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ABSTRACT

During the hyperplasic growth of tumors, there is an impairment in both nutrient and
oxygen supply to the neoplastic cells located far away from blood vessels, which would influence
tumor progression. Thus, tumors have acquired the ability to assemble their own vasculature,
mainly through the pre-existing vessels — tumor angiogenesis. However, tumor blood vessels
exhibit structural and functional abnormalities, leading to the development of hypoxic regions,
which are responsible for the metabolic reprogramming towards glycolysis, regardless of oxygen
availability - “Warburg effect”. The end-product of the pathway, lactic acid, is readily released to
the tumor milieu through MCTs, contributing to malignant progression. Thus, the aims of the
current work are to investigate 1) the role of MCTs on endothelial cell response to hypoxia and 2)

the role of MCTs on the angiogenic stimulation by tumor cells.

Hence, our experiments demonstrated that MCT1 and MCT4 isoforms, their molecular
chaperones, CD147 and CD44, as well as other key metabolic markers are expressed in human
brain endothelial cells, mainly under hypoxia, contributing to the increased glycolytic phenotype.
Further inhibition of MCT activity, using CHC, as well as MCT downregulation impaired
endothelial cell viability and the development of capillary-like structures, which seems to be
independent on lactate transport activity, under hypoxic environments. Upon endothelial cell
growth in glioma cells’ conditioned media (CM), metabolic adaptations in HBMEC cells were
observed, which may contribute to the maintenance of endothelial cell survival, in spite of a
decrease in endothelial cell proliferation and, consequently in the development of capillary-like
structures that were observed /7 vitro. /n vivo experiments showed a similar phenotypic alteration
in chick chorioallantoic membrane vascularization, after exposure to MCT4- and MCT1/4-

silenced glioma cells’ CM from both normoxia and hypoxia, relatively to scramble groups.

Thus, besides its role in tumor cells, our data point out the importance of MCT1 and, to a
lower extent MCT4, on the maintenance of endothelial cell function, under normoxia. Under
hypoxia, the absence of these both isoforms seems to be counterbalanced, which may be due to
the overexpression of other transporters at the plasma membrane of endothelial cells. In
addition, MCTs seem to be players in tumor microenvironment, acting as essential mediators in

tumor-endothelial cell interplay.






RESUMO

Durante o crescimento hiperplasico dos tumores, ha um défice no transporte de
nutrientes e de oxigénio para as células distantes dos vasos sanguineos, comprometendo o
desenvolvimento do tumor. Assim, as células tumorais desenvolveram a capacidade de construir
a sua propria rede vascular, recorrendo a do tecido - angiogénese tumoral. Todavia, a
vasculatura tumoral possui anomalias que promovem o desenvolvimento de regides de hipoxia.
Consequentemente, as células neoplasicas sdo capazes de reprogramar o seu metabolismo,
favorecendo a glicolise, independentemente da disponibilidade de oxigénio — “efeito de
Warburg”. O acido latico resultante ¢é libertado para o microambiente tumoral, via MCTs,
promovendo a progressao maligna. Assim, pretende-se avaliar 1) o papel dos MCTs na resposta

das células endoteliais a hipoxia, bem como 2) o seu papel na estimulacdo da angiogénese.

Foi demonstrado que MCT1 e MCT4, as suas proteinas auxiliares, bem como
marcadores importantes na via glicolitica sao expressos em células endoteliais cerebrais,
nomeadamente em hipoxia, contribuindo para o aumento do fendtipo glicolitico. A inibicdo da
atividade dos MCTs, bem como a inibicao da sua expressao, diminuiu a viabilidade celular e o
desenvolvimento de estruturas do tipo capilar que, sob hipdxia, parece ser independente do
transporte de lactato. O crescimento de células endoteliais em meio condicionado proveniente de
células tumorais, cuja expressao dos MCTs foi inibida, induziu adaptacoes metabdlicas em
células endoteliais, contribuindo para a manutencao da viabilidade celular, apesar da diminuicao
da proliferacdo celular e do numero de estruturas do tipo capilar desenvolvidas. Estudos i vivo
demonstraram alteracdes fenotipicas na vascularizacao na membrana corioalantdide do embriao
de galinha apds a adicdo de meios condicionados, produzidos em normoxia e hipoxia apos

silenciamento individual do MCT4 ou em combinacao com o MCT1.

Em suma, além do seu papel em células tumorais, 0s nossos resultados sugerem a
importancia do MCT1, e em menor extensdo do MCT4, na manutencédo da funcao endotelial, em
normoxia. Em hipoxia, a inibicdo do MCT1 e do MCT4 parece ser compensada, pela sobre
expressao de outros transportadores na membrana plasmatica de células endoteliais, sob
condicdes de hipoxia. Além disso, os MCTs parecem também desempenhar um papel
importante no microambiente tumoral, atuando como proteinas essenciais nas interacdes tumor-

endotélio.

Xi






TABLE OF CONTENTS







TABLE OF CONTENTS

ACKNOWLEDGMENTS/ AGRADECIMENTOS ......c.euieieeiee ettt v
AABSTRACT .ttt ettt h bbbt bbbt b e E ettt iX
RESUMO . .. .1tttk h bbb bbbt Xi
FIGURES AND TABLES ...ttt sttt bbbt XXV
L INErOAUCTION ..o 31
) A Vg Fe T o (=Y o U= TY SR 31
1.1.1 Development of the vascular network: an OVEINVIEW ...........cccvveeeieveeeeeiiieeee e 31
1.1.2  Angiogenesis and diSEBASE ......ccuviiiiiiiiee ettt ettt 34
1.1.3  ANGIOZENESIS IN CANCEN ...vvviieiiiiiei et e ettt ettt ette e et e e et ae e e e et e e e s etbaeae e 35
1.1.4 Regulatory mechanisms of angiogenesis in cancer: molecular insights.................. 37
114 T HYPOXIA cvieeiiieieciie ettt ettt ettt ettt ettt aeas 37
1.1.4.2 VEGF faMUlY .ot 39

1.1.5 Anti-angiogeniC ThEIADY .......coicvveee ettt eae e 42

1.2 Monocarboxylate TranSPOIErS .......eveeiceeeee ettt e eaae e 44
1.2.1 Monocarboxylate Transporters family .........cccoeeviiiiiee i 44
L2.1.1 ML ettt ettt 45
L.2.1.20 MICT2 ettt ettt 46
L.2.1.3 MO 3 ettt ettt n et 46
L2214 MCTA ottt ettt 46

1.2.2 Monocarboxylate transporter regulation............ccceeeeeieeee e 47
1.2.3 MCT INRIDITOIS .ttt nneas 49
1,24 IMCTS N CANCEL ...eiteeiieie ettt sttt ettt et e b e s e ebe s e sneaneenneas 51
1.2.5 MCTs in endothelial CeIIS ......c.iiiiiiiiiiiie s 59
1.2.6  Tumor microenvironment: endothelial and tumor cell crosstalk..............ccccoveiennee. 60

1.3 Rationale and AIMS ...c.oiiiiii s 63

2 Materials and MethOdS. .........uoiiiiiiiiic s 67
2.1 CeIl CURUIE ... 67
A & 1Y/ oo ) (- R 67

XV



G T (Y T <Y o 67

2.4 Small interfering RNA (SiRNA) transfection .........coccvevviiiiece e, 68
2.5 Conditioned MEAIA ......oveuiiiiieieieee e 68
2.6 Protein EXIraction .......ooioiii i 68
2.7 WeSTEIN DIOING ..o 69
2.8  Cytoblock preparation..........ccciieiiii i 69
2.9  IMMUNOCYIOChEMISTIY ..o 69
2.10  Cell VIDIlIY.....eueeieeeieee et 71
2.11 Cell metabolism assay (glucose consumption and lactate production) ...................... 72
2.12  Cell proliferation @SSAY ........cicvveeiiveiiiieeieree ettt ete et e e st ebe e eaae e 72
2,13 Cell death @SSAY......ccivveiiirieiitii ettt ettt 73
2.14  Cell CyYCle @NalYSiS.....c.veiiiuiieiiii ettt ettt 73
2.15  Tube formation @SSAY .....ccueeiiuiiiiii it 73
2.16  Chick chorioallantoic membrane (CAM) @SSaY.........coocvverreiivieeeesiiieee e 74
2.17 Reverse Transcription Polymerase Chain Reaction (RT-PCR)........ccccccoeevvvvieviivnneennee, 74
2.18 Three dimensional (3D) /n vitro culture of both glioma and brain endothelial cells, using
hierarchical starch-based fibrous scaffolds.............ccoooiiiiiii 75
2.19  Statistical @NalYSIS .......ccveiiiiiece s 75

3.1  Characterization of the metabolic behavior of brain endothelial cells, under normoxia

2100 I 1) 00 ) (- I PRSP P U PSR SPPUTRRROPPPR 79
3.1.1 Characterization of MCT expression and their molecular chaperones.................... 79
3.1.2 Characterization of the expression of key glycolytic proteins..........ccccoeveiiiiiinnncn, 80
3.1.3 Endothelial cell metaboliSm ..........c.cooiiiiiiiiii e 81

3.2 Effects of inhibition of MCT activity on endothelial cell function ............c.ccccoeverinnennn. 83
32,1 Cell SUNVIVAIL 1 83
3.2.2 Cell MEtabOIISIM. ...ttt 84
3.2.3  Cell Proliferation ..........couiieiiiie e 85
3.2.4 Capillary-like structure assembling /77 VIfro.........c...cccooeveiiiiiiiiiiiiiiee e 87

3.3 Effect of MCT downregulation on endothelial cell function...........coceevveiiiiiiiiinnenee, 89
3.3.1 Cell SUNVIVAL ... 89
3.3.2  Cell MetaboliSm......ccviiiiiiiiieiieieeee e 91

XVi



N o o b

3.3.3  Cell PrONEIation ..ceeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee e 91

3.3.4 Capillary-like structure assembling /77 VItro........cc...coovevevieiiciiiiiiiecee e 93
3.4  Effect of MCT downregulation on the angiogenic stimulation by glioma cells ............. 95
3.4.1 Glioma cells’ conditioned media: glucose and lactate contents ...........cccoveeeveennnen. 95
3.4.2 Influence of MCT downregulation on total VEGF-A gene expression ............co..c...... 96
3.4.3 Endothelial Cell SUNVIVaL..........coiiiiiiiii i 97
3.4.4 Endothelial cell MetaboliSm ..........cooueiiiiiiiii e 98
3.4.5 Endothelial cell proliferation ..........ccceeiicieii i 99
3.4.6 Capillary-like structure assembling /77 Vitro............ccovveeievieeeicieeeeciee e, 101
3.4.7 Influence of glioma cells’ CM on CAM vascularization.............ccceevevieiveiiiiinnnenns 103

35 Influence of hierarchical fibrous scaffolds on the maintenance of tumor and endothelial

CEIIS" FUNCHION ...t ae e 105
351 Cell VI@hility...veeeeieeciie et 105
3.5.2 Cell MetaboliSIM......ccueiiiiieiiieie s 106
DISCUSSION ...ttt bbbt bbbttt e bbbt nne s 109
CoNCIUING REMAIKS ...t e et e e et ee e e eaaae e 121
FUTUIE PeISPECTIVES. ... ettt e et e e e eraae e e 125
RETEIENCES. ...t 129

XVii






ABBREVIATION LIST







5-FU: 5-Fluorouracil

AE1: Anion Exchanger 1

Agn: Angiopoietin

AMP: Adenosine-monophosphate

AMPK: AMP-activated Protein Kinase

ATP: Adenosine-triphosphate

BBB: Blood Brain Barrier

BrdU: 5-bromodeoxyuridine

CAM: Chorioallantoic Membrane

cAMP: cyclic Adenosine-monophosphate

CAIX: Carbonic Anhydrase IX

CHC: o-hydroxy-4-cianocinnamate

CM: Conditioned Medium

CSCs: Cancer-stem Cells

DBDS: 4,4'-benzamidostilbene-2,2'-dissulfonate
DIDS: 4,4'-di-isothiocyanostilbene-2,2’-dissulfonate
ECs: Endothelial Cells

ECM: Extracellular Matrix

FGF: Fibroblast Growth Factor

GBM: Glioblastoma Multiform

GLUT: Glucose Transporter

HBMEC: Human Brain Microvascular Endothelial Cells
HKII: Hexokinase Il

HIF: Hypoxia-inducible Factor

HRE: Hypoxia-responsive Elements

IL-8: Interleukin-8

XXi



LDH: Lactate Dehydrogenase

MCTs: Proton-linked Monocarboxylate Transporters
MMPs: Matrix Metalloproteinase

NADH: Nicotinamide Adenine Dinucleotide

NADPH: Nicotinamide Adenine Dinucleotide Phosphate
NFAT: Nuclear Factor in activated T-cells

NF-«B: Nuclear Factor kappa-light-chain-enhancer of activated B cells
NHE: Na‘/H* Exchanger

NRP: Neuropilin

OXPHOS: Oxidative Phosphorylation

PCMBS: parachloromercuribenzenesulfonic acid
PDGF-B: Platelet-derived Growth Factor B

PDH: Pyruvate Dehydrogenase

PDK: Pyruvate Dehydrogenase Kinase

PHD2: Prolyl Hydroxylase Domain Protein 2

PIGF: Placental Growth Factor

RPE: Retinal Pigment Epithelium

RTKs: Protein-tyrosine Kinase Receptors

SHH: Sonic Hedgehog

SMCs: Smooth Muscle Cells

SMCTs: Sodium-linked Monocarboxylate Transporters
TGF-B: Transforming Growth Factor 3

VEGF: Vascular Endothelial Growth Factor

VEGFR: Vascular Endothelial Growth Factor Receptor

VHL: Von Hippel-Lindau

XXii



FIGURES AND TABLES







FIGURES AND TABLES

Figure 1 |Development of embryonic vascular network in mammals. .......ccccccovvvveeeiicieeee e, 32
Figure 2 | Mechanisms of angiogenesis in health tiISSUES ........ccvvviiiciiei i 34
Figure 3| The onset of tUMOr aNgIOZENESIS ......vviveiieiiieee ettt e 35
Figure 4| HIF-1 Signaling PatiiWay ........cccvviiiiiriii ettt 38

Figure 5| Interactions between VEGF family ligands and their receptors involved in the angiogenic

O£ 101X 41
Figure 6| The role of monocarboxylate transporters in cellular homeostasis............ccccovvveeennee.. 44
Figure 7| Classical MCT inhibIOIS .....coicviiic it 50
Figure 8| The hallmarks of CANCET .........cvuiii it 52

Figure 9]|Schematic representation of cell-microenvironment interactions occurring during
EUMIOIZENESIS. . vttt et s e e e e st e e e e s ebb e e e e e ettt e e e e sabbeeeesaabeeeeseabaeeeaas 53

Figure10 | Differences between oxidative phosphorylation, anaerobic glycolysis and aerobic
glycolysis (Warburg effeCt)........cociiiii e 54

Figurel1|HIF-1a and HIF-2o. expression in human brain endothelial cells, under normoxia and
hypoxia, using Western BIOtiNG.. ...cc.vvvveiiii e 79

Figure 12| Monocarboxylate transporters (MCT1 and MCT4) and their molecular chaperones
(CD147 and CD44), under normoxia and hypoxia, in human brain endothelial cells.. ............... 80

Figure 13| Expression levels of key glycolytic markers, under normoxia and hypoxia, in HBMEC
LIS, ittt e e be e e e e e b ae e e be e e et be e e treeaabeeeaareeenns 81

Figure 14| Endothelial cell metabolism at 48 hours, under normoxia and hypoxia..................... 81

Figure 15| Effects of MCT inhibition on endothelial cell growth at 24 hours, under normoxia and
0] 010 (L TR 83

Figure 16| Influence of MCT inhibition on endothelial cell death at 24 hours, under normoxia and
0]/ 010 (L= O 84

Figure 17 | Effects of MCT inhibition on endothelial cell metabolism at 24 hours, under normoxia
2100 I 1) 00} (- DRSSO PPPRTROOPPR 84


file:///C:/Users/Carla/Desktop/Master%20Thesis.docx%23_Toc356510409
file:///C:/Users/Carla/Desktop/Master%20Thesis.docx%23_Toc356510409
file:///C:/Users/Carla/Desktop/Master%20Thesis.docx%23_Toc356510414
file:///C:/Users/Carla/Desktop/Master%20Thesis.docx%23_Toc356510414

Figure 18] Effect of MCT inhibition on endothelial cell proliferation at 24 hours, under normoxia
o100 I 1) 00X (- TR 85

Figure 19| Effect of MCT inhibition on cell cycle distribution at 24 hours, under normoxia and
0] 00 (L T 86

Figure 20| The effects of CHC on the assembling of capillary-like structures by HBMEC cells up to
24 NOUFS, UNAEE NOIMIOXIA.. .uvvviiiiieeiiiieiiiiei et e e s s e ettt e e e e e e e s s ettt e e e s seessssesb b b e e e s eeeessssbbbbeseeeeessaans 87

Figure 21| The effects of inhibition of MCT activity on the formation of capillary-like structures by
HBMEC cells up to 24 hours, UNder NYPOXIa.. .....coccveeeeiiieeie ettt 88

