 

uptake of glucose, β-oxidation of fatty acids and biogenesis of GLUT4 and mitochondria 

[32]. AMPK detects and reacts to fluctuations of 5’ adenosine monophosphate (AMP) 

and, upon activation by AMP increase, inhibits anabolic pathways like fatty acid and 

protein synthesis, and activate catabolic pathways such as fatty acid oxidation, glucose 

transport and others [33, 34]. Also, ATP acts as a sensor, creating a negative feedback 

when oxygen is abundant, allowing mitochondria to oxidize pyruvate into bicarbonate 

ion (HCO3
-) and then carbon dioxide and water [35].   

 HKII, phospho-fructokinase-1 (PFK-1), and pyruvate kinase (PK), crucial glycolytic 

enzymes, also suffer allosteric regulation by fluctuations of key metabolites, such as 

+ O2 

- O2 
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lactate, which reflect the cellular balance between production and consumption of ATP 

[26, 36].  

 The levels of oxygen are also an important regulator of cellular and systemic 

responses, but these levels are also regulated by pathways that affect the expression 

and activity of several metabolic proteins [35, 37]. 

 In contrast, metabolism of proliferating cells differs from quiescent and 

differentiated cells by showing high rates of glycolysis, lactate production, and 

biosynthesis of lipids and other macromolecules [27, 38]. Proliferating cells, like tumour 

cells, present an altered metabolism as a result of molecular changes during 

carcinogenesis, resulting in elevated dependency on glycolysis for energy production. 

This metabolic reprograming of cancer cells is nowadays defined as a new hallmark of 

cancer [39]. 

 

 

 

1.2.1. Cancer cell metabolism 

 Cancer is characterized by uncontrolled proliferation of malignant cells, in which 

genetic and epigenetic changes generate a new diversity of phenotypes making cancer 

cells morphologically and functionally different from each other [40, 41]. Metabolic 

reprograming, currently one of the ten hallmarks of cancer [39], is an adaptation of 

cancer cells to allow the elevated biosynthetic processes and energy production [29, 38]. 

In contrast to quiescent cells or differentiated tissues, tumour cells convert most of the 

incoming glucose into lactate (around 85%) even in presence of oxygen, by a 

phenomenon described by Otto Warburg, which is currently known as “Warburg effect” 

or aerobic glycolysis, while pyruvate metabolism through OXPHOS is less frequent 

(around 5%) (Figure 5) [27, 29, 42]. 
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Figure 5- Schematic representation of metabolism in tumour cell. Glucose is metabolized to pyruvate, 
being then converted into lactate, even in presence of oxygen (+O2), by a phenomenon denominated as 
aerobic glycolysis or Warburg Effect. ATP (adenosine triphosphate); pHe (extracellular pH); pHi 
(intracellular pH); GLUT (glucose transporter); MCT (monocarboxylate transporter); TCA (tricarboxylic acid 
cycle). Adapted from [31]. 

 

 

 It is known that tumours contain aerobic (well oxygenated) and hypoxic (poorly 

oxygenated) regions, regulating, for that reason, the switch from oxidative to glycolytic 

metabolism [43]. Although most tumour cells are localized in hypoxic regions and thus 

depend on anaerobic glycolysis, some tumour cells remain glycolytic even when oxygen 

levels are restored, producing the majority of their ATP (60%) through this pathway, 

instead of OXPHOS [44, 45]. Although cancer cells use a less efficient pathway for ATP 

production, comparing to OXPHOS, this metabolic switch confers several advantages to 

cancer cells. Besides being a much faster pathway to produce ATP, it also generates 

carbon intermediates used in biosynthetic pathways, modulates reactive species of 

oxygen (ROS) and leads to evasion of cancer cells to the immune system [27, 29, 46, 47]. 

Additionally, upregulation of glycolysis leads to accumulation of pyruvate and 

production of lactate [46, 48], resulting in an acidic microenvironment. Multiple pH 

regulators cooperate for microenvironment acidification, like Na+/H+ exchanger 1 

+ O2 

- O2/+ O2 
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(NHE1) and its isoforms [49], vacuolar-type H+-ATPases (V-ATPase) [50], MCTs [30], 

carbonic anhydrases (CAIX and CAXII) [51] and HCO3
- transporters and exchangers (NBCs 

and AEs) [52, 53]. This process confers advantages to cancer cells by killing normal cells 

[27, 54]. The escape to cell death is also favoured by the low extracellular pH, in 

combination with hypoxia, activating intracellular pathways like extracellular signal-

related kinase (ERK1/2) [55]. By activation of ERK1/2, acidic pH also promotes cell 

proliferation, tumourigenesis, invasion, angiogenesis, cell differentiation and survival 

[56]. Moreover, activation of ERK1/2, acidification and hypoxia lead to release of 

proteases like cathepsin B [57], matrix metalloproteinases 2 and 9 (MMP2 and MMP9) 

[27, 58], promoting degradation of the extracellular matrix (ECM), leading to invasion 

and metastasis [27, 48]. Finally, low interstitial pH is also associated with upregulation 

of vascular endothelial growth factor (VEGF), supporting angiogenesis, which sustain 

tumour growth, invasion, and metastasis [59]. 

 This hallmark is a characteristic of advanced cancers, and, as a result, the increase 

in glucose uptake by cancer cells is explored in clinics to diagnose tumours as well to 

monitor therapeutic response, using positron emission tomography (PET). The 

accumulation of 2-(18F)-fluoro-2-deoxy-D-glucose (FDG) in cancer cells is detected by 

PET, allowing the distinction of normal tissues from cancer cells, based on glucose 

uptake rates [46, 60]. 

 

 

1.2.2. Tumour microenvironment  

 The microenvironment of solid tumours, in which concentrations of several 

molecules, such as glucose, glutamine and/or oxygen, is heterogeneous, also 

contributes to selection of glycolytic phenotype. Different key physiological factors, like 

abnormal vascular structure, pH levels or metabolite transport are able to influence the 

characteristics of the tumour microenvironment [27, 59, 61, 62]. 

 The carcinogenesis process and the early malignant phenotype are severely 

influenced by the microenvironment, occurring first of all in a avascular environment, 

being cells dependent on glucose and oxygen diffused through the blood vessels only 
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present in the stromal compartment (Figure 6) [27, 54]. After different stimuli, cells 

become hyperproliferative, and, as cells become even more distant from the blood 

vessels, pre-malignant lesions become hypoxic. This state promotes a metabolic switch 

to a hyperglycolytic phenotype, allowing cells to growth, and, consequently, the 

microenvironment becomes acidic and cells acquire an invasive phenotype (Figure 6). 

At this point, the acidic microenvironment is responsible for the selection of cells 

presenting an acid-resistant phenotype, a powerful proliferative advantage [54, 63, 64]. 

Several studies report induction of hyaluronan and its receptor CD44 by acidic 

microenvironment, promoting cancer cell invasion and metastasis [65, 66]. Also, the 

capacity of the acidic microenvironment to inhibit cytotoxic T lymphocytes (CTLs) and 

natural killer cells was reported, while inflammatory cells like macrophages are activated 

under this condition to participate in tumour progression [67].  This acid-resistant 

phenotype results from cellular adaptations mainly up-regulation of membrane pH 

regulators [27, 51], since prolonged exposure to low pH normally results in necrosis or 

apoptosis [68, 69].  

 Remarkably, being tumourigenesis a dynamic process with fluctuations of 

nutrient and oxygen levels, cancer cells are able to adapt their machinery to become, in 

a defined moment, normoxic cells, and, in another, change to hypoxic cells [70]. 