Figure 22 | Representative image of MCT expression, under normoxia and hypoxia, four days after
transfection of HBMEC cells with SIRNA .......cuiiiiii e 89

Figure 23| Influence of MCT knockdown on endothelial cell viability at 24 hours, under normoxia
o100 I 1) 00X (- TSP OPPPRRRPPRI 90

Figure 24 |Influence of MCT knockdown on endothelial cell death at 24 hours, under normoxia
o100 I 1) 00X (- PRSP PPPRRRORPRI 90

Figure 25| Influence of MCT downregulation on endothelial cell metabolism at 24 hours, under
NOFMOXIA AN NYPOXIA.. c.vviiiiiiiii ittt e et e et e e s bt e e e e etb e e e s sabae e e e eeaaeeas 91

Figure 26| Influence of MCT downregulation on endothelial cell proliferation at 24 hours, under
NOFMOXIA AN NYPOXIA.. c.vviieiiiiii ittt e et e et e e s bt e e e e eab e e e s sabbe e e e eenaeeas 92

Figure 27|Influence of MCT downregulation on cell cycle distribution at 24 hours, under
NOFMOXIA AN NYPOXIA.. c.vviieiiiiie ittt e et e e st e e e s et e e e s st be e e e eeaaeeas 93

Figure 28|Influence of MCT downregulation on the assembling of capillary-like structures by
HBMEC cells up to 24 hours, UNAer NOMOXIA. .....c..eeiueiieriieiiie ettt 94

Figure 29| Effects of MCT downregulation on the development of capillary-like structures by
HBMEC cells up to 24 hours, Under NYPOXia.. .....cccveeiieiiiieeiiiee et 94

Figure 30| Representative image of MCT expression, under normoxia and hypoxia, five days after
transfection of U251 cells With SIRNA........ooiiiii et 95

Figure 31 |Glucose and lactate contents in glioma cells’ conditioned media 48 hours after MCT
downregulation, under normoxia and hYPoXia.. .........coocuiiiiiiiiiii i 96

Figure 32]|Qualitative evaluation of VEGF-A mRNA levels in glioma cells, upon MCT
downregulation, under normoxia and hYPoXia.. .........coocuieiiiiiiii e 97

Figure 33| Effects of glioma cells’ CM on endothelial cell biomass at 24 hours. ....................... 97

XXVi


file:///C:/Users/Carla/Desktop/Master%20Thesis.docx%23_Toc356510418
file:///C:/Users/Carla/Desktop/Master%20Thesis.docx%23_Toc356510418
file:///C:/Users/Carla/Desktop/Master%20Thesis.docx%23_Toc356510430

Figure 34| Effects of glioma cells’ CM on endothelial cell metabolism, at 24 hours.. ................ 99
Figure 35| Effects of glioma cells’ CM on endothelial cell proliferation at 24 hours. ................ 100

Figure 36| Representative assay of cell cycle analysis for HBMEC cells, after 24 hours of growth
in MCT-silenced glioma cells’ CM from normoxia and hypoXia..........ccccveevivvereeiiveneeeirieeee e, 101

Figure 37 |Influence of MCT-silenced glioma cells’ CM from normoxia in the development of
capillary-like structures by HBMEC CEIl INE.. w.ococuveieeiiieei et 102

Figure 38]Influence of MCT-silenced glioma cells' CM from hypoxia in the development of
capillary-like structures by HBMEC CEIl HINE.. ..ococveieeiiiieeee ettt 102

Figure 39|Effects of scramble-derived glioma cells’ conditioned media from normoxia and
hypoxia on CAM vasCUlArizZation, M7 ViVO..........cccueieeceiei i 103

Figure 40]Influence of MCT-downregulated glioma cells’ CM from normoxia on CAM
VASCUIANZATION, 7 VIVO. ..vvvviieee e 104

Figure 41 | Effects of MCT-downregulated glioma cells’ CM from hypoxia on CAM vascularization,
JTEVIVO ot ettt ettt e e et e et e e et e e e e et e e e et br e e e e et ae e e e atbe e e e e treeaeeaatreaeeaates 104

Figure 42 | Influence of hierarchical fibrous scaffolds on cell viability. ..........ccccccovviiiiiiinniie, 105
Figure 43 | Influence of hierarchical fibrous scaffolds in human endothelial cells’ metabolism.. 106

Figure 44 | Influence of hierarchical fibrous scaffolds in human glioma cells’ metabolism. ...... 106

Table 1| Details of the immunocytochemical reactions..........cceveevevvveieicceie e 70

XXVii


file:///C:/Users/Carla/Desktop/Master%20Thesis.docx%23_Toc356510431
file:///C:/Users/Carla/Desktop/Master%20Thesis.docx%23_Toc356510432
file:///C:/Users/Carla/Desktop/Master%20Thesis.docx%23_Toc356510434
file:///C:/Users/Carla/Desktop/Master%20Thesis.docx%23_Toc356510434
file:///C:/Users/Carla/Desktop/Master%20Thesis.docx%23_Toc356510435
file:///C:/Users/Carla/Desktop/Master%20Thesis.docx%23_Toc356510435
file:///C:/Users/Carla/Desktop/Master%20Thesis.docx%23_Toc356510436
file:///C:/Users/Carla/Desktop/Master%20Thesis.docx%23_Toc356510436




INTRODUCTION







INTRODUCTION

1 Introduction

1.1 Angiogenesis
1.1.1 Development of the vascular network: an overview

According to their size, humans and other vertebrate organisms require a specialized
circulatory system [1], which comprises heart, major vessels (arteries and veins), as well as a
subset of thin vessels known as capillaries [2]. This vascular network mainly functions to deliver
an adequate nutrient and oxygen flow to whole body (arteries) and also to withdraw all the waste
products from cellular metabolism (veins) [1-3]. Furthermore, it allows immune cells to travel

through the body to carry out their function of protection [4].

In developing mammalian embryos, the heart and blood vessels are the first organs to be
assembled and the recently formed vasculature is continuously remodeled in order to achieve a

functional system [5].

During embryogenesis, there are two different ways of blood vessel formation:
vasculogenesis and angiogenesis [1, 3, 5]. Vasculogenesis is thought to take place only
throughout early stages of embryo development, where new blood vessels are assembled de
novo. In opposition, angiogenesis promotes blood vessel assembling from the pre-existing
vasculature. It occurs during wound healing and repair processes in adulthood [5, 6]. The
formation of primitive vasculature during embryogenesis have been well described by Ema and
Rossant, using mouse models [7]. Indeed, they showed key evidence for a common progenitor
for both vascular and hematopoietic cell lineages, demonstrating that both cell subsets lack
vascular endothelial growth factor receptor 2 (VEGFR-2 or Fi&-1) in mutants. Accordingly, Choi
and colleagues have previously described that F/&-I-positive cells, from differentiating embryonic
stem cells, were able to differentiate into both endothelial and hematopoietic colonies [8].
Nevertheless, not all endothelial cells are derived from those progenitor cells, as have been

demonstrated using different animal models [7, 9].

As embryo develops, the hemangioblasts in the posterior primitive streak can

differentiate into both hematopoietic cells and angioblasts (Figure 1a), according to the signaling
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pathway involved [7, 10]. These precursors then migrate to the embryo and yolk sac, where early
blood vessels develop by aggregation of angioblasts into a primitive network of simple endothelial
tubes (Figure 1b) [5, 11]. In the yolk sac, the angioblasts aggregate into a vascular structure
known as blood islands, including endothelial cells in the outer side, whereas the inner side is
composed of hematopoietic cells. Next, blood islands fuse themselves into a primary capillary
plexus (Figure 1c). Contrarily, in the embryo, angioblasts aggregate into the dorsal aorta or
cardinal vein, in a process mediated by vascular endothelial growth factor-A (VEGF-A), Sonic
Hedgehog (SHH) and Notch signaling (Figure 1c). The final event of vasculogenesis is known as
arterial-venous specification, which is reported to be dependent on the Eph-Ephrin system.
EphrinB2 is expressed in both arterial endothelial cells (ECs) and smooth muscle cells (SMCs),

while its receptor, EphB4, is only expressed in veins [11].

Altogether, both intra- and extra-embryonic plexuses assemble a de novo vascular
network [5, 11, 12]. Further remodeling of the primary vascular network, through recruitment of
mural cells or pericytes, gives rise to a stabilized and mature vascular system. This process,
known as arteriogenesis, is mediated by several molecules, including platelet-derived growth

factor B (PDGF-B), angiopoietins (Agn) and transforming growth factor B (TGF-B) (Figure 1d) [13].
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Figure 1|Development of embryonic vascular network in mammals. (a) In the developing embryo, hemangioblasts become
restricted to hematopoietic or angiogenic fate. (b) The activation of Notch signaling leads to the aggregation of angioblasts either
in the intra- or extra-embryonic tissues. (c) In the extra-embryonic side, the angioblast aggregation assemble a primary capillary
plexus whereas, in the embryo itself, the angioblasts fuse into dorsal aorta or cardinal vein in process mediated by VEGF-A, SHH
and Notch signaling. (d) Several markers are involved in the maturation of the established nascent vessels by recruitment of

mural cells or pericytes. From [5].
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After the vasculogenic process, new blood vessels are formed from the preexisting ones,
in a process known as sprouting angiogenesis (Figure 2A), which includes localized extracellular
matrix (ECM) degradation and subsequent proliferation, migration and tissue infiltration by
endothelial cells. At the end, new capillary tubes are assembled and a new ECM is reconstituted

[12,14, 15].

Under normal physiological conditions, there is a balance between angiogenic activators
and inhibitors. While these pro-angiogenic factors induce angiogenesis, the anti-angiogenic ones
are released to counterbalance angiogenesis induction promoting its downregulation [16]. The
most well studied angiogenic regulator of vascular development is the VEGF/VEGFR system [17].
However, there are other molecules, like angiopoietin/Tie system [18], Eph/Ephrin system [19]
as well as acidic and basic fibroblast growth factors (FGF) [20], playing a central role as
angiogenic activators. In opposition, the most well described anti-angiogenic regulators are

angiostatin [21], endostatin [22] and thrombospondin [23].

In healthy organisms, the greater part of ECs are quiescent or in a non-dividing phase,
collectively assembling a monolayer of interconnected phalanx cells covered by mural cells,
SMCs or pericytes, which together constitute the basement membrane. The establishment of this
tightly organized cell layer inhibits endothelial cell proliferation and promotes endothelial cell
survival through the release of VEGF and Ang-1 [24]. In response to an angiogenic stimulus, the
quiescent vessel becomes enlarged due to mural cells detachment from the vessel wall and their
subsequent release from the basement membrane in a matrix metalloproteinase (MMPs)-
mediated process [24]. As a result, the endothelial cell layer becomes more permeable, enabling
plasma protein extravasion that, in turn, is responsible for the assembling of a transient ECM
[24]. Then, some signaling molecules induce endothelial cell adherence to the ECM, allowing its

migration [24].

Importantly, to avoid the endothelial cell movement en masse onto the angiogenic signal,
a tip-cell is selected to guarantee the new vessel branching. Behind the tip-cell, other endothelial
cells, the stalk cells, proliferate and elongate, consequently establishing the vessel lumen. Stalk
cells, through the release of Agn-1, PDGF-B and TGF-B, recruit mural cells, giving rise to
functional and mature vessels. Finally, a new basement membrane is synthesized and the

endothelial junctions are re-established to ensure optimal flow distribution [24].

33



INTRODUCTION

In healthy tissues, besides sprouting angiogenesis, there is another mechanism of
angiogenic events known as intussusceptive angiogenesis (Figure 2B) [24, 25]. The
intussusceptive angiogenesis was firstly described in postnatal remodeling of capillaries in the
lung [26]. Here, endothelial cells from opposite walls make a kissing-like contact, creating a
transluminal bridge which, in turn, is further remodeled, giving rise to two daughter vessels from
the progenitor one (Figure 2B) [27, 28]. The intussusception process is faster than sprouting-like
angiogenesis because it does not require endothelial cell proliferation. Instead, endothelial cells

increase their volume becoming thinner [27].

A Sprouting angiogenesis B Intussusception

Tip cell
Basement
membrane

Figure 2| Mechanisms of angiogenesis in health tissues. During sprouting angiogenesis (A), the daughter vessels are formed
through endothelial cell proliferation in two opposite progenitor vessels while, in the intussusceptive-like angiogenesis (B) a
transvascular structure is assembled into the progenitor vessel after the kissing-like contact between endothelial cells in opposite

walls. From [4].

1.1.2 Angiogenesis and disease

Besides developmental angiogenesis, some angiogenic events may occur at specific
stages of adulthood, as wound healing and repair processes, pregnancy, as well as skeletal
growth, which are strikingly regulated [5]. Nevertheless, the balance between pro- and anti-
angiogenic factors may be, somehow, disrupted, giving rise to pathological conditions, the

“angiogenic switch” [12, 29, 30].

In general, those pathologies arise from excessive angiogenesis, inadequate vessel
growth or abnormal vessel regression, as well as abnormal vessel remodeling. For instance,

heart and brain ischemia, neurodegeneration, hypertension and respiratory distress are a result
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of insufficient angiogenesis rate. In opposition, there are other diseases like psoriasis, arthritis
and blindness, which are caused by the upregulation of the angiogenic process. However, the

best example of excessive angiogenesis is still cancer [5, 12].

1.1.3 Angiogenesis in cancer

The first observation of angiogenic events in tumors was made about 100 years ago [31].
Afterwards, in 1971, Judah Folkman and collaborators suggested that tumor growth and
metastasis are angiogenesis-dependent processes, and that angiogenesis blockade could be a
great strategy to prevent tumor progression [32]. Few years later, Gullino ef. a/ described that
pre-cancerous lesions acquire angiogenic capacity during their evolution to malignant phenotype

[33].

During the early stages of tumorigenesis (Figure 3a), there are several genetic and
epigenetic modifications which, in turn, lead to activation of oncogenes or inhibition of tumor
suppressors. Subsequently, the balance between cell proliferation and apoptosis rates is

disrupted and tumors enter in a stage of early hyperplastic growth (Figure 3b) [34].

a Dormant b Perivascular detachment C Onset of angiogenic sprouting
and vessel dilation

d Continuous sprouting; € Tumour vasculature
new vessel formation and maturation;
recruitment of perivascular cells

(O ) Normal cell @ Blood vessel with pericyte
@ Cancer cell @ Apoptosing. necrotic cell
@ Dividing cell

Figure 3| The onset of tumor angiogenesis. (a) Initially, most tumors develop in avascular sites. (b) The disruption between cell
proliferation and apoptosis rates triggers early hyperplasic growth of the tumor. (c) When tumor cells, located far away from
vessels, become deprived of nutrients and oxygen, the onset of tumor angiogenesis occurs (d) Tumor vasculature is further

remodeled by recruitment of mural cells. (e) Tumor vasculature becomes mature and functional. From [29]
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When the tumor reaches around 1 — 2 mm of diameter, there is an impairment in both
nutrient and oxygen supply to the neoplastic cells, located far away from blood vessels, which will
influence tumor progression (Figure 3c) [5, 34]. Nevertheless, through evolution, tumor cells
acquired the ability to escape to growth inhibition, developing their own vasculature, commonly
from the preexisting blood vessels — tumor angiogenesis (Figure 3c-e) [34]. Besides its role of
supporting tumor growth, tumor angiogenesis also provides a key mechanism through which

cancer cells disseminate via blood stream to distant organs to develop metastases [34].

In opposition to normal tissues, where the mechanisms of angiogenesis are limited to
vasculogenesis, sprouting angiogenesis and intussusception, tumors exhibit three more modes of
angiogenesis including vessel co-option, vascular mimicry and transdifferentiation [25]. Vessel co-
option mainly occurs in well-vascularized tissues like brain and lung [35, 36], where tumor cells
recruit the existing blood vessels to sustain their growth [27]. The first experiments describing the
occurrence of vessel co-option in tumors were made upon the implantation of C6 glioma cells in
the rat brain [37]. Few weeks after implantation, tumors became well-vascularized with blood
vessels, exhibiting similar features to functional vessels of normal brain. However, these blood
vessels start to retract themselves along time, without any angiogenic response as a
compensatory mechanism. Consequently, in the center of the tumor, extensive areas of cell
death were found due to the lack of functional vessels around glioma cells. Contrarily, in the
tumor periphery, a burst of angiogenesis was further detected [37]. Indeed, these findings
indicate that some tumors are able to incorporate the existing host blood vessels to support their

growth, at least during early stages of tumor development [37, 38].

Later, the concept of vasculogenic mimicry was described in melanomas. Aggressive
melanoma cells assembled vascular channels de novo, in an angiogenesis-independent
mechanism, i.e., without the interference of endothelial cells [39]. Furthermore, tumor blood
vessels lined by tumor-derived cells were discovered in mice transplanted with human glioma
tumors - a process also known as vasculogenic mimicry. Altogether, these observations
demonstrate that, due to their plasticity, tumor cells on the vicinity of the nascent blood vessel

are recruited for the angiogenic process, acquiring some endothelial cells’ features [25].

The discovery of cancer-stem cells (CSCs) in solid tumors, mainly in glioblastoma, has
contributed to the better understanding of the biology of cancer. Recently, it was shown that
glioma-stem cells and endothelial progenitors share some characteristics and, therefore, CSCs
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have the ability to differentiate into functional endothelial cells, giving rise to tumor endothelium -

cancer-stem cell transdifferentiation [40-42].

Independently of the mechanism by which tumor vasculature is built up, tumor blood
vessels are normally irregular, dilated and tortuous. Additionally, the standard organization into
well-defined venules, arterioles and capillaries is not found in tumor-associated vessels. Also, they
are sometimes hemorrhagic, partially due to the VEGF overexpression, and leaky, because mural
cells become more loosely associated or less abundant [43]. Furthermore, the blood flow in
tumors is irregular, moving slower comparatively with normal tissues which, in turn, lead to

dysfunctional capillaries [29].

Despite their structural and functional abnormalities, tumor endothelial cells are believed
to be genetically normal [25]. However, recently, cytogenetic aberrations such as aneuploidy and
the existence of multiple chromosomes were found in uncultured tumor endothelial cells. The
aneuploid phenotype was exacerbated in culture, indicating that the cytogenetic abnormalities

might be acquired while in the tumor microenvironment [44].

Taking together, these abnormalities in tumor endothelium are likely to occur as a result

from an imbalanced expression and function of pro-angiogenic factors [29].

1.1.4 Regulatory mechanisms of angiogenesis in cancer: molecular insights

As already mentioned, in health adult organisms, blood vessel growth is a well-regulated
process, in which endothelial cells remain quiescent. Thus, some physiological factors, such as
hypoxia, as well as numerous endogenous molecules, mainly VEGF, are likely to perform an

active role on angiogenesis induction [3, 17, 24].

1.1.4.1 Hypoxia

Hypoxia — a decrease in the normal oxygen levels within a tissue — is a hallmark of
several vascular diseases, including cancer. There are essentially two types of hypoxia - acute
and chronic hypoxia. Acute hypoxia occurs when abnormal blood vessels are shut down, leading
to a reversal blood flow, while chronic hypoxia appears as a result from uncontrolled cell

proliferation, overpassing the oxygen diffusion limit [45].

37



INTRODUCTION

Hypoxic regions are frequently found within tumors, namely because of the abnormal
features of tumor blood vessels. These hypoxic environments confer to cancer cells the ability to
survive and proliferate in hostile conditions, contributing to the malignant phenotype and tumor
aggressiveness [45]. Indeed, hypoxia has emerged as a primary regulator of angiogenic switch

[46], facilitating tumor progression and metastasis [47].

The cellular response to hypoxia is mediated by the hypoxia-inducible factor (HIF) family
[48, 49]. So far, three different transcription factors belonging to this family (HIF-1, HIF-2 and
HIF-3) were identified [50]. HIF-1 is ubiquitous and is considered the major factor regulating
responses to hypoxia. It is a heterodimeric protein composed of two subunits, an oxygen-

inducible subunit, HIF-1a, and a constitutively expressed one, HIF-13 (Figure 4) [45, 48, 49].

In the presence of oxygen, the activity of the prolyl hydroxylase domain protein 2 (PHD2)
promotes hydroxylation in two HIF-1a. proline residues which, in turn, facilitates its binding to a
tumor suppressor protein, Von Hippel-Lindau (VHL). This interaction results in polyubiquitination
of HIF-1a., targeting it for proteossomal degradation (Figure 4) [51]. In opposition, in the absence
of oxygen, HIF-la is stabilized and, consequently, dimerized with HIF-1[3. Then, the recently
formed complex is translocated from the cytoplasm to the nucleus, where it binds to the hypoxia-

responsive elements (HRE) in the promoter region of several target genes (Figure 4) [48, 49].

Normoxia
Protyl

hydroxylase
Iron chelationj @ @

‘ Anti-HIF-1a RNA

Proteasome

inhibitors

Degradation

) Nucleus
Hypoxia

Figure 4|HIF-1 signaling pathway. Abbreviations: Ub: Ubiquitin; E1: Ubiquitin-activating enzyme; E2: Ubiquitin-conjugating

enzyme; RBX1: RING-box protein 1; CUL2: Cullin-2; VHL: Von Hippel-Lindau; CBP/p300: CREB-binding protein/p300 co-activator

family; ARNT: Aryl hydrocarbon receptor nuclear translocator protein  From [45].
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In addition, two more proteins have been described to mediate the cellular response to
hypoxia, HIF-2c. and HIF-3a.. Similarly with HIF-1o,, HIF-2¢ also interacts with HRE in the
nucleus, enhancing gene transcription [52]. However, it has not a ubiquitous distribution, being
expressed mainly in lung, carotid body and endothelium [52, 53]. There are few studies

concerning HIF-3a., but it has been reported as an inhibitor of HIF-1a activity [52].

HIFs are essential molecules, performing a role in several aspects of cancer biology,
including angiogenesis [54]. In fact, the angiogenic process is regulated by alterations in oxygen
levels, and endothelial cells (ECs) have oxygen sensors, as well as HIF-related proteins, which,

collectively, allow them to detect differences in oxygen levels [55].

HIF-1ow directly activates the transcription of the vascular endothelial growth factor
(VEGF) gene and the one of its receptor, vascular endothelial growth factor receptor 1 (VEGFR-1)
[52], stimulating endothelial cell proliferation, migration and vascular sprouting [24, 55]. Indeed,
HIF-1a. and VEGF overexpression was correlated with more aggressive lesions in both breast
cancer and gliomas [56, 57]. Additionally, HIF-1ow knockdown in endothelial cells disrupted the
autocrine loop required for the hypoxic induction of both VEGF receptors (VEGFR1 and VEGFR2)
through VEGF signaling. Further impairments in endothelial cell proliferation and tube formation
were observed /n vitro. Similarly, a decrease in tumor angiogenesis and a consequent reduction

of tumor growth were also observed /n7 vivo [58].

Although further studies concerning HIF-2a function should be performed, it has been

associated with the maintenance of vascular integrity [24, 54, 55].

1.1.4.2 VEGF family

It is widely accepted that VEGF signaling pathway is the major cascade regulating
angiogenic events. The VEGF family consists of only few homologous members, including VEGF-
A, VEGF-B, VEGF-C, VEGF-D, VEGF-E, and also PIGF [59, 60]. VEGF-A is the main component of
this family, regulating physiological angiogenesis during embryogenesis and at specific stages in
adulthood. Furthermore, VEGF-A has also been implicated in pathological angiogenesis, being

associated, for instance, with tumor growth [61].

Besides its role in angiogenesis induction, VEGF-A has other activities including vascular

endothelial cell mitogenesis, endothelial cell survival and induction of hematopoiesis [62].
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Additionally, Dvorak and colleagues described VEGF-A as a tumor-secreted molecule that

increases tumors’ vascular permeability [63].

The human VEGFA gene is located on chromosome 6 and is organized into eight exons,
separated by seven introns [61, 64, 65]. Since VEGF-A pre-mRNA undergoes alternative splicing,
two different families of proteins are produced, one pro-angiogenic and another anti-angiogenic
[66]. Concerning the pro-angiogenic family, the alternative splicing of VEGFA gene generates
seven different variants (VEGF:..., VEGFws, VEGFws, VEGF 6., VEGFiss, VEGFiss., VEGF206), Whereas
only three anti-angiogenic variants (VEGFss, VEGF.s and VEGF.) were identified, so far. Those
spliced variants are termed according with their aminoacid content after signal sequence

cleavage [61, 64, 66].

Importantly, VEGF is a homodimeric glycosylated protein containing heparin-binding
sites. The potential binding between each VEGF-spliced variant and heparin derivatives
determines its diffusion degree [54, 61, 62], as well as contributes for the mitogenic activity of
VEGF [67]. In fact, the larger VEGF variants, VEGF.sand VEGF s, are highly basic, exhibiting high
affinity for heparin and, hence, are tightly bound to cell surface and extracellular matrix (ECM)
[54, 61]. By contrast, the intermediate variants (VEGFws, VEGF..: and VEGFw.s) are moderately
diffusible, because of their weak affinity for heparin/heparin sulphate. Indeed, although these
variants are secreted, a significant part of them remained attached to the ECM [61, 64].
Additionally, the shorter VEGF-spliced variant, VEGF.., has acidic properties and is freely
diffusible, due to the lack of heparin binding sites [61]. Importantly, the VEGF-A-spliced variants
are differentially expressed in tissues. VEGF.s is expressed in several normal and transformed
cells. Furthermore, both VEGF.. and VEGF . variants are found in the majority of cells and tissues
expressing the VEGF gene. In opposition, the largest variant (VEGFze) in only expressed in human
fetal liver [64]. Among all the pro-angiogenic subtypes, VEGF.= has been reported as the most
important spliced variant of the VEGF gene [68]. Indeed, some authors described that the
homolog protein in mice (VEGF.«), per se, was enough to trigger the angiogenic process, as

transgenic VEGF. mice in a VEGF-A null genetic background were essentially healthy [69].

All the VEGF-A variants bind to specific protein-tyrosine kinase receptors (RTKs), the
vascular endothelial growth factor receptor 1 (VEGFR1) and vascular endothelial growth factor
receptor 2 (VEGFR2) (Figure 5) [17, 61]. Firstly, these RTKs were identified in vascular
endothelial cells [17, 61]. However, their expression was also reported on bone marrow-derived
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cells [61], macrophages [64, 70], some malignant cells [70] and vascular SMCs [71].
Structurally, both VEGF receptors contain seven immunoglobulin-like extracellular domains, a
single transmembrane domain and a consensus tyrosine kinase sequence, which is interrupted
by a kinase insert domain of 70-100 aminoacids [72, 73]. Additionally, VEGF-A binds to the
specific non-enzymatic co-receptors neuropilin-1 (NRP1) and -2 (NRP2) [17, 61], which are
believed to enhance VEGF-A signaling through VEGFR2, ultimately increasing angiogenesis [17].

Although VEGFR1 had been firstly identified, its exact function still remains unknown
[61]. VEGFR1 has higher affinity for VEGF-A than VEGFR2. However, this interaction ligand-
receptor triggers a weak tyrosine kinase phosphorylation [17]. Actually, VEGFRI1-mediated
signaling cascade does not induce significant mitogenic effects in endothelial cells. Nevertheless,
during early embryonic development, VEGFR1 seems to sequestrate VEGF-A, preventing its
binding to VEGFR-2 and consequently inhibiting further angiogenic events [61]. Contrarily to
VEGFR1, VEGF-A binding to VEGFR2 induces a powerful tyrosine kinase activity, stimulating

endothelial cell migration, proliferation, survival and enhancing vascular permeability [17, 61]

VEGF-A165 VEGF-A VEGF-A
PIGF-2 PIGF-1/-2 VEGF-C
VEGF-B VEGF-B VEGF-D
VEGF-E VEGF-E
T
Neuropilin-1 VEGFR-1 VEGFR-2

Figure 5] Interactions between VEGF family ligands and their receptors involved in the angiogenic process. Abbreviations: VEGF:
vascular endothelial growth factor; PIGF: placental growth factor; VEGFR: vascular endothelial growth factor receptor. Adapted
from [74].

VEGF-A, mainly VEGFs, is believed to be the major inducer of pathological angiogenesis

[65]. It is overexpressed in the majority of solid tumors, including lung, thyroid, breast,
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gastrointestinal tract, kidney, bladder, ovary and uterine cervix carcinomas, angiosarcomas and
intracranial tumors like glioblastoma multiform (GBM) [64, 65]. Furthermore, increased
expression of VEGF-A was also reported in some hematological malignancies and multiple
myeloma [65]. Indeed, an association between increased VEGF-A mRNA levels and malignant

progression has been identified [64].

Tumor cells exhibit higher mRNA levels of VEGF-A than tumor-associated endothelial
cells, where its expression is negative. In opposition, both VEGFR1 and VEGFR2 are upregulated
in tumor-endothelial cells [75]. These observations suggest that VEGF-A act as a paracrine
molecule [64]. Interestingly, angiosarcoma cells co-expressed both VEGF-A and VEGFRI,
indicating that an autocrine VEGF-A loop may also occur in some tumor types. However,
angiosarcomas cannot be considered such a good model because these tumor cells are
endothelial-derived ones [64]. Importantly, higher levels of VEGF-A have been correlated with
decreased relapse-free survival rates of breast cancer patients [76]. Also, in gastric carcinomas,
VEGF-A upregulation was associated with vessel involvement, lymph node metastasis and liver

metastasis which, collectively, contribute for poor clinical outcomes [77].

Recently, the anti-angiogenic VEGF-A variants have gained focus in cancer. These
molecules are highly expressed in normal tissues, but they are reported to be downregulated in
certain tumor types including renal-cell, prostate and colorectal carcinomas, as well as in
malignant melanoma [66]. In fact, overexpression of VEGFissin those tumor specimens efficiently

impaired tumor growth in xenografted mouse models [66].

1.1.5 Anti-angiogenic Therapy

Judah Folkman firstly identified the involvement of angiogenesis in tumor development
and metastasis through VEGF-A. Hence, blocking such powerful pro-angiogenic factor might be

an excellent strategy for cancer therapy [78].

Numerous preclinical studies concerning angiogenesis inhibition have been made using
VEGF-A blockers. These strategies efficiently decreased tumor progression in a range of cancer
models [79]. In patients with metastatic colorectal cancer, the combined administration of a

monoclonal antibody against VEGF-A (bevacizumab) and 5-fluorouracil (5-FU) demonstrated
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benefits for the patients [79]. Consequently, in 2004, bevacizumab was approved by Food and
Drug Administration (FDA) for the treatment of metastatic colorectal, metastatic non-squamous
non-small lung carcinoma, metastatic breast cancer, recurrent GBM and metastatic renal cell

carcinoma [24].

Additionally, multi-targeted RTKs inhibitors (e.g. sorafenib, sunitinib and pazopanib),
which prevent several signaling pathways such as the one induced by VEGF-A, were further
approved for the treatment of different tumor types. Sorafenib is indicated for the treatment of
metastatic renal cell carcinoma and hepatocellular carcinoma whereas, both sunitinib and
pazopanib, are currently used only in the treatment of metastatic renal cell carcinoma [24, 79].
Recently, sorafenib has also been proposed for the treatment of advanced pancreatic

neuroendrocrine tumors [24].

The blockade of VEGF-A signaling has been demonstrated as effective in a range of
tumors. However, some patients with metastatic disease have acquired resistance to VEGF-A
signaling inhibitors [24, 79]. Such evidence raises the question whether cancer cells become
more malignant upon treatment with these drugs. In fact, the inhibition of vascular supply might
increase tumor hypoxia, increasing local invasion and distant metastasis. Furthermore, the
impairment of tumor vasculature results in decreased effectiveness of conventional radio- and

chemotherapy [24, 80].

In spite of all the advances targeting tumor vasculature, anti-angiogenic therapy must be
improved, optimizing the dosage, as well as the treatment periods of VEGF-A blockers. In
addition, the combination of these VEGF-A blockers with other pharmacological agents targeting,

for instance, the escape pathways (e.g. PIGF) might be further implemented [24].
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1.2 Monocarboxylate Transporters
1.2.1 Monocarboxylate Transporters family

Monocarboxylates such as pyruvate, ketonic bodies (acetoacetate and B-hydroxybutyrate)
and lactate have been described as key players in cellular metabolism (Figure 6). Some
mammalian tissues, such as white muscle fibers, erythrocytes and the majority of neoplastic
cells, rely on glycolysis for energy production, synthesizing lactate as end product. Thus, in order
to maintain high glycolytic rates, lactate efflux becomes essential. Contrarily, other tissues like
brain, heart and red skeletal muscle rapidly metabolize lactate, which constitutes the major fuel

for these organs. Hence, large amounts of lactate must be canalized into these cells [81-83].
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Figure 6] The role of monocarboxylate transporters in cellular homeostasis. Abbreviations: Glc-1-P - Glucose-1-phosphate; Glc-6-P

- Glucose-6-phosphate; Ac+BHB - acetate + B-hydroxybutyrate. From [81]

Due to their negative charge, monocarboxylates, including lactate, cannot freely diffuse
through plasma membrane in large amounts, requiring a specialized transport system [81, 82,
84, 85]. Accordingly, cells express membrane transporters belonging to both proton-linked

monocarboxylate transporters (MCTs) (Figure 6) and sodium-linked monocarboxylate transporters
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(SMCTs) families, which carry those simple organic carboxylates coupled with protons (H+) or

sodium ion (Nav), in an equimolar manner through a symport mechanism, respectively [81, 86].

Regarding the MCT family, it comprises 14 members of proteins encoded by the SLC16
gene family, which is highly conserved between different species like rodents (e.g. rat and
mouse) and chicken [87, 88]. So far, solely seven members of MCT-family have been functionally
characterized and, from these seven only four (MCT1-MCT4) have been shown to perform the
proton-coupled monocarboxylate transport [86, 87, 89]. The major differences between each of
these MCT isoforms are their affinities for substrates and inhibitors, the regulation of their

expression and tissue distribution, as well as their cellular localization [90].