 Tumour microenvironment is more than cancer cells; it also includes a mixed 

population of non-tumour cells, like hematopoietic and mesenchymal cells. In this 

context, lymphocytes, natural killer cells, macrophages, neutrophils and myeloid-

derived cells, are also part of the tumour microenvironment, with interaction of T cells 

and macrophages with cancer cells through cytokines, promoting inflammatory 

responses [66, 71]. Additionally, fibroblasts, endothelial and stem cells are involved in 

tumour growth, angiogenesis and dissemination of cancer [65, 72, 73]. 
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Figure 6- Schematic representation of carcinogenesis and its interaction with the microenvironment. In 
normal tissues, after intermittent hypoxia starts, the proliferation process initiates the hyperplasic stage 
to interstitial neoplasia, proceeding to carcinoma in situ, culminating with degradation of basement 
membrane, originating metastatic disease. Colour representation: grey - normal epithelial cells, pink - 
hyper-proliferative cells, blue - hypoxic cells, green - glycolytic cells and yellow - motile cells. HIF-1α 
(hypoxia inducible factor 1 alpha); VEGF (vascular endothelial growth factor) [27]. 

 

 

1.2.2.1. Hypoxia 

 

 Hypoxia is a common feature of malignancy, particularly in solid tumours, 

supporting tumour invasiveness and metastasis, being associated with aggressiveness 

features. The hypoxia inducible factor 1 (HIF-1) is a key transcription factor involved in 

hypoxia response, being a heterodimer composed by a α-subunit (oxygen dependent) 

and β-subunit (oxygen independent). The α-subunit is degraded under higher oxygen 

conditions (>5% O2), while in hypoxia conditions (<5% O2) is stabilized and consequently 

translocated to the nucleus, forming a HIF-1α/β complex, which binds to target genes 

through hypoxia-response elements (HRE) [37, 74]. 

 HIF-1α is responsible for regulating several pathways like angiogenesis, invasion, 

oxidative stress, treatment-resistance and metabolic switch to the Warburg effect [37]. 
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The induction of several glycolytic-related proteins, such as glucose transporters GLUT1 

and GLUT3, HKII, and lactate dehydrogenase-A (LDH-A), by HIF-1α has been described, 

supporting the dependency of cancer cells mainly on glycolysis [75, 76]. Also, HIF-1α-

dependent upregulation of pyruvate dehydrogenase kinase 1 (PDK1), which inhibits the 

mitochondrial pyruvate dehydrogenase (PDH), preventing the conversion of pyruvate 

into acetyl-CoA, compromises oxygen consumption in OXPHOS (Figure 7), reinforcing 

the metabolic switch towards a hyperglycolytic phenotype [27, 77].  

 Additionally, HIF-1α induces the expression of proteins related to pH regulation 

(Figure 7), like CAIX, NHE1 and MCTs, which promote the efflux of protons and lactate 

[43], leading to acidification of the microenvironment. CAIX is a hypoxia marker and a 

prognostic indicator, which performs the reversible conversion of CO2 to bicarbonate 

and a proton, contributing to acidification of tumour microenvironment and, 

consequently, to intracellular pH control [74, 78]. Induction of NHE1 by hypoxia was 

described in pulmonary myocytes [79, 80], pointing at this protein as an attractive target 

of HIF-1α in tumour cells. However, only limited data reports the upregulation of this pH 

regulator in tumour cells and hypoxic areas [63], being also suggested that NHE1 activity 

can be upregulated or downregulated according to cell type and oxygen availability [81]. 

 Additionally, some studies report regulation of MCT1, MCT2 and MCT4 by 

hypoxia [82-84], however only MCT4 regulation was shown to be through activity on 

MCT4 promoter by HRE [74, 76, 84]. Up-regulation of MCT4 by HIF-1α contributes to the 

acid-resistant phenotype, facilitating the export of the newly formed lactate, allowing 

the continuous conversion of pyruvate into lactate and, therefore, stimulating aerobic 

glycolysis [28].  

 Furthermore, HIF-1α induces the expression of VEGF, allowing the recruitment 

of blood vessels, however, the structure of these vessels is disorganized, resulting in 

fluctuating areas of oxygen, which culminate in the upregulation of glycolysis [85-87]. 

Moreover, activation of HIF-1α is not only a response to low oxygen concentrations but 

its activation can be regulated by other factors, such as activation of oncogenes, 

including RAF and RAS, PI3K, AKT, mTOR, MYC and loss of tumour suppressor genes such 

as TP53, PTEN and VHL [74, 88]. 
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Figure 7- Cellular model for the regulation of metabolic proteins and pH regulators by HIF-1α. To survive 

under acidic conditions, tumour cells express pH regulator proteins including NHE1 (Na+/H+ exchanger 1), 

CAIX, CAXII and CAII (carbonic anhydrases), HCO3
- transporters [Na+/HCO3

- co-transporters (NBCs) and 

anion exchange protein 1 (AE1)], and MCT1 and MCT4 (monocarboxylate transporters). Metabolic fuel is 

provided to the cell by GLUT1 (glucose transporters) and LAT1 (L-type amino acid transporter 1). V-ATPase 

(vacuolar H+ -ATPases); PDH (pyruvate dehydrogenase); LDH-A (lactate dehydrogenase A); BSG (basigin); 

pHe (extracellular pH) [89]. 

 

 

1.2.2.2. Lactate  

 The glycolytic phenotype acquired by cancer cells during the carcinogenic 

process promotes acute and chronic acidification of the tumour microenvironment. This 

is one of the main causes of acidosis, due to production of lactate and carbonic acids, 

which maintain the extracellular compartment under acidic pH, combined with an 

alkaline intracellular pH (~7.2) [90, 91]. 

 In the last years, lactate gained a relevant role in tumour progression, having 

been considered in several studies as a metabolic fuel, but also as a signalling molecule 



CHAPTER 1: General introduction 

 

 
17 

 

in angiogenesis and evasion to immune surveillance [92]. In the metabolic symbiosis 

proposed by Sonveaux et al. [28], less oxygenated glycolytic cells produce lactate 

released by MCT4, while oxygenated oxidative cells consume the lactate produced, 

uptaken by MCT1. In this process, lactate has an important role in fuelling oxygenated 

tumour cells, while glucose can diffuse to the hypoxic regions where glycolytic cells use 

it to produce more lactate [28, 43].  

 Besides that, lactate have an important role in tumour progression by promoting 

escape to the immune system [93-95], cancer cell migration and invasion [58, 65], 

angiogenesis [96-98] and resistance to therapy [99, 100]. It is described that lactate is 

able to reduce the activation of dendritic cells, T cells and natural killer cells [93, 94]. 

Moreover, lactate stimulates tumour-associated macrophages (M2 macrophages), 

which play a role in immunosuppression and wound healing [101, 102]. Regarding 

migration and invasion, lactate is involved in production of hyaluronan and induction of 

its receptor CD44 [65], which is also responsible for cancer cell chemoresistance [99]. 

Activation of MMPs by lactate was also reported, leading to extracellular matrix 

degradation [58], promoting invasion and metastasis. Angiogenesis is also controlled by 

lactate, which promotes stabilization of HIF-1α, increasing VEGF and its receptor by 

tumour cells and endothelial cells [96]. Moreover, through crosstalk between tumour 

cells and endothelial cells, lactate induces interleukine-8 (IL-8) production by endothelial 

cells, resulting in new blood vessel formation [97]. It is reported stabilization of MYC by 

lactate, promoting VEGF, IL-8 and CD31 up-regulation, during prolonged hypoxia via 

ERK1/2 signalling pathway [98]. 

 An association between lactate and patient poor prognosis, lower disease free 

and overall survival was also shown in different solid tumours, such as cervical cancer 

[103], head and neck [104], high grade gliomas [105] and non-small-cell lung cancer 

[106]. Moreover, the high clinical importance of lactate is supported by its association 

with incidence of metastasis [103, 104, 107], tumour recurrence and radioresistance 

[27].  
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1.2.2.3. Glucose  

 

 Glucose plays a central role in cell metabolism and seems to be an excellent fuel 

and a versatile precursor, capable of providing a vast group of metabolic intermediates 

for biosynthetic reactions. This molecule has three most important fates: it may be 

stored in the form of glycogen; oxidized to pyruvate via glycolysis and subsequent 

OXPHOS to supply ATP and metabolic intermediates; or oxidized via the pentose 

phosphate pathway (PPP) to produce ribose 5-phosphate for nucleic acid synthesis and 

NADPH for reductive biosynthetic processes [108].  

 Nowadays, it is known that the high consumption of glucose by cancer cells is 

required for energy generation, culminating in lactate production even in presence of 

oxygen, by the Warburg effect [29, 47]. In fact, the augmented glycolytic activity of 

cancer cells has been explored for cancer diagnostic, being also useful to detect 

metastatic and recurrent lesions, and to identify high-grade disease through PET imaging 

[60]. 

 The uptake of glucose is performed by the GLUTs, a family of transporters 

composed by 14 members. In cancer cells, up-regulation of GLUTs has been vastly 

described (reviewed in [109]), especially GLUT1, which is up-regulated by HIF-1α, being 

this transporter highly associated with FDG uptake in PET imaging [110]. 

 In breast cancer, increase in GLUT1 expression and its association with glycolytic 

phenotype have been reported [111]. This study reported association of MCT1 and 

CD147 with GLUT1 and CAIX, supporting the involvement of this glucose transporter in 

the metabolic adaptation of breast cancer. Other studies have reported positivity for 

GLUT1 in breast cancers tissues, by immunohistochemistry [110, 112-115]. Additionally, 

it is known that estrogen and its receptor were able to increase GLUT1 levels in breast 

cancer cells [116]. Despite of GLUT1 being the most expressed glucose transporter in 

breast cancer, other glucose transporters like GLUT2 and GLUT3 have been detected in 

approximately 30% of invasive breast cancers, as well as GLUT4, but in fewer cases [110]. 

 Although the uptake of glucose is a vital process to maintain glycolysis, it is 

known that limited glucose bioavailability is a key feature of the tumour 
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microenvironment, due to high glucose consumption and poor vascularization inside the 

tumour [117-119]. Characterization of glucose deprivation conditions in cervical cancer 

cell showed stabilization of MCT1-CD147 complex by a post-translational effect, 

inactivating endosome-dependent protein recycling [120].  

   

 

1.2.2.4. Growth factors 

 

 Growth factors and their receptors, receptor tyrosine kinases in particular, 

play an important role in cell growth promotion, cell proliferation, and 

tumorigenesis. The signalling pathways of growth factor receptors like HER2, insulin-like 

growth factor-1 receptor (IGF1R) and fibroblast growth factor receptor (FGFR) have 

been implicated in tumour growth, proliferation and therapy resistance in breast cancer 

[121, 122]. 

 In breast cancer, an important independent pathway of tumour cell proliferation 

is HER2, a member of the EGFR family [123]. This receptor is overexpressed in 

approximated 15-20% of all breast cancer cases, mediating cell growth and survival 

through activation of its downstream mediators, like PI3K/AKT/mTOR and 

RAS/RAF/MEK/MAP kinases [124]. HER2 overexpression has been implicated in 

augmented glycolysis in breast cancer cells and in breast cancer patients [125-128]. 

 IGF1R is a tyrosine kinase receptor, and, similar to HER2, mediates growth of 

breast cancer cells through PI3K and RAS/RAF/MEK/MAP kinases intracellular signalling 

[123], being also associated with increased glycolysis and proliferation [129].  

 FGFR is also a tyrosine kinase receptor, and signalling by its ligand FGF is 

implicated in several developmental processes including mesodermal patterning in the 

embryo and formation of numerous organ systems. Not surprisingly, its deregulation 

has serious implications in carcinogenesis [123]. 
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1.2.2.5. Hormones 

 

 Approximately 75% of breast cancers are positive for hormone receptors, namely 

ER and PR. This status has been helpful to predict response to targeted therapy in breast 

cancer patients [123]. Estrogen and progesterone regulate growth, differentiation and 

function of several tissues in the body, but are also associated with abnormal cell 

proliferation, resulting in tumourigenesis [130].  

 ER acts through 2 distinct, but interrelated, pathways, the nuclear and 

nonnuclear pathways. The nuclear pathway is activated by estrogen binding, 

dimerization of receptor and translocation to the nucleus, where, with interaction with 

co-regulator proteins, modulates gene transcription, being implicated in breast cancer 

pathogenesis. The nonnuclear pathway is mediated by estrogen and ER in the cytoplasm 

of cells, interacting with several signalling pathways, tyrosine kinases, and growth factor 

receptors, including HER2, IGF1R, and FGFR [123].  

 Studies correlating glycolysis and hormonal signalling are scarce, however, the 

association of MCT1 expression and absence of ER was described in breast cancer [131]. 

 In other tissues, other hormones have been described as regulators of MCTs, like 

leptin in Caco2 cells (MCT1 up-regulation), thyroid-stimulating hormone (TSH) in rat 

thyroid cells (MCT1 up-regulation), noradrenaline in mouse neurons (MCT2 up-

regulation), triiodothryonine (T3) in rat skeletal muscle (MCT4 up-regulation)  and 

somatostatin in intestinal cells  (MCT1 up-regulation) [132-136]. 

 

 

 

1.3. Monocarboxylate transporters (MCTs) 

 

 MCTs are essential molecules in the transport of endogenous monocarboxylates, 

such as pyruvate, lactate and ketone bodies (acetoacetate and β-hydroxy-butyrate), 

across the plasma membrane [137-140]. In order to maintain the high rates of glycolysis, 

the two molecules of lactate produced from each glucose molecule must be transported 
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out of the cancer cells [140], by these specific transporters. The efflux of lactate has an 

important role in most tumour cells, but also in high glycolytic tissues like blood red and 

white skeletal muscle [137]. In contrast, in tissues like brain, heart, red skeletal muscle, 

kidney and liver, lactate is the major gluconeogenic substrate, being its uptake of 

upmost importance [140]. MCTs are widely distributed throughout various mammalian 

tissues (Table 1) and cell types [139, 140].  

 

1.3.1. MCT family 

 

 The Solute Carrier Family 16 (SLC16), also known as monocarboxylate 

transporter family, is composed by 14 members of related proteins, identified through 

sequence homology [137, 138, 141].  

 Structure prediction showed that MCT1-4, MCT7 and MCT8 are composed by 12 

alpha-helical transmembrane domains (TMDs)  (Figure 8) [140], being the N- and C- 

terminal located at the cytoplasm, while MCT6, MCT9-14 are composed by 10 TMDs 

[138, 139, 142]. Although TMDs are extremely conserved, N- and C-terminus and the 

large intracellular loop between TMDs 6 and 7, are regions in which some variations can 

occur [138, 139, 141, 142]. The variability is most frequent in transporters with 12 TMDs 

[138], being these variations related to substrate specificity, mainly regulated by C-

terminal, or regulation of transport activity, correct structure maintenance or insertion 

at plasma membrane, mediated by the N-terminal domains [140]. It is also known that 

substrate affinity is affected by mutations in arginine (Arg313) residue at TMD8, reducing, 

for instance, the affinity of MCT1 for lactate. Several designed drugs contain a carboxyl 

group incorporated in their chemical structure, making these compounds potential 

substrates for MCTs and MCTs as possible gateways for drug delivery [139, 140].

 MCT1-4 were the first characterized members of the MCT family, facilitating the 

diffusion of monocarboxylates, like pyruvate, ketone bodies and lactate, being these 

substrates co-transported with protons in an equimolar manner through a symport 

mechanism [137, 139]. In opposition to MCT1, MCT2 and MCT4 (Table 1), MCT3 is 

described exclusively in the retinal pigment (RPE) and choroid plexus epithelia (CPE) 
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[137, 139, 141]. This transporter was previously found in chicken retina, presenting an 

affinity for lactate and pyruvate similar to MCT1 [137, 141]. 