Poole and colleagues, using hydropathy analysis, first described the amino acid
sequence of rat MCT1, demonstrating a structure of twelve transmembrane (TM) helices, with
both the amino and carboxyl termini located in the cytoplasm [91]. Further studies were
performed, corroborating the previous results and, additionally, identifying a large hydrophilic
loop between the 6 and 7 TM domains, extended from the plasma membrane into the cytoplasm
[91]. Furthermore, it must be highlighted that these TM regions are highly conserved between
MCT isoforms, with the greatest sequence variations located in the C-terminus and in the loop
[86, 89]. Such variation is thought to be related with either the substrate affinity or the regulation
of transport activity [86]

1.2.1.1 MCT1

Although MCT1 expression has been described in almost all tissues in all species
studied, its major expression has been found in the heart and muscle [82, 84, 87]. Additionally,
it is the only MCT isoform expressed in erythrocytes [87]. The main function of this transporter is
to perform both the L-lactate entry into and efflux out of cells, depending on the intracellular and
extracellular substrate concentration, as well as the pH gradient across plasma membrane [89,
90]. However, some studies in mouse tumor cell lines and Xenopus oocytes demonstrated that
MCT1 isoform exhibits high affinity for a wide range of short-chain monocarboxylates (lower Kn

value) [92, 93].

Besides its plasma membrane expression, MCT1 has also been reported in mitochondria

of the heart, skeletal muscle and brain, enabling these tissues to oxidize lactate to pyruvate
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though mitochondrial lactate dehydrogenase (LDH) activity [90, 94]. However, such hypothesis is
still not well accepted by some researchers because oxidation of lactate within the mitochondria
is both energetically unfavorable and incompatible with the nicotinamide adenine dinucleotide

(NADH) redox compartmentalization in cells [94].

1.2.1.2 MCT2

Comparatively with MCT1 isoform, MCT2 exhibits higher affinity for pyruvate and lactate
[89, 90]. This isoform was firstly isolated and functionally characterized from hamster liver [95].
Subsequently, a homolog protein was identified in humans [96]. However, there are several
differences in expression patterns of this specific isoform among species [89, 90]. MCT2
expression in human tissues is relatively low compared with other isoforms and its expression is
confined to those tissues with high lactate uptake rates (e.g. postsynaptic membrane of neurons)

or gluconeogenic tissues (e.g. liver and kidney).

1.2.1.3 MCT3

Concerning all MCT isoforms, MCT3 is thought to have the most restricted distribution.
Its expression has been reported in specific tissues like retinal pigment epithelium (RPE) and
choroid plexus epithelia, facilitating the lactate efflux of the retina [86, 89, 90]. However, some
evidence for MCT3 expression in other tissues, such as vascular smooth muscle cell lines,
human aorta [97] and human kidney [98], have arisen, indicating a more widely expressed

MCT3 mRNA.

1.2.1.4 MCT4

MCT4 isoform exhibits several similarities with MCT1, but the differences in both tissue
distribution and substrate affinities must be highlighted [86]. MCT4 is widely expressed in
glycolytic tissues, including skeletal muscle, astrocytes, white blood cells and also in some
mammalian cell lines [90, 99]. Thus, MCT4 plays an important role in lactate efflux, which is
clearly corroborated by the high K. value for monocarboxylates, such as pyruvate and lactate.
The low affinity, namely for pyruvate, ensures that there is no pyruvate loss from the cell, which
is essential for the maintenance of the NADH pool, allowing the maintenance of the glycolytic

pathway [83, 84].
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1.2.2 Monocarboxylate transporter regulation

Despite the lack of studies concerning MCT regulation, some groups have recently been
examining the regulation mechanisms of these transporters at several levels, including both

transcriptional and post-transcriptional regulation, as well as regulation of transport activity.

Although putative N-glycosylation sites have been described for some members of the
MCT family [85], sequence analysis demonstrate that MCTs are unlikely to be glycosylated [91,
100]. Additionally, membrane expression of MCTs become essential to perform their transport
activity; thus, an ancillary protein, belonging to immunoglobulin (IgG) superfamily, is required for
the correct translocation of MCTs to the plasma membrane [84, 85, 89, 90]. These molecular
chaperones consist of a single transmembrane domain containing a conserved glutamate
residue, a short intracellular C-terminus, and a large glycosylated extracellular domain with the
immunoglobulin domains attached [101]. The correct association between MCTs and its
chaperone supports MCT folding and stability in cell membranes, besides assisting MCT activity

[102].

In a first study, using erythrocytes, interactions between MCT1 and an integral plasma
membrane glycoprotein, gp-70 or embigin, were reported [103]. Secondly, an embigin-related
protein, CD147 or basigin, was shown to coprecipitate with both MCT1 and MCT4 isoforms,
emerging its potential role on MCT modulation [81, 85]. Afterwards, Kirk and collaborators, using
both MCT1- and MCT4-transfected cells, demonstrated cytoplasm compartmentalization, which
was clearly reverted upon CD147 overexpression, trafficking MCTs towards the plasma
membrane [102]. In addition to MCT1 and MCT4, also MCT3 expression in plasma membrane is

dependent on its association with the mature and glycosylated form of CD147 [104].

When available, CD147 is the favorite chaperone binding MCT1 [105] but, if CD147 is
absent, an interplay between embigin and MCT1 may occur, at least in rat erythrocytes [103].
Contrarily, MCT2 expression in plasma membrane colocalize with embigin in mammalian cells,
suggesting that embigin is involved in MCT2 regulation rather than CD147 [106]. Thus, it is
currently accepted that both MCT1 and MCT4 isoforms have CD147/basigin as ancillary protein,

while gp-70/embigin perform the molecular chaperone activity for MCT2 isoform [81].
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Recently, another molecular chaperone, CD44, has been implicated in MCT regulation
[107]. Indeed, CD44 was associated with both MCT1 and MCT4 at the plasma membrane in
human cancer specimens. Accordingly, CD44 and MCT1 were co-expressed in lung carcinoma
[108], whereas in prostate cancer, CD44 expression was associated with both MCT1 and MCT4
[109]. Considering recent findings, there is a reciprocal regulation between MCTs and their
chaperones recognizing MCTs as indirect players in tumor growth and angiogenesis, tumor cell

migration and invasion, as well as mediators in chemotherapy resistance [88].

Additionally, in recent years, some groups have reported MCT regulation through gene
expression. The analysis of sic/6al (MCT1) promoter showed the absence of the classical TATA-
box region. However, it contains several binding sites for a variety of transcription factors,
including those related with the regulatory effects of butyrate [110]. The transcriptional sici6al
regulation has been well described in skeletal muscle. In this model, MCT1 appears to be
upregulated after chronic stimulation or exercise in rats and humans, which seems to be
associated with increased levels of calcium and adenosine-monophosphate (AMP), leading to the
activation of calcineurin and AMP-activated protein kinase (AMPK), respectively. Calcineurin is
believed to activate the transcription factor nuclear factor in activated T-cells (NFAT), which in
turn binds to enriched-NFAT binding sites located in the promoter region of sici6al gene,
increasing its expression. In addition to calcineurin, the activation of AMPK stimulated the activity
of slci6al promoter, in both L6 myoblasts and hepatoma cells (HepG2). However, MCT4
expression upon AMPK activation is still controversial. In both L6 myoblasts and HepG2 cells, the
promoter activity of sici6a3 (MCT4) was decreased by AMPK [90] while, in skeletal muscle

MCT4 expression was revealed as increased upon AMPK stimulation [111].

Beyond the above-mentioned regulatory mechanisms, hypoxia, through hypoxia-inducible
factor 1-o (HIF-1a) remains the major regulatory factor concerning MCT4 expression [112],
which is consistent with the role of this MCT isoform in lactate efflux. Thomas C. and colleagues
demonstrated upregulation of both mRNA and protein levels of MCT4 upon hypoxic stimulation in
several cell types, and such effect might be mimicked using cobalt chloride (CoCl:) implying
transcriptional regulation via HIF-1a. By contrast with MCT4, in this study, neither MCT1 nor
MCT2 expression were found to be regulated by hypoxia [113], which might be associated with
the absence of hypoxia response elements (HRE) in their 5’ untranslated regions (UTR) [87]. The

promoter activities of sic/6al (MCT1), slci6a7 (MCT2) and sici6a3 (MCT4) were measured
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using luciferase promoter constructs, indicating that hypoxia stimulates s/ici/6a3 promoter
activity, but no effect was observed in both s/c/6al and s/ic16a/ promoter activity [113]. Despite
this evidence, MCT1 regulation by hypoxia still remains unclear. Recently, both MCT1 and MCT4

were found to be upregulated after hypoxia induction in human adipocytes [114].

In addition to transcriptional regulation, concomitant measurements of mRNA and
protein levels have suggested that MCTs might be regulated in a post-transcriptional manner. For
instance, posttranscriptional MCT1 regulation might involve regulation of its translation. The
3'UTR region of MCT1, where post-translational modifications may occur, is very long and it is
thought to be involved in the control of MCT1 expression [90]. Wilson and Halestrap
demonstrated a post-transcriptional upregulation of MCT1 protein expression throughout cell
cycle. According to these authors, the MCT1 protein levels increased in both post-mitotic and G1
phases of the cell cycle, where mRNA levels remained unchanged [90]. These results might be
explained because of the existence of a putative cytosolic polyadenylation element in the 3'UTR
of MCT1 which is responsible for the regulation of polyadenylation process in the post-mitotic

phase [90, 115].

Finally, another regulatory mechanism must be considered, upon the discovery of a C-
terminus truncated form of MCT4, which was the major form in a variety of tissues according to
Western Blot analysis. Immunohistochemistry procedures revealed the existence of two cellular
compartments from distinct cell types, lymphocyte cytoplasm and the capsule of muscle spindle,
containing the truncated form, but not the fulllength one. This evidence might indicate the

existence of a specific function for this shorter MCT4 isoform, which is still unknown [116].

1.2.3 MCT inhibitors

Due to their association with specific glycosylated molecular chaperones, MCTs are
correctly targeted to the plasma membrane, in order to perform their transport activity. Thus,
they are attractive targets for systemic therapy [117]. Indeed, several chemical compounds have
been developed as non-physiological competitive MCT inhibitors [85, 89]. The best well-studied
classes of compounds are the cinnamic acid derivates (e.g. a-hydroxy-4-cianocinnamate (CHC)),

the stilbene dissulfonates (e.g. 4,4'-di-isothiocyanostilbene-2,2’-dissulfonate (DIDS) and 4,4'-
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benzamidostilbene-2,2'-dissolfunate (DBDS)) and thiol reagents (e.g. para
chloromercuribenzenesulfonic acid (pCMBS)) (Figure 7) [82].
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Figure 7 | Classical MCT inhibitors. Abbreviations: o-CHC — a-hydroxy-4-cyanocinnamate; DIDS - 4,4'di-isothiocyanostilbene-2,2"-
dissulfonate; DBDS - 4,4"-benzamidostilbene-2,2'-dissulfonate; pCMBS - parachloromercuribenzenesulfonic acid. Adapted from
[118].

CHC was firstly described as an inhibitor of the mitochondrial pyruvate transport [119]
and also as an inhibitor of lactate transport in Ehrlich ascite tumor cells (K=0.5mM) [120].
Taking into account its potential inhibition of lactate transport, CHC was further evaluated for
MCT1 inhibition [118]. Actually, CHC inhibits MCT1 isoform (K=166uM), in spite of lacking
MCT1 specificity, as revealed by K=24uM and Ke:=1mM for MCT2 and MCT4, respectively
[121].

In mouse models, CHC exhibited antitumor activity, per se or in combination with
radiotherapy, without relevant side effects [122]. Furthermore, CHC induced a decrease in
intracellular pH of human melanoma cells, leading to impaired cancer cell survival [123].
Treatment of glioma cells with CHC disturbed their glycolytic metabolism, re-sensitizing tumor

cells to radiotherapy [124].

Stilbene dissulfonate compounds (e.g. DIDS and DBDS) are competitive inhibitors for
many anion channels, including the chloride/bicarbonate exchanger AE1 and MCTs (Ki=22.4uM)
[118]. Once again, MCT2 was reported to be more sensitive than MCT1 for both DIDS and DBDS
[89]. DIDS may be considered an irreversible inhibitor upon long-lasting incubation periods,

probably due to its reactive isothiocyanate groups which covalently bind to the transporters [125].
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Also, noncompetitive inhibitors, as the organomercury-related compounds were
examined as potential inhibitors for MCT activity. Indeed, p-CMBS inhibited MCT1 activity with a
K value around 112uM [126]. More recently, Wilson et al. revealed that basigin was the real
target for pCMBS, through its thiol groups on cysteine residues, thus blocking the anion
transport [106]. Furthermore, this organomercurial derivative did not demonstrate specificity for

MCT]1, also inhibiting MCT4 isoform (Kes=21puM) [121].

Some natural compounds, e.g. quercetin and phloretin, have also been reported as
potential inhibitors of MCT activity. Actually, in quercetin-treated glioma cells (50uM), there was
an increase in intracellular lactate accumulation, which was corroborated by a decrease in
intracellular pH of glioma cells [127]. Also, phloretin decreased MCT activity in a non-specific

manner (MCT1: K=5uM; MCT2: K=14uM; MCT4: Kes=41uM) [121].

Recently, a new class of MCT inhibitors has been developed by AstraZeneca. These
compounds were firstly synthesized for immunosuppression, thanks to the relevance of MCT1 for
T-lymphocytes [128]. These inhibitors demonstrated high affinity for MCT1 with K values in the
nanomolar (nM) range [128, 129]. Further structure optimizations were performed, in order to
overcome their solubility problems, giving rise to a new compound, AR-C155885, which

efficiently binds to MCT1 in human erythrocytes [130].

1.2.4 MCTs in cancer

According to the World Health Organization (WHO), cancer has been the main cause of
death worldwide, accounting with around 7.6 million deaths in 2008. Furthermore, this number

is estimated to increase to over 13.1 million in 2030 [131].

Firstly, six hallmarks of cancer had been proposed as biological abilities acquired during
the multi-step tumorigenic process, contributing for malignant progression, such as self-
sufficiency in growth signals, insensitivity to growth suppressor signals, resistance to
programmed cell death (apoptosis), limitless replicative potential, sustained angiogenesis and
tissue invasion and metastasis (Figure 8), which are consequence of genomic instability
underlying tumors [132]. However, more recently, the concept of tumor microenvironment has

gained focus. In fact, tumors are not only insular masses of proliferating cancer cells [133]. They
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are made up from several cell types including fibroblasts, endothelial and immune cells, which
collectively give rise to tumor-associated stroma and perform an active role in tumorigenesis
[133, 134]. Taking together such evidence, novel hallmarks were recently introduced, namely
reprogramming of energy metabolism and evading immune destruction, which are believed to

promote the development and progression of human cancers (Figure 8) [133].
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Figure 8| The hallmarks of cancer. Here are depicted a range of functional abilities that cancers acquired during the multistep-

tumorigenic process. From [133]

In normal tissues, cells are exposed to different oxygen levels, depending on their
distance to the blood vessels, constraining cells to anaerobic glycolysis — the Pasteur effect [135,
136] . However, when the oxygen levels are re-established, non-malignant cells are able to
convert glucose into pyruvate, via glycolysis in the cytoplasm, and then canalize it to the
mitochondria for further oxidation into carbon dioxide (CO.) and water through oxidative
phosphorylation (OXPHOS) [133]. In contrast, tumors present an alternative metabolism to
accomplish their high energetic demands and fulfill the biosynthetic requirements of proliferating
cells [117, 137]. During the development of malignant lesions, which mostly occurs in avascular
regions, tumor cells are both glucose- and oxygen-dependent. Hence, these substrates must
diffuse from the closest blood vessel through the carcinoma basement membrane, as well as

across the layers of tumor cells (Figure 9) [138].
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Figure 9|Schematic representation of cell-microenvironment interactions occurring during tumorigenesis. Briefly, normal
epithelial cells are represented in grey, hyperproliferative cells are pink, hypoxic cells are blue, glycolytic cells are green and
motile/ metastatic cells are depicted in yellow. Orange color in cell nuclei represents the appearance of mutations (light orange for
one mutation and dark orange for more mutations). Apoptotic cells on the diagram exhibit irregular plasma membranes i.e.

blebbing membranes. Abbreviations: HIF-1a., hypoxia-inducible factor 1a,; VEGF, vascular endothelial growth factor. From [138]

As a consequence of high proliferation rates, solid tumors frequently overpass the
oxygen-diffusion limit giving rise to hypoxic regions, where cells fail to receive enough oxygen
amounts to perform an adequate oxidative metabolism, as well as the oxygen-dependent non-
metabolic redox reactions [117, 138, 139]. Such abnormal characteristic of tumor cell
metabolism is maintained, even when oxygen levels are restored, as discovered by Otto Warburg
and his collaborators in 1920 [140-142]. Indeed, even in the presence of sufficient oxygen
amounts, neoplastic cells rely on glycolysis — aerobic glycolysis or the Warburg effect.
Consequently, cancer cells effectively convert around 85% of glucose into lactate, instead of
driving the glycolysis-derived pyruvate into mitochondria through OXPHOS (Figure 10) [137]. The
upregulation of glycolysis may be considered an adaptive consequence of microenvironmental
tumor hypoxia [138]. The cellular response to hypoxia is mediated by the activation/stabilization
of HIF-1a., which is closely related with tumor progression [143, 144]. In addition to the VEGFA
gene, some glycolytic enzymes, as well as other essential players in glycolytic metabolism, are

also upregulated in a HIF-1a-dependent mechanism [145].
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Figure10 | Differences between oxidative phosphorylation, anaerobic glycolysis and aerobic glycolysis (Warburg effect). From [138]

For instance, pyruvate dehydrogenase kinase 1 (PDK1) is upregulated by HIF-1a [146].
As a result, pyruvate dehydrogenase (PDH) activity will be inhibited, preventing the entry of
pyruvate into the tricarboxylic acid (TCA) cycle and, consequently, oxidative phosphorylation
[147]. Thus, hypoxic cancer cells exhibit an increased glycolytic metabolism to ensure sufficient
ATP production. Taking into account such evidence, glucose transporters should also be
upregulated under hypoxia. In fact, Ebert and colleagues revealed an increased expression of
both glucose transporter 1 (GLUT-1) and 3 (GLUT-3) under hypoxia, in a HIF-1a-dependent
manner [148, 149]. In addition, some downstream glycolytic enzymes (e.g. hexokinase Il (HKII)),
as well as lactate dehydrogenase 5 (LDH-5) were also reported to be upregulated by HIF-
1o [150, 151]. In spite of its role on the maintenance of glycolytic metabolism, HIF-1a is also
involved in the acidic-resistant phenotype by upregulating several pH regulators, such as carbonic
anhydrase IV (CAIX) and monocarboxylate transporters (MCTs), mainly MCT4, as previously
mentioned [112, 152, 153].