 

Figure 8- Predicted membrane topology of MCTs. MCT1 sequence is shown [140].  

 

 

 Characterization of MCT8 and MCT10 showed that pyruvate and lactate were not 

substrates for these transporters, and, in contrast, the transport performed by these 

two transporters is independent of proton or Na+ coupling. MCT8 was described as a 

thyroid hormone transporter, which transports the thyroid hormones T3 and thyroxine 

(T4), while MCT10 transports aromatic aminoacids (Table 1). Both isoforms are 

characterized by a particular feature in the N-terminal of protein sequence, presenting 

a peptide sequence rich in proline, glutamic acid, serine and threonine (PEST motif), 

which is responsible for rapid protein degradation [138-140]. MCTs 5-7, 9, 11-14 were 

not yet characterized and their functional role and substrates remain unknown, being 

these called orphan transporters [138, 140, 141].  

 The main differences between MCT isoforms are related to substrate and 

inhibitor affinities, regulation of expression and tissue localization [30]. As MCT1, MCT2 

and MCT4 are the most frequent isoforms associated with cancer [143], and the best 

characterized in human tissues, and they will be described in more detail. 
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Table 1- Monocarboxylate transporter (MCT) family members. Adapted from [142]. 

 

 

O - Orphan Transporter; RPE- retinal pigment; CPE- choroid plexus epithelia 

 

Protein 
name 

Main 
Substrates 

Tissue distribution Human gene 
name 

Human gene 
locus 

NCBI Reference 
Sequence 

MCT1 Lactate, 
pyruvate, 

ketone bodies 

Ubiquitous SLC16A1 1p12 NP_001159968.1 

MCT2 Lactate, 
pyruvate, 

ketone bodies 

Kidney, brain SLC16A7 12q13 NP_004722.2 

MCT3 Lactate RPE, CPE SLC16A8 22q12.3-
q13.2 

NP_037488.2 

MCT4 Lactate, 
pyruvate, 

ketone bodies 

Skeletal muscle, 
chondrocytes, 

leucocytes, testis, 
lung, placenta, heart 

SLC16A3 17q25 NP_001035887.1 

MCT5 O Brain, muscle, liver, 
kidney, lung, ovary, 

placenta, heart 

SLC16A4 1p13.3 NP_004687.1 

MCT6 O Kidney, muscle, 
brain, heart, 

pancreas, prostate, 
lung, placenta 

SLC16A5 17q25.1 NP_004686.1 

MCT7 O Brain, pancreas, 
muscle 

SLC16A6 17q24.2 NP_001167637.1 

MCT8 T3, T4 Liver, heart, brain, 
thymus, intestine, 
ovary, prostate, 

pancreas, placenta 

SLC16A2 Xq13.2 NP_006508.1 

MCT9 O Endometrium, testis, 
ovary, breast, brain, 
kidney, adrenal, RPE 

SLC16A9 10q21.2 NP_919274.1 

MCT10 
(TAT1) 

Aromatic amino 
acids 

Kidney, intestine, 
muscle, placenta, 

heart 

SLC16A10 6q21-q22 NP_061063.2 

MCT11 O Skin, lung, ovary, 
breast, pancreas, 

RPE, CPE 

SLC16A11 17p13.2 NP_699188.1 

MCT12 O Kidney SLC16A12 10q23.31 NP_998771.3 

MCT13   O Breast, bone marrow 
stem cells 

SLC16A13 17p13.1 NP_963860.1 

MCT14 O Brain, heart, ovary, 
breast, lung, 

pancreas, RPE, CPE 

SLC16A14 2q36.3 NP_689740.2 
 

http://www.ncbi.nlm.nih.gov/protein/NP_001159968.1
http://www.ncbi.nlm.nih.gov/protein/NP_004722.2
http://www.ncbi.nlm.nih.gov/protein/NP_037488.2
http://www.ncbi.nlm.nih.gov/protein/NP_001035887.1
http://www.ncbi.nlm.nih.gov/protein/NP_004687.1
http://www.ncbi.nlm.nih.gov/protein/NP_004686.1
http://www.ncbi.nlm.nih.gov/protein/NP_001167637.1
http://www.ncbi.nlm.nih.gov/protein/NP_006508.1
http://www.ncbi.nlm.nih.gov/protein/NP_919274.1
http://www.ncbi.nlm.nih.gov/protein/NP_061063.2
http://www.ncbi.nlm.nih.gov/protein/NP_699188.1
http://www.ncbi.nlm.nih.gov/protein/NP_998771.3
http://www.ncbi.nlm.nih.gov/protein/NP_963860.1
http://www.ncbi.nlm.nih.gov/protein/NP_689740.2
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1.3.1.1. MCT1 

 
 MCT1 was firstly identified in Chinese hamster ovary (CHO) cells and, 

subsequently, the human, rat and mouse homologue sequences were identified [137, 

138], being this member the most well studied and functionally characterized [137].  

 The human MCT1 gene (SLC16A1 - NP 001159968.1, NCBI reference sequence) is 

located in chromosome 1 (1p13.2-p12) and was firstl cloned in 1994, by Garcia and 

colleagues [144]. Structural organization and characterization of SLC16A1 was achieved 

in 2002, showing 5 coding exons [145]. There is no evidence for alternative splicing in 

the 5’ and 3’ untranslated region (UTR) [140], and 6 transcripts were identified, resulting 

in 4 proteins with different sizes [137]. However, only the protein composed by 494 

amino acids is the functional MCT1, resulting in a protein with molecular weight of ~54 

kDa [139]. 

MCT1 presents an ubiquous distribution in human tissues, including blood-brain 

barrier (BBB), T-lymphocytes, spermatogenic cells, brain, apical membrane of RPE, inner 

ear, kidney, stomach, liver, gut epithelium, and others, but is highly expressed in heart 

and muscle [137]. 

 MCT1 transport kinetics has been carefully studied using lactate, with this 

transporter presenting an intermediate affinity for the substrate, being involved in both 

uptake and efflux of monocarboxylates [138, 142]. The preference to transport a group 

of substrates with substitutions in C2 and C3 are clear, which include important 

metabolites such as L-lactate (Km 3-5mM), pyruvate (Km 0.7mM), acetoacetate (Km 4-

6mM), and β-hydroxybutyrate (Km 10-12mM) [137, 142], although MCT1 also transports 

short chain (C2-C5) unbranched aliphatic monocarboxylates, such as acetate (Km 

3.5mM) and propionate (Km 1.5mM) [30, 138, 142].  

 Transport of lactate is stereoselective, with Km for D-lactate 10 times higher than 

for L-lactate [146]. Other monocarboxylates like methanoate are poor substrates, while 

bicarbonate, dicarboxylates, tricarboxylates and sulphonates are not transported by 

MCT1 [141, 142]. It is known that mutations in specific amino acids can compromise the 

transport of the substrate. For instance, mutation of lysine 142 to glutamine in the loop 

between TMD 4 and 5 resulted in an increase in the Km for L-lactate from 5mM to 12mM 
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and a decreased stereoselectivity of the transporter, indicating the involvement of this 

residue in substrate recognition. In the same loop, a more drastic effect occurs with 

mutation of arginine 143 to glutamine, eliminating MCT1 transport activity [147].  

 Although MCT1 is needed to export or uptake monocarboxylates at the plasma 

membrane, its expression was also described at the mitochondria [148, 149] and 

peroxisomes [150], pointing at a participation of lactate oxidation in the maintenance of 

the organelles function. 

 

 

 

1.3.1.2. MCT2 

 

The human MCT2 gene (SLC16A7 - NP 004722.2, NCBI reference sequence) is 

located at the chromosome band 12q13, and has been cloned and sequenced in rat, 

mouse and human [140]. 