Although an inefficient pathway in terms of ATP synthesis [133], the increased glycolytic
phenotype gives several advantages to cancer cells. It generates glycolytic intermediates that may
be diverted to biosynthetic pathways [137]. Furthermore, increased glycolysis leads to
acidification of the tumor milieu [138]. Indeed, a range of studies in both human and animal
tumors demonstrated that the extracellular pH of these tumors are acidic and could reach pH
values around 6 [138]. In opposition to normal cells, cancer cells exhibit a range of mutations,
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including those in p53 gene, which promote tumor cell adaptation to acidosis. Additionally,
acidosis per seis likely to be mutagenic, leading to impairments in DNA repair, inhibition of GAP-
junction conductance and spontaneous transformation of normal diploid fibroblasts [138, 154].
Some studies have suggested that the acidic phenotype contributes for tumor cell invasion /n
vitro [155] and tumor metastasis /7 vivo [156], accelerating malignant progression and

promoting therapy resistance [138].

Despite their contribution to pH regulation, MCTs are not the only pH regulatory systems.
Thus, other pH regulating systems, such as Na‘/H+ exchanger (NHE), CAIX and anion exchanger
1 (AE1), exist on the cell plasma membrane [88, 157]. However, the role of MCTs on cellular
homeostasis is unquestionable. They prevent intracellular lactate accumulation, which would lead
to cell damage and, consequently, apoptosis through cellular acidosis [158]. Additionally, lactate
extrusion through MCTs contributes to the maintenance of glycolytic flow, allowing the hyper-

glycolytic phenotype [88].

The importance of lactate as tumor acidifier, mutagenesis inducer, as well as its role in
both radio- and chemoresistance induction, due to its antioxidant activity [138, 159], are
currently well accepted. However, this metabolite exhibits other properties which individually or
collectively are essential in the development of malignant lesions [88]. For instance, the tumor
milieu is highly lactate-enriched due to both tumor cell and T-lymphocyte metabolism.
Importantly, this microenvironmental acidification appears to be detrimental for T-lymphocyte
activity, both decreasing its immune response against neoplastic cells and favoring cancer cell
escape from immune system [160, 161]. Also, both pyruvate and lactate have been reported as
regulators of HIF-1a gene expression in a hypoxia-independent mechanism [162], indicating the
intrinsic role of lactate on the induction of the hyper-glycolytic metabolism [88]. Additionally,
lactate was also implicated in cellular motility [163], upregulation of VEGF [164-166], and both
hyaluronan and its receptor, CD44, which perform an active role on tumor cell invasion and
metastasis [167, 168]. Taking together, these findings suggest that lactate contributes for the
malignancy of cancer, and its accumulation within tumors has been correlated with poor
prognosis [157]. Indeed, studies concerning lactate accumulation in human tumors revealed that
cervical tumors, head and neck cancers and rectal adenocarcinomas showing metastatic
potential, exhibited increased lactate levels comparatively with the non-metastatic counterparts

[169-171]. Additionally, increased lactate levels were further associated with poor prognosis,
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poor disease-free survival and poor overall disease survival in human cervical carcinomas [172],

head and neck cancer [173], high-grade gliomas [174] and non-small lung cancer [175].

Besides being an end-product in a range of metabolic pathways (e.g. glycolysis and
glutaminolysis [176]), lactate may also be used in the mitochondria, as reported in both skeletal
[177] and cardiac [178, 179] muscle as well as in the brain [180, 181]. Additionally, cell-cell
lactate shuttles were also recently suggested in tumors. Accordingly, a metabolic symbiosis is
established between hypoxic and oxidative tumor cells. In fact, Sonveaux and collaborators
showed that human cervical cancer cells cultured under hypoxia effectively convert glucose into
lactate, extruding it through MCT4, whereas oxidative tumor cells take up lactate, via MCT1,

utilizing it for OXPHOS [122].

Taking into account their role on lactate transport, MCT involvement in tumor progression
has also been hypothesized. Hence, it is not surprising that MCT expression appears to be

increased in human tumors.

In colon tumors, MCT expression still remains controversial. First, a decrease in MCT1
expression was reported in the colonic transition from normal epithelium to malignant lesions.
However, no differences in both MCT2 and MCT4 expression were found [182, 183]. Afterwards,
high MCT expression was found in colon adenocarcinomas [108], as well as in the cytoplasm of
tumor cells comparatively with normal colonic samples [184] [185]. Importantly, both MCT1 and
MCT4 were reported as highly expressed on the plasma membrane, contrarily to MCT2 [185].
Additionally, the correlation between MCT expression and the clinico-pathological data revealed
MCT1 expression in the plasma membrane, which was strongly associated with vascular invasion

[185].

Regarding brain tumors, several studies point to a strong MCT1 expression in
ependyomas, hemangioblastomas and high grade gliomas including glioblastoma multiform
(GBM) [186], while its expression is clearly lower or even absent in low-grade gliomas [187].
Recently, an overexpression in the plasma membrane of MCT1 and MCT4, as well as its
molecular chaperone, CD147, was reported in GBM comparatively with diffuse astrocytomas and

non-neoplastic tissue [188].

Differential expression patterns have also been demonstrated in breast cancer. Actually,

the hypermethylation of the promoter region of sic/6al (MCT1) gene was suggested to induce a
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decrease in both mRNA and protein levels in breast cancer samples, compared to normal
epithelium [189]. However, Pinheiro ef a/. reported a significant increase in MCT1 expression in
both cytoplasm and plasma membrane of breast carcinomas in comparison with normal
epithelium. Other MCT isoforms were also assessed, but only MCT4 was found to be upregulated
in the cytoplasmic compartment of breast cancer cells, with no significant differences in plasma
membrane expression [108, 190]. Furthermore, both MCT1 and CD147 were correlated with

poor prognosis parameters, such as basal-like subtype and high grade tumors [190].

Despite few studies addressing MCT expression in lung cancer, some evidence point to
MCT upregulation in lung cancers whereas, at least MCT1 expression was negative in normal
lung [191]. In contrast, a recent study revealed high MCT expression in normal lung, while MCT4
was clearly downregulated in cancer cells [108]. In addition, both MCT1 and its chaperone were

also described in the cytoplasm of sarcoma cells belonging to the alveolar soft region [192].

MCT expression has also been characterized in both cervical and ovarian cancers, which
collectively are known as gynecologic tract tumors. Concerning cervical carcinomas, both MCT1
and MCT4 expression appear to be upregulated in the plasma membrane in either invasive
squamous lesions or adenocarcinomas comparatively with pre-invasive lesions and normal
glandular epithelium, respectively. MCT2 analysis was quite inconclusive, but it was frequently
expressed in squamous cell carcinomas, while MCT4 expression was increased in
adenocarcinomas. It is important to highlight that HPV-positive pre-invasive cases exhibited either
high expression of both MCT1 and MCT4 or more MCT1 in plasma membrane than HPV-negative
pre-invasive lesions [193]. Furthermore, the same group revealed that CD147 was frequently
expressed in MCT1 and MCT4 positive cases and that MCT1/CD147 coexpression was
correlated with lymph node metastasis in adenocarcinomas [194]. In ovarian cancer, MCT1 and
MCT4, as well as its chaperone, appeared to be negative in normal ovarian tissues and benign
ovarian tumors. On the other hand, upregulation of these molecular markers was described in
both primary and metastatic ovarian neoplasms [195]. Also, Pinheiro ef al demonstrated
upregulation of MCTs in ovarian carcinoma, being MCT2 the most expressed isoform (around

95%) [108].

In prostate cancer, around 90% of the cases were positive for both MCT1 and MCT4,
whereas no MCT expression was detected in normal prostate tissues, prostate intraepithelial
neoplasms (PIN) and non-tumor regions adjacent to primary tumor prostate tissues. Also, MCT
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expression in prostate cancer cells was associated with high pathological stage and nodal
involvement [109]. Contrarily, a subsequent study described MCT1 and CD147 expression in
normal prostate tissue, while MCT1 appear to be downregulated in tumor specimens. The other
MCT isoforms, MCT2 and MCT4, appear to be highly expressed in the cytoplasm of prostate
tumor cells than in their normal counterparts. In addition, both MCT1 and MCT4 were associated
with poor prognosis variables [196]. Also, overexpression of MCT2 was found in PIN lesions,
suggesting a role on prostate cancer initiation. Furthermore, in addition to other markers (e.g.
alpha-methylacyl-CoA racemase (AMACR)), MCT2 has a role as a putative biomarker for prostate

cancer diagnosis [197].

MCT expression has also been studied in gastric carcinomas. This type of tumors
showed distinct MCT expression patterns comparatively with other tumor types. Indeed, MCT4
was more frequently encountered in normal gastric mucosa than in gastric carcinomas, and even
less frequently expressed in lymph-node metastasis, suggesting a loss in expression along tumor
progression. However, the MCT1/CD147 co-expression was associated with poor prognosis,

since it was associated with advanced gastric carcinomas and lymph node metastasis [198].

Concerning MCTs’ role on the maintenance of the hyper-glycolytic and acid-resistance
phenotype, as an adaptive consequence to tumor hypoxia, it seems to be clear that MCTs are
attractive targets for cancer therapy. Actually, /n wvifro studies performing inhibition of MCT1
activity reported a drop in intracellular pH [122], inducing cell death [122, 186] and improving
tumor cell radiosensitivity [124]. In addition, MCT4 downregulation decreased cancer cell
migration, through impairment on the interactions between MCT4 and PB-integrin [199]. By
contrast, lzumi ef al. suggested that downregulation of both MCT1 and MCT4 decreased tumor

cell invasion with no effect on cancer cell motility [200].

Furthermore, CHC administration /7 vivo induced tumor retardation, enhanced tumor cell
radiosensitivity [122], increased tumor necrosis and reduced tumor invasion [201]. Other
experiments, specifically inhibiting both MCT1 and MCT4 or their molecular chaperone, CD147,
revealed a decrease in the glycolytic flux and tumor growth, corroborating the previous results

with CHC [202].

Importantly, taking into account its effective binding to MCT1 in lymphocytes, the new

class of drugs developed by AstraZeneca is thought to be suitable for cancer treatment. Thus, a
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new drug was developed, AZD3965, which is currently in Phase | clinical trials for advanced solid

tumors, such as prostate cancer and non-Hodgkin lymphoma expressing MCT1 [117, 118].

1.2.5 MCTs in endothelial cells

In healthy tissues, endothelial cells rarely migrate or proliferate. However, under stressful
environments (e.g. hypoxia), ECs have the ability to rapidly proliferate, migrate and assemble new
blood vessels [55]. Concerning those features, dividing endothelial cells resemble tumor cells by
easily sustaining their growth in hypoxic environments [55]. Interestingly, also like tumor cells,
despite having direct contact with oxygen, dividing endothelial cells rely on aerobic glycolysis,
mostly converting glucose into lactate [55, 203]. Thus, it is likely that MCTs play a key role in

endothelial cell metabolism, as suggested for tumor cells.

Despite the lack of studies addressing MCTs in endothelial cells, there are some
reporting the existence of these transporters in the endothelium of blood brain barrier (BBB) and

more recently in the corneal endothelium.

A full array of studies, such as stereospecific and saturable transport of both lactate and
pyruvate through the brain endothelium, suggest the presence of MCTs at the BBB [204, 205].
Interestingly, other simple organic compounds (e.g. acetate and butyrate) were proved to be
transported across the BBB and the role of MCTs in this transport was hypothesized [204].
MCT1 was clearly identified on the luminal membrane of brain endothelial cells, being around 25
times higher in the neonatal brain than in the adult stage [206]. Further studies in cultured
MCT1-depleted brain endothelial cells corroborated the previous /n vivo evidence indicating that
MCT1 mediates the transport of exogenous monocarboxylates into the brain [207]. Altogether,
these data suggest that MCT1 might be responsible for the high rates of lactate and ketone

bodies transport across the brain endothelium, namely under starvation periods [81].

Recently, intracellular pH was reported as participating in the control of MCT1 function in
cerebrovascular rat endothelial cells. Not surprisingly, a drop in intracellular pH strongly inhibited
lactate transport into the brain endothelial cells, while as intracellular pH increased, lactate
transport was significantly enhanced [208]. Furthermore, the regulation of MCT1 function by

cyclic adenosine monophosphate (CAMP) was also recently described in a rat brain endothelial
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cell line (RBE4). Indeed, it was demonstrated that cAMP induced both MCT1 dephosphorylation
and internalization from the plasma membrane into early endossomes [209]. Contrarily to MCT1,
MCT2 expression in brain endothelial cells is still unclear. lts expression had been detected in

one [210] but not in all studies [211].

The accumulation of lactate and fluid in the corneal stroma, which collectively may be
harmful for the cornea homeostasis, has been reported along years [212, 213]. Indeed, the
corneal endothelium plays an important role facilitating lactate exchanges between the corneal
stroma and the anterior chamber, through MCTs [214]. However, the specific localization and
identity of MCTs in corneal endothelial cells require further exploitation. In a rat model, both
MCT1 and MCT2 are present in both basolateral and apical membranes, whereas MCT4 was not
detected [215]. In opposition, bovine corneal endothelium also exhibited MCT2 in both
membranes, while both MCT1 and MCT4 were only found in the basolateral and apical
membranes, respectively [216]. In spite of all these efforts, there are still some controversies
regarding MCT expression in animal models. Importantly, studies addressing MCTs in human

endothelial cells, namely, tumor-associated endothelial cells are still required.

1.2.6 Tumor microenvironment: endothelial and tumor cell crosstalk

Over the last years, the biology of tumors has not been clearly understood. Hence,
studies concerning both the tumor-proliferating cells as well as the surrounding tumor
microenvironment became essential and, therefore, tumors started to be recognized as complex
organs [133]. The tumor microenvironment is a complex system encompassing several cell types
such as endothelial cells and their precursors, pericytes, SMCs, fibroblasts and a range of
immune cells (e.g. macrophages), which collectively perform an active role in carcinogenesis

[217].

Tumor microenvironment is highly acidic, mainly due to tumor cells-derived lactate [157],
whose pro-angiogenic effects have been described: it induces VEGF secretion by macrophages,
endothelial cell migration, vascular morphogenesis and the recruitment of circulating vascular
progenitor cells [218]. However, it is still poorly understood whether lactate triggers the same

effects in tumor-associated endothelial cells.
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So far, the most exhaustive study concerning the role of lactate on the induction of
angiogenesis in cancer is attributed to Végran and colleagues. Indeed, they described that MCT1
mediates lactate uptake in endothelial cells. Inside the cell, lactate stimulates NF-x[3/IL-8
signaling pathway, promoting endothelial cell migration and tube formation. They also
documented, in mouse xenograft models of human colorectal and breast carcinomas, that lactate
release from tumor cells through MCT4 was enough to induce IL-8-dependent angiogenesis and

tumor growth [219].

Lactate has also been implicated in tumor aggressiveness, partially because of its role in
HIF-1ow activation through PHD inhibition in a hypoxia-independent manner [162]. Accordingly, it
was hypothesized whether lactate directly activates HIF-1a in endothelial cells, consequently
stimulating the angiogenic process. In fact, blocking the entry of lactate into endothelial cells
inhibited HIF-1-dependent angiogenesis. Furthermore, it was reported that endothelial-MCT1
inhibition prevents angiogenesis, through HIF-1 inactivation in both /7 vifro and /n vivo models

[220].

In spite of the advances concerning tumor metabolism and angiogenesis, the role of
MCTs in tumor-endothelial cell interplay, mainly under a hypoxic environment, is still an

unanswered question, which should be further explored.
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1.3 Rationale and Aims

Besides their function in tumor metabolism, MCTs seem also to be important in
endothelial cell metabolism. Despite all the efforts in addressing the role of MCTs in
angiogenesis, some questions, like how hypoxic environments may influence the angiogenic
process in cancer, are still unanswered. In addition to a 2D culture system, which has some
limitations, it becomes important to develop systems, which will fulfill the fundamental
microenvironmental cues, essential for tumor initiation, progression, invasion and metastasis

[221].

Thus, we intended to investigate in more detail the tumor-endothelial cell interactions
occurring in tumors. We selected a glioma cell line (U251) as tumor model, since previous
results from our group demonstrated MCT expression in brain tumor-associated vessels
(Baltazar, F., unpublished data). Hence, the role of MCTs in the maintenance of brain endothelial
cell (HBMEC) function was assessed, under normoxia and hypoxia. The influence of hypoxia and
MCT downregulation on the angiogenic capacity of glioma cells was also evaluated. Ultimately,
we intended to study the influence of a 3D /n vitro culture system on the maintenance of tumor

and endothelial cells’ function.

The specific aims of this master thesis were:

@® Characterization of the metabolic behavior of brain endothelial cells, under normoxia and

hypoxia

e (Characterization of MCT expression, their molecular chaperones (CD147 and
CDA44), as well as other key glycolytic markers under normoxia and hypoxia;
e Evaluation of endothelial cell metabolism (glucose consumption and lactate

production), up to 24 hours, under normoxia and hypoxia.
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@ Assessment of the role of MCTs in key endothelial cell features, under normoxia and

hypoxia

e /n vitro evaluation of the role of MCTs on endothelial cell survival, metabolism,
proliferation, death, cell cycle, and tube formation, after inhibition of both MCT

activity and expression, under normoxia and hypoxia

@ Evaluation of the influence of hypoxia and MCT downregulation on the angiogenic

capacity of human glioma cells

e Assessment of the effect of glioma cells’ conditioned media, upon tumor cell
growth, under both normoxia and hypoxia, in combination with MCT
downregulation, in a range of endothelial cell features including cell survival,
metabolism, proliferation, cell cycle and tube formation;

e FEvaluation of the effect of glioma cells’ conditioned media in blood vessel
assembling /n vivo,

e Characterization of the expression of total VEGFA in glioma cells in the above-

mentioned conditions.

@ Assessment of the influence of an /in vitro three dimensional (3D) culture system on cell

function

e Assessment of cell viability and metabolism in both glioma cells (U251) and
human brain endothelial cells (HBMEC), upon seeding into hierarchical starch-based
fibrous scaffold:;

e Comparison between 2D and 3D culture systems, in terms of cell viability.
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2 Materials and Methods

2.1 Cell Culture

Human Brain Microvascular Endothelial Cells (HBMECs), kindly provided by Professor
Kwang Sik Kim (John Hopkins School of Medicine, Baltimore, USA), were maintained in Roswell
Park Memorial Institute 1640 medium (RPMI, GIBCO, Invitrogen), supplemented with 10% (v/v)
fetal bovine serum (FBS, GIBCO, Invitrogen) and 1% (v/v) penicillin/streptomycin (10pg/mL)
(GIBCO, Invitrogen) at 37 °C, 5% CO.. Glioblastoma cell line (U251) was purchased from
American Type Cell Culture (ATCC) and grown in Dulbecco’s Modified Eagle "s medium (DMEM,
GIBCO, Invitrogen), supplemented with 10% (v/v) FBS (GIBCO, Invitrogen) and 1% (v/v)
penicillin/streptomycin (10pg/mL) (GIBCO, Invitrogen) at 37 °C, 5% CO..

2.2 Hypoxia

In some experiments, endothelial and glioblastoma cells were grown under hypoxic
conditions. For that, cells were placed into hypoxic chambers, where atmospheric air was
replaced by N. (10L/min) and CO. (5cc/min), for 10 minutes and, then, incubated at 37 °C for
24 hours. Control cells were cultured under normoxic conditions (37 °C, 5% CO.), during the

same period.

2.3 Reagents

Alpha-cyano-4-hydroxycinnamate (CHC, Sigma-Aldrich) was dissolved in dimethylsulfoxide
(DMSO, Sigma-Aldrich) to a 2.9M stock solution. Further concentrations (0.25 - 2M) were
obtained through dilution in 100% DMSO. The working concentrations (2.5 — 20mM), used in
HBMEC treatment, were obtained upon dilution in RPMI 1640 medium.
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2.4 Small interfering RNA (siRNA) transfection

Downregulation of MCT1 and MCT4 was performed in both endothelial and glioblastoma
cells, using siRNA (Invitrogen). A control group was also performed, using scrambled siRNA
(Invitrogen). For that, different master mixes were prepared in Opti-MEM (GIBCO, Invitrogen)
medium, including specific siRNA for each MCT isoform and lipofectamine RNAIMAX reagent
(Invitrogen), according to manufacturers’ instructions. Fifteen minutes after, the previous
mixtures were distributed in different wells (6-well plate) and cells were seeded in antibiotic-free
medium (HBMEC: 2x10¢ cells/well; U251: 1x10¢ cells/well). Twenty four hours after

transfection, the medium was replaced by fresh complete medium.

2.5 Conditioned media

U251 cells were transfected and seeded into a 6-well plate, as described previously.
Three days after plating, when MCT silencing was observed, complete DMEM medium was
replaced by serum-free medium and cells were incubated either in normoxic or hypoxic
environments, for an additional period of 48 hours. After, the conditioned media (CM) was
harvested, centrifuged (900 rpm, 5 minutes), and, then, transferred to HBMEC in 2:3

proportions, in which two parts correspond to CM and the another to fresh medium.

2.6 Protein Extraction

HBMEC were grown, under both normoxia and hypoxia, until confluence was reached.
Then, cells were harvested and homogenized with lysis buffer (1% Triton-X100; 1% NP-40;
0.1mM EDTA; 50mM Tris-HCI, pH=7.5; 150mM NaCl and protease inhibitors), for 15 minutes.
After that, homogenized samples were centrifuged (13000 rpm, 15 minutes, 4 °C) and stored at

-80 °C. All samples were quantified using the Bradford method.
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2.7 Western blotting

Twenty micrograms of protein were loaded into SDS-PAGE gels, and, then, transferred to
a nitrocellulose membrane (Amersham Biosciences), using a wet system (Bio-Rad).
Subsequently, membranes were incubated overnight, at 4 °C, with specific primary antibodies:
mouse anti-MCT1 (1:500, Santa Cruz Biotechnology), rabbit anti-MCT4 (1:2000, Santa Cruz
Biotecnology), mouse anti-CD147 (1:200, Santa Cruz Biotecnology), mouse anti-CD44 (1:1000,
Serotec) rabbit anti-GLUT1 (1:800, Abcam), rabbit anti-CAIX (1:1000, Abcam), mouse anti-PDK
(1:2000, Abcam), rabbit anti-LDHV (1:2000, Abcam), mouse anti-PDH (1:300, Abcam), mouse
anti-HXIl (1:4000, Abcam), mouse anti-HIF-1o. (1:1000, BD Biosciences), rabbit anti-HIF-2c.
(1:500, Abcam) and goat anti-B-actin (1:300, Santa Cruz Biotecnology). Afterwards, membranes
were incubated with the adequate secondary antibodies: mouse anti-rabbit (1:5000, Santa Cruz
Biotechnology), rabbit anti-mouse (1:5000, Santa Cruz Biotechnology) and donkey anti-goat
(1:5000, Santa Cruz Biotechnology). Chemiluminescence was used as detection method using
the Supersignal West Femto reagent (Thermo Scientific) and image capture was performed by X-
ray Amersham Hyperfilm ECL exposure (GE Healthcare). Finally, band quantification was

performed using ImageJ software (National Institutes of Health).

2.8 Cytoblock preparation

Endothelial cells were allowed to grow until around 70% of confluence was reached. Then,
cells were grown either under normoxia or hypoxia, for 24 hours. After that, cells were harvested,
centrifuged at 1300 rpm for 5 minutes, and fixed with 3.7% of paraformaldehyde (PFA) for 48
hours. Subsequently, cells were re-centrifuged (1300 rpm, 5 minutes), processed, and

embedded into paraffin blocks.

2.9 Immunocytochemistry

Briefly, deparaffinized and rehydrated sections were exposed to an adequate heat-
induced antigen retrieval treatment (Table 1), washed in phosphate buffered saline (PBS (1X))

solution, and, then, incubated with 3% hydrogen peroxide (H:0.) in methanol, to inactivate
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endogenous peroxidase activity. Next, non-specific binding sites were blocked, using an
appropriate blocking solution (Labvision, Thermo Scientific or Vector kit, Vector Laboratories),
and, then, cytoblocks were incubated with specific primary antibodies (Table 1). Depending on
the primary antibody, two different detection systems, Ultravision Detection System Anti-
polyvalent HRP (Labvision Corporation, Thermo Scientific) or R.T.U. VECTASTAIN Elite ABC kit
(Vector Laboratories), were used. Incubation conditions for each antibody are specified in Table
1. Subsequently, after a washing period, sections were incubated with the secondary biotinylated
antibody (Labvision, Thermo Scientific or Vector kit, Vector Laboratories) and, then, with
Steptavidin/Avidin peroxidase solution (Labvision, Thermo Scientific or Vector kit, Vector
Laboratories). Immunocytochemical reactions were developed with 3, 3'-diamino-benzidine (DAB
+ Substrate system, Labvision, Thermo Scientific). Finally, cytoblocks were counterstained with
hematoxylin/eosin (HE) and permanently mounted with Entellan®. Adequate positive controls

were included in each reaction to verify the efficiency of immunoreaction (Table 1).

Table 1] Details of the immunocytochemical reactions.

Primary Antibody
Positive Detection
Protein Antigen Retrieval (company; dilution;
Control System
incubation conditions)
MOT1 Colon EDTA (1ImM, pH=8) Vector Santa Cruz Biotecnology;
Carcinoma 20 min.; 98°C Laboratories 1:500; Overnight, RT
Citrate Buffer
Colon LabVision Santa Cruz Biotechnology;
MCT4 (10mM, pH=6)
Carcinoma Corporation 1:200; 2 hours, RT
20 min.; 98°C
cD147 Colon EDTA (1ImM, pH=8) Vector Santa Cruz Biotechnology;
Carcinoma 20 min.; 98°C Laboratories 1:400; Overnight; RT
Citrate Buffer
Colon LabVision
CD44 (10mM, pH=6) Serotec; 1:1000; 2 hours, RT
Carcinoma Corporation
20 min.; 98°C
Citrate Buffer
Head and Neck LabVision
GLUT-1 (10mM, pH=6) Abcam: 1:500; 2 hours, RT
Carcinoma Corporation
20 min.; 98°C
Citrate Buffer
LabVision
CAIX Stomach (10mM, pH=6) Abcam: 1:2000; 2 hours, RT
Corporation
20 min.; 98°C
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EDTA (1ImM, pH=8) LabVision
LDH-V Colon Abcam; 1:1000; 2 hours, RT
20 min.; 98°C Corporation
EDTA (1ImM, pH=8) LabVision
HXII Colon Carcinoma Abcam; 1:750; 2 hours, RT
20 min.; 98°C Corporation
EDTA (1ImM, pH=8) Vector
PDH Stomach Abcam; 1:300; Overnight, RT
20 min.; 98°C Laboratories
EDTA (1ImM, pH=8) Vector
PDK Stomach Abcam; 1:500; Overnight, RT
20 min.; 98°C Laboratories
EDTA (1mM, pH=8) Vector BD Biosciences; 1:100;
HIF-1a Glioblastoma
20 min.; 98°C Laboratories Overnight; RT

RT - Room Temperature

2.10 Cell Viability

Cell viability was assessed using the /i wiro toxicology sulforhodamine B (SRB)-based
assay. Non-silenced or silenced HBMEC were plated in 96-well plate, at a cellular density of
5x10: cells/well, and allowed to adhere for 24 hours. After that, cells were incubated under
normoxia or hypoxia, as described previously. Subsequently, non-silenced HBMEC were treated
with different concentrations of CHC (2.5 - 20mM) or incubated with glioma cells’ CM, for 24
hours. Furthermore, silenced HBMEC cells were incubated in serum-free medium, for an
additional period of 24 hours. Then, cells were washed with PBS (1X) and, then, incubated with
10% of trichloroacetic acid (TCA) (Sigma-Aldrich), for 1 hour at 4 °C. Wells were rinsed, five
times, with tap water, and allowed to dry overnight. On the next day, cells were incubated with
sulforhodamine B (SRB) (Sigma-Aldrich) for 30 minutes, at room temperature, and, then, wells
were rinsed, four times, with acetic acid (1%). When wells were completely dried, cells were
incubated with 10mM of Tris-base (Sigma-Aldrich) for 5 minutes, at room temperature, under
shacking. The absorbance was measured, at 570nm, with background absorbance of 655nm,
using the Infinite M200 NanoQuant apparatus (Tecan). The 1Cs values for both CHC-treated cells
and respective controls were estimated either under normoxia or hypoxia, using a sigmoidal dose-

curve response (GraphPad Prism 5).
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2.11 Cell metabolism assay (glucose consumption and lactate production)

Metabolic activity of HBMEC cells was evaluated through quantification of extracellular
glucose and lactate, using different colorimetric assays. Endothelial cells (2.5x10¢ cells/well)
were seeded into 48-well plates and incubated in complete RPMI 1640 medium, for 24 hours.
Then, cells were incubated under normoxia or hypoxia, as already mentioned. Upon the
incubation period, non-silenced HBMEC were treated with different concentrations of CHC
(estimated ICs value or half-ICs value) or incubated with CM, for further 24 hours. Additionally,
silenced HBMEC cells were grown in serum-free medium, during 24 hours. Aliquots of
supernatants (100uL) were harvested for glucose (Roche) and lactate (Spinreact SA)
quantification, at 490nm (Infinite M200 NanoQuant, Tecan), using well-established protocols. All

results were normalized for total cell biomass, using the SRB assay described above.

2.12 Cell proliferation assay

Cell proliferation measurements were assessed using the colorimetric cell proliferation
ELISA, 5-bromodeoxyuridine (BrdU) kit (Roche). Both silenced and non-silenced HBMEC (5x10:
cells/well) were plated into 96-well plates, incubated in complete RPMI 1640 medium, and
allowed to adhere overnight. Then, cells were cultured under normoxia or hypoxia, for 24 hours.
After that, non-silenced HBMEC were treated with working concentrations of CHC, referred on the
previous section, or incubated with CM from glioblastoma cells, for 24 hours. Furthermore,
silenced HBMEC cells were incubated with serum-free medium, also for 24 hours. Additionally,
20uM of BrdU was added to the medium and incubated at 37 °C, overnight. Then, cells were
fixed for 30 minutes, followed by incubation with a specific antibody (anti-BrdU, 1:100), for 90
minutes. Cells were then washed five times with PBS (1X), and incubated with a colorimetric
substrate, for further 5 minutes. The reaction was stopped using 25mM of sulfuric acid (H.SO.,
Sigma-Aldrich). BrdU incorporation by proliferating cells was measured at 450nm, with 655nm

as reference, using Infinite M200 NanoQuant apparatus (Tecan).
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2.13 Cell death assay

Apoptotic and necrotic cell populations were estimated using Annexin V-FLOUS Apoptosis
kit (Roche), according to the manufacturer’s instructions. For that, both non-silenced and
silenced HBMEC were seeded into 6-well plates (2x10¢ cell/well), and allowed to adhere
overnight. Then, cells were incubated under normoxia and hypoxia, for further 24 hours.
Afterwards, non-silenced HBMEC were treated with working CHC concentrations, during 24
hours. Additionally, silenced HBMEC cells were allowed to grow for additional 24 hours, in serum-
free RPMI medium. Upon 24 hours of treatment, cells were harvested, and Annexin V/Propidium
lodide (Pl) staining was performed according to manufacturer’s instructions. The percentage of
cell death was assessed by flow cytometry (LSRII model, BD Bioscience), reading a total of

20000 events, and the results analyzed using FlowJo software (Tree Star).

2.14 Cell Cycle analysis

Both non-silenced and silenced HBMEC were plated into 6-well plates (2x10¢ cell/well)
and allowed to grow overnight. Then, cells were incubated under normoxia and hypoxia, for 24
hours. After that, all cells were starved for 6 hours. Six hours later, non-silenced HBMEC were
incubated for additional 24 hours with working CHC concentrations, described previously, or with
glioma cells’ CM, whereas silenced HBMEC were allowed to grow in serum-free RPMI medium,
for the same period. Then, cells were collected, fixed in ethanol (70%) for 30 minutes, under
shacking, and, finally, Pl (Sigma-Aldrich) staining was performed according to manufacturer’s
instructions. The relative amount of cells at each stage of the cell cycle was evaluated using flow
cytometry (LSRII model, BD Bioscience), reading a total of 15000 events, and results analyzed

with FlowJo software (Tree Star).