 The expression of MCT2 is more restricted than MCT1, presenting high levels in 

testis [138, 141], followed by spleen, heart, kidney, pancreas, skeletal muscle, brain, and 

leukocytes with moderate to low expression [141]. MCT2 contains 484 amino acids, 

displays a molecular weight of ~52kDa and presents 60% of sequence identity with 

MCT1 [140], being alternative splicing described in rat and human [151, 152]. Similarly 

to MCT1, MCT2 catalyses the proton-linked transport of several monocarboxylates, with 

a higher affinity for pyruvate (Km 0.08mM) and L-lactate (Km~1mM) [137, 139]. 

Moreover, MCT2 has a high affinity for ketone bodies and β-hydroxybutyrate [140, 141]. 

Due to the high affinity for monocarboxylates and its preferred localization in the most 

gluconeogenic tissues, this transporter is more adapted to perform the uptake of 

substrates [153]. 
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1.3.1.3. MCT4 

 

 MCT4 (SLC16A3 - NP 001035887.1, NCBI reference sequence) was originally 

identified as MCT3 due to the high homology with chicken MCT3, being then renamed 

as MCT4 [30, 140]. SLC16A3 gene encodes for MCT4 and is located at chromosome 17 

(17q25.3), comprises 5 exons and 3 transcripts, being the protein product constituted 

by 465 residues, with a molecular weight of ~50kDa. The expression of this protein is 

higher in glycolytic tissues like white skeletal muscle fibres, astrocytes, white blood cells, 

chondrocytes and some mammalian cell lines [30, 140, 142], demonstrating its 

importance in the export of lactate [142]. MCT4 expression was also demonstrated in 

neonatal heart, which is more glycolytic than the adult heart, and in placenta, were 

lactate is transferred into the maternal circulation. Actually, the kinetic properties show 

a lower affinity for substrates than MCT1 and MCT2, presenting a Km of approximately 

28mM for L-lactate and approximately 150mM for pyruvate [30, 142].  

 

 

 

1.3.2. Regulation of MCT expression 

 Some studies have shown that MCT regulation can occur at both transcriptional 

and post-transcriptional levels, modifying protein expression, but also influencing 

transport activity, regulated by their chaperone proteins. Although little is known about 

this subject, these regulatory mechanisms appear to occur in a tissue-specific manner. 

Some studies reported MCT expression variation in different physiological and 

pathological conditions, especially MCT1 [138]. Besides that, alteration in MCT substrate 

concentrations and different signals from changes in cellular metabolism are able to 

alter MCT expression [30].  
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1.3.2.1. Transcriptional regulation  

 

 The complex process of transcriptional regulation can be orchestrated by several 

molecules, from transcription factors, as the case of NFκB, to signalling molecules like 

lactate, both increasing MCT1 mRNA expression. For instance, in L6 cells cultured in vitro 

or in exercising muscle in vivo, an increase in MCT1 mRNA and protein levels was shown, 

due to the increase in lactate concentrations [138, 154]. Also, butyrate was able to 

stimulate MCT1 promoter activity, through NFκB [59, 154], and, in colonic epithelium, 

butyrate increased MCT1 mRNA and proteins levels in a concentration and time 

dependent manner [59, 138]. Moreover, butyrate enhanced the antitumour activity of 

3-bromopyruvate through the increase of MCT4 expression in breast cancer cell lines 

[155]. The up-regulation of MCT1 through gene activation occurred also after chronic 

stimulation or exercise in rats and humans, while its down-regulation occurred as a 

consequence of denervation or spinal injury [30, 139, 142], being gene activation 

mediated by elevated calcium and AMP [30]. Moreover, during exercise, the peroxisome 

proliferator-activated receptor gamma and alpha (PPARγ and PPARα) and their co-

activator 1 alpha (PGC-1α) induced MCT1 up-regulation, but the same was not observed 

for MCT2 and MCT4 [30]. 

 Regulation of MCTs by hypoxia is described in several studies [28, 82-84, 156-

161]. In heart muscle, after chronic hypoxia, an increase in MCT4 was observed [82], 

being also increased in bladder and breast cancer cells after hypoxia [158, 160]. Increase 

in MCT1 expression was reported in colorectal, breast and glioma cancer cells [84, 161], 

in neuronal, astrocytic and endothelial cells, mediated by HIF1-α [157]. Evidence showed 

the increase of MCT1 and MCT4 in adipocytes mediated by HIF-1α, and a decrease in 

MCT2 [83]. In opposition, a hypoxia-induced decrease in MCT1 and MCT4 in plantaris 

muscle was shown [82]. Nevertheless, there are controversial results on MCT regulation 

by hypoxia, once there is evidence that only MCT4 promoter is activated by HIF1-α 

through HRE [156].  

 Regulation of MCTs was also reported in different hormonal diseases, like 

diabetes, obesity and thyroid diseases, where a decrease in muscle MCT1 in obese rats 

was described [30].  
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 In human breast cancer cells, MCT1 regulation by hypermethylation of CpG 

islands was also described in the promoter region [162]. Also, c-MYC and n-MYC 

oncogenes were described to regulate MCT1 gene expression, increasing MCT1 

transcription [163], while INF-γ and TNF-α, pro-inflammatory cytokines, decrease its 

expression [164]. 

 

 

1.3.2.2. Post-transcriptional regulation  

 

 Some studies have also demonstrated the regulation of MCTs at the post-

transcriptional level, being most reports related to MCT1 and MCT2 [30]. An increase in 

MCT1 expression, without alteration in mRNA levels, was described in left ventricle 

hypertrophy [165], as well as during post-mitotic and G1 phases [30]. 

 It was suggested that translational regulation can occur at 3’UTR of MCT1 mRNA, 

but not MTC2 nor MCT4 [140]. For instance, the initiation factor eIF4E, which is involved 

in translation, has its maximal peak of phosphorylation associated with maximal MCT1 

expression [30]. 

 Regulation of MCT1 by microRNAs was also reported, being miR-124 one of the 

most well-characterized, which decreases MCT1 protein expression in 

medulloblastoma, regulating MCT1 mRNA through binding to its 3′ UTR [166].  

 Furthermore, hormonal regulation is also involved in post-transcriptional 

regulation of MCTs. For example, testosterone and TSH were described to increase 

MCT1 expression, without altering its mRNA levels [59, 135]. Additionally, a post-

transcriptional mechanism was described in which MCT2 was increased in the brain by 

insulin and insulin growth factor 1 (IGF-1), mechanism that involves stimulation of the 

PI3K/AKT/mTOR pathway [30]. Moreover, noradrenaline induces MCT2 expression at 

the translational level, but not MCT1, in mouse neurons, with the requirement of a yet 

unknown transcriptional step [133]. Finally, there is no evidence that MCT1 regulation 

includs glycosylation [30]. 
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1.3.2.3. Regulation of MCT activity 

 Frequently, several membrane proteins are associated with glycosylated 

proteins to maintain their correct expression and function. Accordingly, several studies 

show that MCT1, MCT3 and MCT4 require the ancillary protein CD147 for membrane 

expression and activity, while MCT2 interacts with gp-70 [30, 167, 168]. 

 CD147 (also known as basigin, EMMPRIN, OX-47 and HT7) and gp-70 (also known 

as embigin) are members of the immunoglobulin superfamily and are related to a small 

family of glycoproteins, which contain a single transmembrane domain containing a 

conserved glutamate residue, a short intracellular C-terminus, and a large glycosylated 

extracellular domain with two or three immunoglobulin domains depending on the 

splice variant [30, 169]. Moreover, studies have shown that, besides its role in MCT 

membrane location [170-172], CD147 is also important for MCT1, 3 and 4 activity [170, 

173], but, on the other hand, MCT1 and 4 are also important regulators of CD147 [170]. 

Furthermore, studies indicate that covalent modification of CD147 results in inhibition 

of lactate transport, demonstrating the important role of CD147 in MCT function [167, 

174]. 