2.15 Tube formation assay

Plates (48-well) were coated with 150 uL of growth factor reduced (GFR) Matrigel® (BD
Bioscience). Coated plates were then incubated at 37 °C, for 30 minutes, to induce Matrigel

polymerization. Both non-silenced and silenced HBMEC cells were incubated, under normoxia
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and hypoxia, for 24 hours. To evaluate the effect of both CHC and MCT downregulation, as well
as the effect of glioma cells’ CM on capillary-like structures assembling, HBMEC were incubated
with working media, under normoxia and hypoxia, for further 24 hours. During this period,
images were captured at 0, 8 and 24 hours, using an inverted phase-contrast microscope
(Olympus 1X61), and subsequent qualitative analysis of capillary-like structures assembling was

performed.

2.16 Chick chorioallantoic membrane (CAM) assay

Fertilized eggs (Gallus gallus) were incubated for 4 days at 37 °C. At embryonic day (ED)
4, a small hole was opened in the eggs, and the viability of the embryo was checked. Viable eggs
were then incubated for additional 4 days. At ED 8, a silicon ring was implanted and 40 uL of
glioma cells’ CM were placed inside ring. At ED 9 CAM was harvested, and the effects of CM in
CAM vascularization were assessed through image acquisition, using a dissecting microscope
(Olympus SZX16). It is important to highlight that /n vivo images were captured at the time of the
injection, as well as at 24 hours, after the injection of glioma cells’ CM. To evaluate the effects of
scramble groups, a CTR group was included, where only the silicon ring was placed without any

injection.

2.17 Reverse Transcription Polymerase Chain Reaction (RT-PCR)

Total RNA was isolated from glioblastoma cells (U251), upon MCT downregulation, under
normoxia and hypoxia, using Trizol (Invitrogen) method, according to manufacturer’s instructions.
Isolated RNA was then quantified using Nanodrop ND-1000 apparatus (Thermo Scientific).
Nanodrop, was also used to estimate the purity of the isolated RNA by optical density (O.D.)
260/280 and 0.D. 260/230 ratios. For a pure RNA solution, the ratio O.D. 260/280 should be
around 2. By contrast, if this ratio remains below than 1.8, there is contamination with proteins
or solvents. Furthermore, the ratio 0.D. 260/230 is also important as it allows the evaluation of
potential contaminations with polysaccharides. After confirming the quality of the RNAs, U251
RNA was converted into cDNA (200ng/ulL), using a specific cDNA synthesis kit (Fermentas,

Thermo Scientific). This newly-synthesized cDNA was amplified by Polymerase Chain Reaction
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(PCR) (My Cycler Thermal Cycler, BioRad). RT-PCR was performed using the following primer
sequences: VEGFex3_F: ATCTTCAAGCCATCCTGTGTGC, VEGFex8_R:
GCTCACCGCCTCGGCTTGT,  B-actin_F:  GGACTTCGAGCAAGAGATGG  and  P-actin_R:
AGCACTGTGTTGGCGTACAG. Annealing temperatures of the above-mentioned primers were:
VEGFex3_F/VEGF8ex_R - 61.2 °C and B-actin_F/ B-actin_R: 57°C. Then, RT-PCR products were
separated in 2% agarose gel, and bands were further visualized in an UV chamber with

GreenSafe Premium loading dye (Nzytech).

2.18 Three dimensional (3D) /n vitro culture of both glioma and brain endothelial cells,

using hierarchical starch-based fibrous scaffolds

We are beginning to implement a 3D co-culture system in our research model, which
replicates the complexity and hierarchical organization of ECM in tumors, using hierarchical
starch-based fibrous scaffolds. For each cell line, 5x10¢ cells/scaffold were individually seeded
into hierarchical starch-based fibrous scaffolds and allowed to adhere for 6 hours. After this
period, U251 and HBMEC cells were incubated in DMEM or RPMI 1640 medium (1mL),
respectively, up to seven days. In parallel, U251 (8x10: cells/well) and HBMEC (1x10¢
cells/well) were cultured in monolayer into 96-well plates, up to 3 days. After 1, 3 and 7 days,
cell-containing scaffolds, as well as one cell-free scaffold, were transferred to another plate, for
evaluation of cell viability, using the CellTiter 96® Aqueous One Solution Cell Proliferation Assay
(Promega). The absorbance was measured at 490nm, using the Infinite M200 NanoQuant
apparatus (Tecan). Five samples per scaffold, in a total of 3 scaffolds per time point, were
analyzed. Metabolic assays were only performed in the 3D culture model, where supernatant
aliquots (100uL) were harvested at 24 and 72 hours, for glucose and lactate quantification, as

described previously.

2.19 Statistical analysis

All experiments were analyzed using student’s t-test (GraphPad Prism 5). Results are
expressed as mean + SEM of at least two independent assays. Differences were considered

statistically significant when p<0.05.
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3 Results

3.1Characterization of the metabolic behavior of brain endothelial cells,

under normoxia and hypoxia

3.1.1 Characterization of MCT expression and their molecular chaperones

To evaluate the influence of hypoxia on the expression and cellular localization of MCT1
and MCT4 isoforms, as well as their molecular chaperones, CD147 and CD44, both WB analysis

and immunocytochemistry were performed, respectively.

Although both HIF-1aw and HIF-2a. were already expressed under normoxic conditions,

WB analysis showed, as expected, an increase in the expression of HIF-related proteins, under

hypoxia in HBMEC cells (Figure 11).
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Figurel1|HIF-1ae and HIF-2a expression in human brain endothelial cells, under normoxia and hypoxia, using Western blotting.
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Both HIF-related proteins are expressed under normoxic conditions in HBMEC cells. As expected, their expression is increased

under hypoxia.

The expression of both MCT isoforms, as well as their chaperones, appeared to be
slightly increased, under hypoxia, in HBMEC cells (Figure 12A and 12B). Furthermore, in brain
endothelial cells, hypoxia induced an increase in plasma membrane expression of MCT1, CD147
and CD44 (Figure 12C). Interestingly, hypoxia had different effects on MCT4 expression. Under
hypoxia, HBMEC cells seem to express MCT4, mainly in cytoplasm, although some plasma

membrane expression was observed (Figure 12C).
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3.1.2 Characterization of the expression of key glycolytic proteins

In addition to MCTs and their molecular chaperones, the effects of hypoxia on the

expression and cellular localization of several other key metabolic markers were also assessed.

Similarly to MCTs and their accessory proteins, CD147 and CD44, also GLUT-1 appeared
to be slightly upregulated, under hypoxia (Figure 13A and 13B), while other key glycolytic
markers, including HKII, LDH-V, PDH, PDK and CAIX exhibited similar expression levels under
normoxia and hypoxia (Figure 13A and 13B). Indeed, immunocytochemical analysis showed only
a slight increase in plasma membrane expression of GLUT-1 and CAIX, under hypoxia (Figure
13C). Furthermore, HKII cytoplasm expression was found to be weak under both normoxia and
hypoxia (Figure 13C), whereas LDH-V exhibited high expression levels in cytoplasm, under both
conditions (Figure 13C). In addition, no alterations were found concerning PDH and PDK

cytoplasm expression between normoxia and hypoxia (Figure 13C).
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Figure 12| Monocarboxylate transporters (MCT1 and MCT4) and their molecular chaperones (CD147 and CD44), under normoxia
and hypoxia, in human brain endothelial cells. Western Blot analysis (A) and respective quantification (B) indicate higher
expression of MCT1 and MCT4, as well as their molecular chaperones, under hypoxia. The molecular weights are 43kDa for both
MCT1 and MCT4, 50 - 60 kDa for CD147 and around 90kDa for CD44. (C) Immunocytochemistry revealed increased plasma

membrane expression for MCT1, CD147 and CD44, under hypoxia, while MCT4 expression was mainly encountered in cytoplasm.
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Figure 13| Expression levels of key glycolytic markers, under normoxia and hypoxia, in HBMEC cells. Western Blot analysis (A)

and respective quantification (B) reveal higher expression of GLUT-1, under hypoxia, whereas the other glycolytic markers

exhibited similar expression levels, under both conditions. The molecular weights are around 55kDa for both GLUT-1 and CAIX,

102 kDa for HKII, 36kDa for LDH-V, 43 kDa for both PDH and PDK. (C) Immunocytochemistry revealed slightly increased plasma

membrane expression for GLUT-1, under hypoxia, while the expression of the other metabolic markers remained unchanged

between normoxia and hypoxia.

3.1.3 Endothelial cell metabolism

The glycolytic rates of endothelial cells were evaluated through both glucose consumption

and lactate production, during 24 hours, under normoxia and hypoxia.
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Figure 14| Endothelial cell metabolism at 48 hours, under normoxia and hypoxia. Glucose consumption (A) and lactate production

(B) rates of HBMEC cell line up to 24 hours. *p<0.05 comparing normoxia and hypoxia.
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As depicted in Figure 14A, there is a tendency for endothelial cells to increase their
glucose consumption under a hypoxic environment, which is accompanied by a significant

increase on lactate production (Figure 14B).
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3.2 Effects of inhibition of MCT activity on endothelial cell function

3.2.1 Cell Survival

Firstly, in order to evaluate the sensitivity of brain endothelial cells, HBMEC, to MCT
inhibition, cells were exposed 24 hours to different CHC concentrations, under both normoxia

and hypoxia.

CHC significantly decreased endothelial cell viability in a dose-dependent manner, under
both normoxia and hypoxia (Figure 15). However, hypoxia did not sensitize endothelial cells to
CHC, such as demonstrated by similar ICs-calculated values under both environmental

conditions (Figure 15).
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Figure 15| Effects of MCT inhibition on endothelial cell growth at 24 hours, under normoxia and hypoxia. Values are depicted as
normalized to the control (CTR) group (100%), DMSO-treated cells. CHC significantly reduced endothelial cell biomass in a dose-
dependent manner, under normoxia and hypoxia. However, hypoxia did not affect endothelial cell sensitivity to CHC. ***p<0.001
comparing CTR group and CHC-treated cells under normoxia; 80<0.001 comparing CTR group and CHC-treated cells under
hypoxia

Then, the potential cytotoxic effects of CHC were assessed in brain endothelial cells,

under normoxia and hypoxia, through Annexin V/PIl assay.

Despite lacking statistical significance, CHC tended to increase endothelial cell death in a
dose-dependent manner, under both normoxia and hypoxia (Figure 16). Furthermore, endothelial
cell death appeared to be increased, upon treatment with the highest CHC concentration, which

was more effective under hypoxia than normoxia (Figure 16).
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Figure 16| Influence of MCT inhibition on endothelial cell death at 24 hours, under normoxia and hypoxia. (A) Representative
dotplot of cell population distribution stained for Annexin V and Pl are depicted in the left panel (cell population in bottom/left =
viable cells; cell population in upper/right = late apoptosis/necrosis). (B) In the right panel, barplot represents late
apoptotic/necrotic endothelial cells, after 24 hours of treatment with CHC, under both normoxia and hypoxia. CHC seems to
increase endothelial cell death, under both normoxia and hypoxia and, for the highest CHC concentration its effects tended to be

more effective under hypoxia when compared to normoxia.

3.2.2 Cell Metabolism

The effects of MCT inhibition on endothelial cell metabolism were determined, under
normoxia and hypoxia, through glucose consumption and lactate production measurements, after

24 hours of treatment with 3.5mM and 7mM of CHC.
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Figure 17|Effects of MCT inhibition on endothelial cell metabolism at 24 hours, under normoxia and hypoxia. Values are
represented as normalized to the CTR group (100%). (A) The highest CHC concentration significantly reduced glucose uptake by
HBMEC at 24 hours, mainly under hypoxia. (B) CHC significantly decreased lactate efflux in HBMEC cell line at 24 hours, under
normoxia, while under hypoxia, no significant differences were found on lactate production, upon treatment with CHC.
Comparatively to normoxia, under hypoxia CHC (7mM) effects on lactate production were lower. *p<0.05; ***p<0.001 comparing

CTR and CHC-treat groups; 6p<0.001 comparing normoxia and hypoxia.
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The highest CHC concentration significantly decreased glucose consumption, mainly
under hypoxia (Figure 17A). In addition, CHC significantly decreased lactate efflux, under
normoxia, whereas no differences were found under hypoxia and, the effects of the highest

concentration were more pronounced under normoxia than hypoxia (Figure 17B).

3.2.3 Cell Proliferation

Cell proliferation analysis was performed using a labeled DNA precursor - 5-bromo-2'-
deoxyuridine (BrdU) - that was added to cells, and its incorporation into endothelial-proliferating

cell's DNA was quantified after 24 hours of treatment with CHC (Figure 18).

CHC significantly impaired endothelial cell proliferation, under both normoxia and hypoxia
(Figure 18B). Nevertheless, CHC treatment was less efficient under hypoxia than normoxia,

mainly at the lowest concentration (Figure 18).
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Figure 18] Effect of MCT inhibition on endothelial cell proliferation at 24 hours, under normoxia and hypoxia. Values are depicted
as normalized to the control group (100%). CHC significantly reduced proliferation rates in HBMEC cell line at 24 hours, under
both normoxia and hypoxia. However, more pronounced effects of CHC in endothelial cell proliferation were found under
normoxia, mainly at the lowest concentration. **p<0.01; ***p<0.001 for comparisons between CHC-treated and CTR groups.

#p<0.05 comparing both normoxia and hypoxia.

Additionally, cell cycle analysis revealed a tendency to an increase of endothelial cell
distribution in G2/M phase of cell cycle, upon HBMEC cells’ treatment with CHC, under both
normoxia and hypoxia, comparatively to CTR group (Figure 19A and 19B).

85



RESULTS

Count

T
Q&

Normoxia
A
DMSO (1%) 3.5mMCHC 7mMCHC
20004
800 800 -
1500 4
600 4 600
= £ £
8‘000’ 8400* 84007
500 200 200 -
0] 0 0
0 200 400 600 800 1K 0 200 400 600 800 1K 0 200 400 6500 800 1K
P& P-4 PLA
Hypoxia
2000 - 12007 1200 4
1500 4 900 o0
3 1000 4 < o0 © 600
500 300 + 300
0] 04 0
0 200 400 600 800 1K 0 200 400 600 800 1K 0 200 400 600 800 1K
P& Pl-A Pl-A
PI
B 1507 3 subGo/Gl =M GO/GI £33 S & GYM
&
5 1004
=
a
@
2 50+
3
[&]
0 T T L] L] L] L]
L P Q&L ©

V) () < (&) $)
&\‘\ <& é‘% <&
ne N n? A
Normoxia Hypoxia

Figure 19| Effect of MCT inhibition on cell cycle distribution at 24 hours, under normoxia and hypoxia. (A) Representative assay of

cell cycle analysis for HBMEC cells, under normoxia and hypoxia, 24 hours upon treatment with CHC. Histograms of cell

population distribution stained for Pl are represented for both normoxia and hypoxia (cell population in the first peak = GO/G1

phase; cell population between two peaks = S phase; cell population in the second peak = G2/M phase). (B) Barplot represents

endothelial cell distribution in each cell cycle phase, under both normoxia and hypoxia. CHC tended to increase HBMEC cells

distribution in G2/M phase of the cell cycle, comparatively to CTR group.
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3.2.4 Capillary-like structure assembling /in vitro

The formation of capillary-like structures by HBMEC cells was assessed, under both
normoxic and hypoxic conditions, throughout 24 hours, after inhibition of MCT activity, using

CHC.

Under normoxia, CHC seems to disrupt capillary-like formation assembling /in vifro by
human brain endothelial cells, at 8 and 24 hours (Figure 20). Similarly, under hypoxia, CHC

decreased capillary-like structures assembling, after 8 and 24 hours of treatment (Figure 21).
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Figure 20| The effects of CHC on the assembling of capillary-ike structures by HBMEC cells up to 24 hours, under normoxia.

Representative images of Matrigel-based tube formation assay (100X magnification). CHC decreased the formation of capillary-like

structures, under normoxia.
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Figure 21| The effects of inhibition of MCT activity on the formation of capillary-like structures by HBMEC cells up to 24 hours,

under hypoxia. Representative images of Matrigel-based tube formation assay (100X magnification). CHC disrupted the

assembling of capillary-like structures, under hypoxia.
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3.3 Effect of MCT downregulation on endothelial cell function

Since MCT inhibitors may have other targets in the cell, which will limit their specificity,

MCT downregulation using siRNA was also performed, to confirm the role of these transporters

on the maintenance of endothelial cell function.

MCT downregulation, under both normoxia and hypoxia, was confirmed in brain

endothelial cells by WB, as represented in Figure 22.
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Figure 22| Representative image of MCT expression, under normoxia and hypoxia, four days after transfection of HBMEC cells

with siRNA. siRNA oligonucleotide sequences which were used in the transfection process successfully downregulated MCT1 and

MCT4 isoforms, under normoxia and hypoxia.