 CD147 was described as a tumour cell-derived MMP inducer, present in tumour 

cell surface, being involved in angiogenesis, multidrug resistance, activation and 

development of T cells, acting also as a receptor of cyclophilin A [175, 176]. Besides 

tumour cells, CD147 is also important in fetal, neuronal, lymphocyte and extracellular 

matrix development and tissue repair [177]. Thus, the contribution of MCTs is not 

restricted to their function as lactate transporters and pH regulators, but also play, 

indirectly, roles in angiogenesis, migration and invasion due to MCT/CD147 complex 

[142, 178]. Some studies reported plasma membrane expression of MCTs without 

CD147 expression, suggesting the existence of additional chaperones for their correct 

plasma membrane localization and activity, with studies identifying CD44 as another 

MCT chaperone [99, 179, 180]. 
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1.3.3. Inhibitors of MCT activity 

 Several compounds have been described as classical inhibitors of MCTs, which 

inhibit lactate transport, and include inhibitors of three different categories. These are 

aromatic compounds, acting as competitor inhibitors, like 2- 

oxo-4-methylpentanoate and phenyl-pyruvate, and derivatives of α-cyanocinnamate, 

such as α-cyano-4-hydroxycinnamate (CHC) [181], ii) amphiphilic compounds, such as 

bioflavonoids (quercetin and phloretin), and anion exchanger (AE) inhibitors, such as 5-

nitro-2-(3-phenylpropylamino)-benzoate (NPPB) and niflumic acid [142], and iii) stilbene-

derived compounds, as 4,4’-diisothiocyanostilbene-2,2’-disulphonate (DIDS) and 4,4’-

dibenzamidostilbene-2,2’-disulphonate (DBDS), acting as irreversible inhibitors [182]. 

These inhibitors present a higher affinity for MCT1 and 2, being MCT2 more sensitive to inhibition 

by CHC, DBDS and DIDS than MCT1, but is insensitive to thiol reagents as p-

chloromercuribenzenesulfonic acid (p-CMBS) [137, 138, 141, 142]. The specificity of this inhibitor 

is mediated by the ancillary protein CD147, but not by gp-70 [138, 141]. In opposition to MCT1, 

MCT3 is insensitive to inhibition by CHC, pCMBS and phloretin [137, 141]. In contrast, MCT4 

exhibits a much lower affinity for a wider range of inhibitors than MCT1 [138, 142], but, 

exceptionally, MCT4 lactate transport is inhibited by a range of statins (drugs used to lower 

cholesterol levels) [183]. 

 However, these compounds have been demonstrated to inhibit other 

transporters, like the mitochondrial pyruvate transporter (inhibited by CHC), or the 

chloride/bicarbonate exchanger AE1 (inhibited by DIDS and DBDS) [181, 184]. 

 Other compounds have been studied as inhibitors of MCTs, like lonidamine, 

which is known to inhibit glycolysis in cancer cells. Initial studies referred lonidamine as 

inhibitor of hexokinase [185-187], but further studies showed the capacity to inhibit 

lactate transport mediated by MCT1 and 4 [186, 188, 189]. 

 Also, the nonsteroidal anti-inflammatory drugs (NSAIDs), are transported by 

MCT1 and have been described as inhibitors of lactate transport [190]. Recently, 7-

aminocarboxycourmarine family members have been identified as potent inhibitors of 

MCTs, demonstrating three times more activity than CHC [191, 192]. 
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 A new class of high-affinity and specific inhibitors has been designed by 

AstraZeneca to block MCT1 and 2. For instance, the compound AZD3965 is described as 

a MCT1 inhibitor and is currently being tested as anticancer agent in a phase I clinical 

trial for patients with prostate cancer, gastric cancer or diffuse large B cell lymphoma 

(ClinicalTrials.gov NCT01791595) [193]. Importantly, a related compound, AR-C155858, 

is a dual MCT1/2 inhibitor, being its activity modulated by the associated ancillary 

protein GP-70 [194, 195].  

 

 

1.3.4. Role of MCTs in cancer 

 

 As previously described, the high levels of lactate produced by cancer cells is a 

common feature of tumours, being MCTs central molecules in the export of the 

accumulating lactate and pH regulation [27, 139]. Several studies demonstrate the up-

regulation of MCT1 and MCT4 in tumours (Figure 9), like high-grade gliomas [196], 

colorectal carcinomas [197, 198], neuroblastomas [163], lung cancer [199, 200], cervical 

cancer [201], ovarian cancer [202, 203], breast carcinoma [131, 160, 162, 204], 

pancreatic cancer [205], melanomas [206], mesotheliomas [207, 208], bladder [209], 

kidney [210] and head and neck [211]. In gastrointestinal stromal tumours (GISTS), 

positive expression of MCT1 and downregulation of MCT4 was observed [212], while in 

another study only positive expression of MCT4 was reported [213]. MCT4 up-regulation 

was described in hepatocellular carcinoma [214]. In addition, up-regulation of MCT2 was 

reported in prostate [215], lung [199], pancreatic [216] and colorectal cancer [197, 198], 

as well in brain tumours [217]. In contrast, down-regulation of MCT1 expression was 

also described in liver [214], prostate tumours [218], as well as colorectal cancer (Figure 

9) [219]. 

 In breast cancer, a significant increase in MCT1 expression was described, in a 

subset of aggressive breast carcinomas (basal-like) compared with normal breast tissue. 

In this study, MCT1 and CD147 were associated with absence of ER and PR, high grade 

tumours, expression of cytokeratin 5 and 14, vimentin and Ki67, evidencing the role of 
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MCT1 in breast cancer aggressiveness [131]. Expression of MCT1 in breast cancer, 

especially in the aggressive basal-like subtype, was associated with GLUT1 and CAIX 

[204], which expression associated with shorter disease-free survival [161, 204]. 

 In other solid tumours, association of MCT1 and 4 overexpression with negative 

prognostic markers have been frequently reported [31]. In cervical cancer, the 

association of lactate with poor prognosis, and a significant increase in MCTs from pre-

invasive to invasive squamous lesions was observed [103, 201, 220]. Also, in 

neuroblastoma, MCT1 was highly associated with MYCN oncogene amplification, 

reinforcing the association with higher malignancy [163]. 

 The available data supports that MCT expression is an adaptation to the 

hyperglycolytic phenotype, being upregulation of MCTs at the plasma membrane an 

advantage for tumour cells, allowing continuous export of lactate, and promoting 

tumour growth [143]. For this reason, these molecules are seen as promising targets in 

cancer therapy.  
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Figure 9- Overview of the MCT expression in different tumour types; + (high expression),         

(upregulation),      (downregulation). Adapted from [31]. 

 

 

1.3.4.1. MCTs as therapeutic targets in cancer 

 

 The increased interest of metabolic pathways in cancer therapy has motivated 

the development of several potential drugs, which are now in clinical trials [33, 90].  

 Being MCTs key molecules in the maintenance of the malignant phenotype of 

tumours, maintaining the hyperglycolytic and promoting the acidic-resistant phenotype, 

together with its upregulation in cancer, inhibition of MCTs emerges as a valuable 
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approach in cancer treatment (Figure 10) [143]. The adaptation of cancer cells to 

hypoxia can be compromised by inhibiting MCT1, disrupting the metabolic symbiosis 

between normoxic cells and hypoxic cells. While hypoxic cells are dependent on glucose 

and the Warburg effect to produce lactate, normoxic tumour cells are dependent on 

lactate exported by hypoxic cells. Thus, inhibition of MCT1 and glucose uptake is able to 

disturb this balance [28].  

 Although MCT inhibition will have a direct impact on pH regulation and cancer 

cell glycolytic rates, many other effects have been described as a result of this inhibition, 

like decreased cell viability [31, 143], increased cell death [28, 120, 155, 217], decreased 

tumour cell migration and invasion [120, 173, 178, 221] and also decreased angiogenesis 

[28, 97, 222]. 

 In vitro inhibition of MCT1 induces a decrease in intracellular pH [28, 163, 223], 

enhancing cancer cell radiosensitivity [224] and improving the response to 

chemotherapy [225]. Also, CHC was used to inhibit MCT activity, showing a decrease of 

cell viability, migration and invasion of tumour cells [163, 226]. 

 Further, small interference RNA (siRNA) has been used to silence MCT 

expression. Silencing of MCT1 and MCT4 was able to decrease cell migration and 

invasion [170, 178, 227], being supported by the interaction of MCT4 with beta 1-

integrin [178]. In vivo, treatment with CHC decreased tumour growth [28, 31], sensitized 

cells to radiation [28] and decreased tumour invasion [228]. The combined silencing of 

MCT1 and MCT4, or CD147 demonstrated reduction of glycolysis and also in tumour 

growth [225, 229]. The specific inhibitor AZD3965 developed by AstraZeneca, was used 

in vivo, in a model of small lung cancer, and was shown to decrease tumour growth 

[230].  

 Being MCTs promising targets in cancer therapy, it is essential to understand the 

putative secondary effects in normal tissues. Considering the distribution of MCTs, 

specially MCT1, systemic delivery of inhibitors could affect mainly cardiac and skeletal 

muscle, being possible side effects muscle fatigue and intolerance to moderate-high 

physical exercise. In colonic epithelium, MCT1 is responsible for butyrate transport, and 

its inhibition can promote a decrease in cell proliferation and differentiation [59].  

Although the secondary effects can be well tolerated by normal tissues [231], inhibition 
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of glycolysis as monotherapy has been disappointing, due to the high plasticity of 

tumour cells to reprogram their metabolism [33, 232]. However, combined therapy may 

bring promising results, as the one reported in lung cancer cells, in which inhibition of 

glycolysis by targeting basigin sensitizes cancer cells to phenformin [229]. Thus, there is 

a need to design new therapeutic strategies or combine this approach with current 

therapies to better improve cancer treatment.  

 

 

 

 

Figure 10- Potential targeting of metabolic pathways in cancer to achieve tumour cell killing. Potencial 

targets of inhibition are shown and interactions are represented in dashed lines. Metabolic stress caused 

by intracellular pH acidification, via inhibition of CAIX (carbonic anhydrase IX), MCTs (Monocarboxylate 

transporters) and NHE1 (Na+ /H+ exchanger 1), could be enhanced by metformin or phenformin to inhibit 

mitochondrial ATP production. PPIs (proton pump inhibitors); LAT1 (L-type amino acid transporter 1); BSG 

(basigin); HIF-1α (hypoxia-inducible factor) [89]. 
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2.1. Chapter Overview  
 

 Most of cancers, including breast cancer, increase the consumption of glucose to 

produce large amounts of lactate, even in presence of oxygen, by a phenomenon 

referred as Warburg effect [1-3]. In fact, based in the increase of glucose uptake, FdG-

PET has been used as imaging technique for diagnosis and prognosis of breast cancer, 

namely to detect distant metastasis, as well as to follow therapy response [4]. In fact, 

many studies have demonstrated the importance of this phenotype in tumour 

progression and malignancy, due to the high levels of lactate transported out of tumour 

cells by MCTs [5-7]. Importantly, the association of lactate transport with increased cell 

proliferation, migration, invasion, angiogenesis, escape to cell death, as well suppression 

of anticancer immune response, has also been demonstrated [8].  

 Thus, in this chapter, two complementary studies, evaluating the effect of MCT 

inhibition in breast cancer, are presented.  

 In the first study, CHC, quercetin and lonidamine were used as MCTs inhibitors, 

and its effect was evaluated on cell viability, metabolism, proliferation, cell death, 

migration and invasion, in a panel of breast cancer cell lines. Importantly, in the most 

sensitive cell lines, a decrease in lactate production was shown, as well a decrease in cell 

proliferation, migration and invasion. The same effects were also achieved upon MCT1 

downregulation, pointing at MCT1 as the main target. 

 Further, the second study showed the effect of targeting lactate transport, 

through MCT expression modulation, decreasing aggressiveness of breast cancer cells in 

vitro and, importantly, decreasing in vivo tumour growth. 

 The results of this chapter point at MCTs as promising targets in breast cancer 

therapy, demonstrating the importance of lactate in breast tumours. 
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2.1.1. Differential sensitivities to lactate transport inhibitors of breast cancer cell lines 
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2.1.2. Targeting lactate transport supresses in vivo breast tumour growth 
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3.1. Chapter overview 
 

 Regulation of MCTs in cancer is poorly understood and studies about the 

regulatory mechanisms in breast cancer are scarce. However, regulation of MCTs by 

CD147 for its correct localization and function is a well-characterized mechanism [1-3]. 

More recently, another chaperone (CD44) emerged as an alternative protein involved in 

MCT plasma membrane localization [4]. Regulation of MCTs by hypoxia, has also been 

discussed but is not completely understood, especially in what concerns MCT1 [5-8]. 

However, a close association of MCT1 with hypoxia regions was shown in breast cancer 

samples, by association of MCT1, but not MCT4, with GLUT1 and CAIX [9]. Additionally, 

association of MCT1 expression with absence of both estrogen and progesterone 

receptors, expression of basal markers and high histological grade was shown [10], 

prompting us to pursue additional studies on its regulatory mechanisms. 

 Thus, in this chapter, several processes involved in enhanced breast cancer 

progression were considered, from epithelial mesenchymal transition, estrogen 

receptor signalling, to glycolytic metabolism. Breast cancer cells were stimulated with 

modulators linked to these pathways, like transforming growth factor β (TGF-β), 17β-

Estradiol (E2), glucose, and lactate, being the metabolic behaviour of breast cancer cells 

evaluated, in order to unravel the role of these modulators in its regulation. 
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3.1.1.  Regulation of the metabolic profile of breast cancer cells by different 

microenvironmental modulators  
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4.1. General Discussion 

 

 The major findings of this PhD thesis will be presented and discussed in this 

chapter, as well as how these results contribute to the exploitation of Monocarboxylate 

Transporters as a valuable targets in breast cancer therapy, especially in the basal like 

subtype, which remains with no specific molecular targeted therapy.   

  

4.1.1. Monocarboxylate transporters inhibition in breast cancer 

 

 Glycolytic metabolism has gained a novel interest in the reprogramming of 

cancer cells, being recently proposed as a new hallmark of cancer [1]. As a consequent 

of increased glucose consumption and to maintain the homeostasis of cancer cells, 

several proteins, like glycolytic enzymes, glucose transporters and pH regulators, as 

CAIX, NHEI and MCTs are differentially expressed [2-4]. In fact, previous results from our 

group and others demonstrate altered expression of MCTs in several cancer types, 

including breast cancer, of which the upregulation of MCT1 and its association with 

GLUT1 and CAIX in aggressive breast cancer subtype were reported [5]. Moreover, the 

association of MCT1 and CD147 with absence of estrogen and progesterone receptors, 

high histological grade and high proliferative capacity of breast cancer cells [6], point at 

MCT1/CD147 complex as a central player in breast cancer aggressiveness, contributing 

to the maintenance of the glycolytic phenotype of these cells. Considered by other 

authors as players in tumour cell viability and aggressiveness, some studies showed the 

importance of MCTs inhibition in vitro and in vivo in several tumours types [7-12]. 

However, the role of MCTs, and in particularly MCT1, needed to be further studied to 

support their exploitation as therapeutic targets in breast cancer. 

 Importantly, in this thesis, the effect of MCT inhibition, using classical MCT 

inhibitors such as CHC and quercetin, and non-classical inhibitors like lonidamine, has 

been characterized. The expression of high levels of MCT1 in breast cancer cells supports 

the findings in breast carcinoma samples [5, 6] and also highlights the importance of 

MCT1 in this type of cancer. The in vitro results demonstrated a decrease of glucose 

consumption and lactate production in the glycolytic cell lines MDA-MB-468 and 
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Hs578T, after inhibition of MCTs with the three different inhibitors (Chapter 2). Also, the 

inhibitors were able to decrease cancer cell malignant features like proliferation, 

migration and invasion, and induce cell death. Although the most affected cells 

presented both MCT isoforms (MCT1 and MCT4), the observed effects were most 

evident for MCT1 inhibition. This might be explained by the fact that CHC ki values for 

MCT4 are five to ten times higher than for MCT1 [13], requiring the use of much higher 

concentrations compared with the ones used in this study. Thus, to validate the results 

obtained with MCT1inhibition, its expression was downregulated using siRNA, and the 

effects on decreasing cell metabolism, proliferation and migration were similar to the 

obtained with CHC, corroborating the previous results. 

 However, in order to achieved more clear results on the inhibition of MCTs, and 

supported by the success of similar approaches in other cancer types [8, 9], in the second 

study, we performed the in vitro and in vivo inhibition of MCTs in breast cancer, using 

the siRNA approach, showing for the first time inhibition of tumour formation and 

reduction of tumour growth (Chapter 2). In this study, four cell lines were exposed to 

hypoxia, in order to enhance the dependency on glycolysis [14-16]. Thus, disruption of 

oxidative phosphorylation increased dependency of hypoxic cells on MCT1/4 for lactate 

transport. Consequently, inhibition of MCTs in hypoxic cells proved to be more effective 

than normoxic cells. Also, MCT knockdown in cells that express only one MCT isoform, 

as knockdown of MCT1 in BT20 cells, was more effective in inhibit lactate transport, 

decreasing cell biomass and invasion, and, importantly, induced a drastic reduction of in 

vivo tumour growth. These findings corroborate the previous in vitro results from our 

group [17], while others achieved similar in vivo results in cells without MCT4, 

decreasing intracellular pH and supressing tumour growth in colon cancer [18]. Although 

inhibition of MCT4 in MDA-MB-231 cells in hypoxia was less effective than in normoxia, 

the reduction of tumour growth and inhibition of tumour initiation exceeded the 

expected outcomes, based on the in vitro results. The efficacy of MCT inhibition in both 

studies supports the efficiency of targeting lactate transport to overcome breast cancer 

aggressiveness, especially in basal-like subtype. Importantly, the increasing interest in 

targeting MCTs in cancer led pharmaceutical companies to developed specific inhibitors 

of MCT1, one of which is currently under phase I clinical trials in patients with prostate 

and gastric cancer, and diffuse large B cell lymphoma [19].  
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 Although MCTs have emerged as new candidates for cancer therapy, it is 

reasonable to anticipate adverse effects and toxicity in normal tissues. Being MCT1 

expressed at almost all organs, systemic delivery of MCT inhibitors will not be exempt 

of adverse reactions. Indeed, side effects upon MCT1 inhibition using lonidamine were 

reported, including muscle fatigue, myalgia, asthenia, testicular pain, and gastro 

intestinal discomfort, however with no serious organ toxicity [20, 21], supporting the 

use of MCT inhibitors in cancer therapy. 

 

 

4.1.2. Microenvironmental modulators of the monocarboxylate transporters 

 

 Concerning MCT regulation, different mechanisms have been reported in normal 

[13, 22-26] but also in cancer [20, 27-31] tissues. Several studies have reported 

upregulation of MCT1 mRNA and protein in muscle during exercise [13, 22, 23], 

regulation by butyrate in colonic epithelium [24] or even the regulation of MCTs 

expression associated with hormonal disorders, like diabetes, obesity and thyroid 

diseases [13]. Additionally, regulation of MCT1 was described by thyroid hormones or 

MCT2 by insulin pathways [13, 20, 32] and noradrenaline [33]. Also, the regulation of 

MCTs by hypoxia in heart muscle, astrocytic and endothelial cells has been discussed 

[25, 26].  

 In cancer, the regulation of MCT1/4 by their protein chaperone CD147 has been 

well studied, being this protein crucial for MCT1 and MCT4 trafficking to the plasma 

membrane [34-38]. In fact, the contribution of MCTs to the malignant phenotype is not 

only related to lactate transporter and acidification, but also with MCT close association 

with CD147, which has important roles in angiogenesis, migration and invasion [39, 40]. 

In opposition, MCT regulation by hypoxia has been a controversial topic, especially in 

what concerns MCT1 [16, 41-43], as only SLC16A3 (MCT4) promoter presents HREs [44]. 

Additionally, cooperation of HIF1α with c-myc was described as regulator of aerobic 

glycolysis, being SLC16A1 expression activated by this proto-oncogene [28, 30, 31]. 

With the results obtained in this thesis, we expect to have contributed to 

understand the mechanisms of regulation in breast carcinogenesis. In fact, upregulation 

of MCT1 has been reported by our group in breast cancer [6], results which were 
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corroborated in breast cancer cell lines (Chapter 2). Regulation of MCT expression by 

hypoxia was also reported in Chapter 2, where an increase of MCT1, MCT4 and also 

CD147 in breast cancer cells exposed to hypoxia was demonstrated, showing a shift from 

oxidative phosphorylation to a glycolytic phenotype [45].  

 Moreover, in Chapter 3, possible regulators of the metabolic phenotype were 

studied, considering the several players of enhanced breast cancer progression. 

Limitation of glucose inside tumours can be a consequence of the Warburg effect, due 

to the high levels of glucose consumption, but also caused by poor vascularization in 

tumours [46, 47]. We showed that low glucose levels were able to increase MCT 

expression, particularly MCT4, although not accompanied by mRNA upregulation. It is 

known that lactate levels are higher in the tumour microenvironment [48], and so we 

also tested the influence of lactate in breast cancer cell metabolism. Indeed, the 

metabolic phenotype of TNBC cells changed, evidencing consumption of this metabolite. 

As previously reported by our group, an association between MCT1 expression and 

absence of ER expression was verified [6], and, knowing that around 70% of breast 

cancer cases present overexpression of ER, playing an important role in breast cancer 

development and progression [49, 50], we also evaluated the role of this player in 

metabolic regulation. In fact, stimulation of ER increased lactate production in luminal 

cells but did not modify the expression patterns of glycolytic-related proteins, as 

expected. Finally, and considering the main process of invasion and metastization of 

tumours - the EMT process [51], increased lactate production was associated with a 

decrease of E-cadherin in cells that expressed epithelial markers. However, no 

alterations in protein or mRNA levels were observed in the glycolytic markers. 

 New clues concerning regulation of MCTs and maintenance of the glycolytic 

phenotype have been proposed in this thesis. However, further studies are needed to 

better explore the translational and post-translational MCT regulation, especially 

considering the low number of experiments in this specific study. 
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4.2. Conclusions and future perspectives 

 

 To summarize, the results presented in this thesis support the exploitation of 

MCTs as potential targets, especially MCT1, which are upregulated in breast cancer. 

Additionally, in vitro and in vivo studies reinforced the role of MCTs and lactate in the 

aggressive behaviour of breast cancer cells. Also, this thesis highlights the importance 

of the glycolytic metabolism for the maintenance of tumour growth, supported by in 

vivo results. Concerning regulation of the metabolic phenotype, the present work 

demonstrates modulation of MCT expression and lactate production by different 

glucose concentrations, increase in lactate production by 17 β-estradiol stimulation and 

decrease of MCT expression and lactate production by TGF-β, in specific breast cancer 

cell lines. 

 However, considering that the main goal of MCTs targeting in cancer is clinical 

application, more studies are necessary to investigate the efficacy of MCT inhibitors. 

Concerning MCT regulation, many other pathways related to MCT activity should be 

explored in breast cancer, namely gene regulation by methylation and mutations, 

interacting proteins, miRNAs, hypoxia, EMT, AKT pathway, c-myc, and other 

mechanisms by which MCTs may be controlled. 

 Whilst many other studies will complement the knowledge on MCTs in cancer, 

this thesis contributed with important findings in the field of glycolytic metabolism in 

breast cancer. 
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