3.3.1 Cell Survival

Downregulation of MCT1, alone or in combination with MCT4, significantly reduced
endothelial cell viability at 24 hours, either in normoxia or hypoxia (Figure 23). Nevertheless, no

significant differences were encountered between normoxia and hypoxia.

Furthermore, concerning Annexin V/PI staining, the knockdown of both MCT1 and MCT4

isoforms revealed a tendency to increase late apoptotic/necrotic cell population in HBMEC cells,

under hypoxia (Figure 24A and 24B).
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Figure 23]Influence of MCT knockdown on endothelial cell viability at 24 hours, under normoxia and hypoxia. Values are

normalized to the CTR group (scramble, 100%). Under normoxia, MCT1 downregulation alone or in combination with MCT4

effectively reduced cell viability in HBMEC cell line at 24 hours. Similar effects were observed under hypoxia, however no

significant differences were found between both conditions.
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Figure 24| Influence of MCT knockdown on endothelial cell death at 24 hours, under normoxia and hypoxia. (A) Representative

dotplot of cell population distribution stained for Annexin V and PI, 24 hours after MCT downregulation had been achieved (cell

population in bottom/left = viable cells; cell population in upper/right = late apoptosis/necrosis). (B) Barplot representing late

apoptotic/necrotic endothelial cells, under both normoxia and hypoxia. A tendency for increased cell death in HBMEC cells is

observed upon downregulation of both MCT isoforms, under hypoxia. *p<0.05, ***p<0.001 comparing MCT-downregulated cells

with the scramble group.
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3.3.2 Cell Metabolism

Downregulation of MCT isoforms, alone or in combination, induced a significant decrease
in glucose uptake by endothelial cells at 24 hours, under normoxia and hypoxia (Figure 25A).
Furthermore, lactate production was significantly reduced upon MCT downregulation at 24 hours,
under normoxia (Figure 25B). However, under hypoxia, only individual MCT knockdown induced
a significant decrease in lactate efflux by endothelial cells (Figure 25B). Interestingly, under
hypoxia, the impairment of the glycolytic metabolism through MCT downregulation seems to be
less efficient. Indeed, simultaneous downregulation of both MCT1 and MCT4 induced a
significantly higher reduction in glucose uptake by HBMEC cells, under normoxia than hypoxia.
Additionally, MCT4 knockdown led to a higher decrease in lactate production, under normoxia

than hypoxia, in endothelial cells (Figure 25B).
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Figure 25| Influence of MCT downregulation on endothelial cell metabolism at 24 hours, under normoxia and hypoxia. Values are
depicted as normalized to the scramble group (100%). (A) MCT downregulation effectively reduced glucose uptake by HBMEC cell
line at 24 hours, under both normoxia and hypoxia. Differences between both environmental conditions were only found when
both MCT1 and MCT4 were simultaneously downregulated (B) Lactate efflux was also impaired upon MCT knockdown at 24
hours, under normoxia. However, only downregulation of each MCT isoform individually was able to decrease lactate production,
under hypoxia. Additionally, differences between normoxic and hypoxic conditions were only encountered when MCT4 isoform
was downregulated. *p<0.05, **p<0.01, ***p<0.001 comparing MCT-downregulated cells with scramble group; #,0<0.05,

$,0<0.01 comparing both normoxia and hypoxia conditions.

3.3.3 Cell Proliferation

MCT downregulation did not induce significant changes on endothelial cell proliferation at

24 hours, under normoxia (Figure 26). Interestingly, under hypoxia, downregulation of either
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MCT1 or MCT4 significantly increased endothelial cell proliferation, while the knockdown of both

MCT isoforms significantly reduced proliferation of HBMEC cell line (Figure 24C) and these

observations were found to be significantly different comparatively to normoxia (Figure 24C).
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Figure 26| | Influence of MCT downregulation on endothelial cell proliferation at 24 hours, under normoxia and hypoxia. Values

are normalized to scramble group (100%). At 24 hours, no significant effect on endothelial cell proliferation was found upon MCT

knockdown, under normoxia. By contrast, under hypoxia, downregulation of each MCT isoform per se increased proliferation of

HBMEC cells, while simultaneous knockdown of both MCT1 and MCT4 significantly decreased endothelial cell proliferation.

Additionally, the effects observed under hypoxia were found to be statistically different when compared with normoxia. **p<0.01,

*ok ok

hypoxia.

£<0.001 comparing MCT-downregulated cells with scramble group; $,<0.01; 8p<0.001 comparing both normoxia and

Additionally, the cell cycle of HBMEC cells was unaffected upon MCT downregulation,

under both normoxia (Figure 27A and 27C) and hypoxia (Figure 27B and 27C).
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Figure 27 | Influence of MCT downregulation on cell cycle distribution at 24 hours, under normoxia and hypoxia. Representative
assay of cell cycle analysis for HBMEC cells, under both normoxia and hypoxia, 24 hours after MCT downregulation had been
achieved. Histograms of cell population distribution stained for Pl are represented in the left panel for normoxic (A) and in the
right panel for hypoxic (B) conditions (cell population in the first peak = GO/G1 phase; cell population between two peaks = S
phase; cell population in the second peak = G2/M phase). (C) Barplot representing endothelial cell distribution in each cell cycle

phase, under both normoxia and hypoxia. No differences in the HBMEC cells’ cycle were found after MCT downregulation.

3.3.4 Capillary-like structure assembling in vitro

The formation of capillary-like structures by HBMEC cells was assessed, under normoxia

and hypoxia, throughout 24 hours, after MCT downregulation.

The qualitative evaluation of images indicates that MCT1 downregulation did not affect
vessel assembling /n7 vifro neither at 8 or 24 hours (Figure 28). On the other hand, simultaneous
downregulation of both MCT1 and MCT4 impaired the formation of capillary-like structures by
brain endothelial cells at 8 and 24 hours (Figure 28).

Under hypoxia, MCT1 downregulation, alone or in combination with MCT4, did not affect
the formation of capillary-like structures, at 8 hours (Figure 29). However, at 24 hours the
number of capillary-like structures being assembled was found to be decreased in HBMEC cells
(Figure 29). Importantly, the effects of MCT downregulation on the development of capillary-like

structures were higher under normoxia than hypoxia (Figure 28 and 29).
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Figure 28| Influence of MCT downregulation on the assembling of capillary-like structures by HBMEC cells up to 24 hours, under

normoxia. Representative images of Matrigel-based tube formation assay (100X magnification). Only the simultaneous

downregulation of both MCT isoforms seems to lead to a decrease on vessel assembling /7 vitro.
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Figure 29| Effects of MCT downregulation on the development of capillary-like structures by HBMEC cells up to 24 hours, under
hypoxia. Representative images of Matrigel-based tube formation assay (100X magnification). Either MCT1 or MCT1/4

knockdown decreased the number of capillary-like structures, mainly at 24 hours.
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3.4 Effect of MCT downregulation on the angiogenic stimulation by glioma

cells

MCT downregulation, alone or in combination, was also performed in glioma cells
(U251), under normoxia and hypoxia. Then, glioma cells’ conditioned media were harvested and

transferred to endothelial cells to study the angiogenic capacity of tumor cells.

MCT downregulation in glioma cells, under both normoxia and hypoxia, was confirmed by

WB, as represented in Figure 30.
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Figure 30| Representative image of MCT expression, under normoxia and hypoxia, five days after transfection of U251 cells with

siRNA. siRNA oligonucleotide sequences which were used in the transfection process effectively downregulated MCT1 and MCT4

isoforms, under normoxia and hypoxia.

3.4.1 Glioma cells’ conditioned media: glucose and lactate contents

Figure 31A shows similar glucose amounts in scramble-derived glioma cells’” CM from
both normoxia and hypoxia, 48 hours after MCT downregulation. However, lactate levels in

scramble-derived glioma cells’ CM from hypoxia were significantly higher than scramble-derived

CM from normoxia (Figure 31B)

Despite lacking statistical significance, MCT-silenced glioma cells’ CM from both

normoxia and hypoxia tended to increase glucose levels in the media, 48 hours after MCT
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knockdown (Figure 31C). By contrast, there was a tendency to decrease lactate amounts in the

conditioned media, under both normoxia and hypoxia, comparatively to scramble (Figure 31D).
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Figure 31| Glucose and lactate contents in glioma cells’ conditioned media 48 hours after MCT downregulation, under normoxia
and hypoxia. Glucose (A) and lactate (B) levels in scramble-derived glioma cells’ CM from normoxia and hypoxia. Similar glucose
amounts were found between both scramble-derived glioma cells’” CM from normoxia and hypoxia (A), while lactate levels were
significantly increased in scramble-derived glioma cells’ CM from hypoxia, comparatively to its normoxic counterpart (B). Glucose
(C) and lactate (D) contents in glioma cells’ CM from normoxia and hypoxia, 48 hours upon MCT downregulation. Comparatively
to scramble, a tendency for glucose accumulation was observed in MCT-silenced glioma cells’ CM, under either normoxia or
hypoxia (C). In opposition, lactate amounts tended to be decreased in CM, after MCT downregulation, relatively to scramble,

under both normoxia and hypoxia (D). *p<0.05 comparing scramble-derived CM from hypoxia and normoxia.

3.4.2 Influence of MCT downregulation on total VEGF-A gene expression

Total VEGF-A mRNA levels were evaluated, after MCT downregulation in glioma cells,

under normoxia and hypoxia.
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Qualitative RT-PCR revealed that total VEGF-A expression was increased, upon
simultaneous downregulation of both MCT1 and MCT4, under both normoxia and hypoxia.
Additionally, the induction of VEGF-A expression by hypoxia was higher, comparatively to

normoxia, when comparing between scramble groups (Figure 32A).
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Figure 32| Qualitative evaluation of VEGF-A mRNA levels in glioma cells, upon MCT downregulation, under normoxia and hypoxia.
(A) Simultaneous downregulation of both MCT isoforms increased total VEGF-A expression, under both normoxic and hypoxic
conditions. Under hypoxia, the effects of MCT downregulation were higher. cDNA fragments were expected to be between 200

and 400 bp. (B) B-actin (200 bp) was used as housekeeping gene.

3.4.3 Endothelial cell survival

At 24 hours, no significant differences were found on endothelial cell viability, upon their

growth in scramble-derived CM from both normoxia and hypoxia (Figure 33A).
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Figure 33| Effects of glioma cells’ CM on endothelial cell biomass at 24 hours. Values are depicted as normalized to the control

groups (100%). (A) Endothelial cell viability was unaffected, upon 24 hours of growth in scramble-derived CM from normoxia and
hypoxia. (B) Only normoxia-derived CM upon MCT4 downregulation significantly improved endothelial cell survival, while its hypoxic

counterparts did not have such effects. **p<0.01 comparatively to CTR groups; $<0.01 comparatively to normoxia.
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Furthermore, the effects of CM resultant from MCT downregulation in U251 cell line,
under normoxia and hypoxia, were examined on endothelial cell biomass at 24 hours, under
normoxia. In fact, only normoxia-derived CM upon MCT4 downregulation in glioma cells
significantly improved survival of endothelial cells, comparatively with scramble group (Figure
33B). Interestingly, hypoxia-derived CM upon MCT4 downregulation in U251 cells did not induce
such significant increase on endothelial cell biomass, when compared with its normoxic

counterpart (Figure 33B)

3.4.4 Endothelial cell metabolism

Both glucose consumption (Figure 34A) and lactate production (Figure 34B) rates of
HBMEC cells tended to be decreased after endothelial cell growth in scramble-derived CM from

hypoxia in comparison to its normoxic counterparts.

In addition, MCT-silenced glioma cells’ CM from normoxia tended to increase glucose
uptake by brain endothelial cells, with significant effects observed in MCT4-silenced glioma cells’
CM (Figure 34C) MCT-silenced glioma cells’ CM from hypoxia revealed a tendency to a higher
increase on glucose consumption rates of endothelial cells, comparatively to their normoxic-
derived counterparts, with a significant result in the case of double-silenced glioma cells’ CM
(Figure 34C). However, endothelial cell growth in MCTI1-downregulated glioma cells’ CM

significantly decreased glucose uptake rates in HBMEC cells.

Contrarily to glucose consumption rates, endothelial cells tended to decrease lactate
production, when grown in MCT-silenced glioma cells’ CM from normoxia, with significant effects
observed in MCT1/4-downregulated glioma cells’ CM (Figure 34D). In opposition, both MCT-4
and MCT1/4-downregulated glioma cells’” CM from hypoxia had the opposite effect comparatively
to their normoxia-derived counterparts, significantly increasing lactate production by HBMEC cells

(Figure 34D).
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Figure 34| Effects of glioma cells’ CM on endothelial cell metabolism, at 24 hours. Values are depicted as normalized to the
CTR groups (100%). No significant differences were encountered on glucose uptake (A) and lactate efflux (B) by HBMEC cells,
after 24 hours of growth in scramble-derived CM from hypoxia comparatively to normoxia. (C) MCT4-silenced glioma cells’ CM
from normoxia significantly increased glucose uptake by endothelial cells and, a similar tendency was observed, upon
endothelial cell growth in glioma cells’ CM from both normoxia and hypoxia, with the exception of MCT1-silenced glioma cells’
CM from hypoxia. Interestingly, MCT1/4-downregulated CM from hypoxia induced a higher increase in glucose uptake rates of
HBMEC cells, when compared to its normoxic counterparts. (D) Lactate production by HBMEC cells significantly decreased,
upon their growth in MCT1/4-silenced glioma cells’ CM from normoxia. By contrast, lactate efflux appeared to be increased,
upon endothelial cell growth in MCT-downregulated glioma cells’ CM from hypoxia, especially when both MCT isoforms were

knockdown. *p<0.05, **p<0.01 comparatively to CTR groups; #0<0.05, 8p<0.001 comparing normoxia and hypoxia.

3.4.5 Endothelial cell proliferation

There was a tendency for scramble-derived glioma cells’ CM from hypoxia to increase

endothelial cell proliferation, comparatively to scramble-derived CM from normoxia (Figure 35A).

The effects of MCT-silenced glioma cells’ CM on endothelial cell proliferation were also
evaluated (Figure 35B). Normoxia-derived CM resultant from MCT1 downregulation alone or in

combination with MCT4 knockdown significantly decreased HBMEC proliferation. In addition,
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MCT-silenced glioma cells’ CM from hypoxia significantly decreased endothelial cell proliferation
and, the effects of MCT4-silenced glioma cells’” CM were higher comparatively to its normoxic
counterpart (Figure 35B). In addition, no differences were found in endothelial cells’ cycle, after
HBMEC cells’ growth in MCT-silenced glioma cells’ CM from both normoxia (Figure 36A and
36C) and hypoxia (Figure 36B and 36C), comparatively to scramble groups.
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Figure 35| Effects of glioma cells’ CM on endothelial cell proliferation at 24 hours. Values are depicted as normalized to control
groups (100%). (A) Scramble-derived CM from hypoxia tended to increase proliferation rates of HBMEC cells. (B) Endothelial cell
proliferation was decreased, when cells were incubated with MCT1- and MCT/4-silenced glioma cells’ CM from normoxia. Also,
MCT-downregulated glioma cells’ CM from hypoxia decreased HBMEC cells’ proliferation and MCT4-downregulated CM induced a

higher decrease than its normoxic-derived counterpart. *p<0.05 comparatively to control groups; 8,<0.001 comparing normoxia

and hypoxia.
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Figure 36| Representative assay of cell cycle analysis for HBMEC cells, after 24 hours of growth in MCT-silenced glioma cells’
CM from normoxia and hypoxia. Histograms of cell population distribution stained for Pl are represented in the upper panel for
glioma cell’ CM from normoxia (A) and in the lower panel from hypoxia (B) (cell population in the first peak = GO/G1 phase; cell
population between two peaks = S phase; cell population in the second peak = G2/M phase). (C) Barplot representing endothelial
cell distribution in each phase of the cell cycle, where no differences were found, upon endothelial cells’ growth in MCT-silenced

glioma cells’ CM.

3.4.6 Capillary-like structure assembling /in vitro

The qualitative assessment of the development of capillary-like structures, upon cell
growth in MCT-downregulated glioma cells’ CM, under both normoxia and hypoxia, was
performed in HBMEC cells. As showed in Figure 37, MCT-downregulated glioma cells’ CM from
normoxia did not change the formation of capillary structures, at 8 hours, relatively to scramble-
derived CM. At 24 hours, the previous assembled structures were disrupted, upon HBMEC cells’

growth in MCT-downregulated glioma cells’ CM (Figure 37).

In comparison with its normoxic counterparts, in hypoxia-derived glioma cells’ CM, the
assembling of capillary-like structures was enhanced, at 8 hours. However, no differences
between scramble and MCT-downregulated glioma cells’ CM were found. Although less than in
normoxia-derived CM, the number of capillary-like structures were decreased at 24 hours in

MCT1- and MCT1/4-downregulated glioma cells’ CM (Figure 38).
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Figure 37| Influence of MCT-silenced glioma cells’ CM from normoxia in the development of capillary-like structures by HBMEC
cell line. Representative images of Matrigel-based tube formation assay (100X magnification). At 8 hours, MCT-silenced glioma
cells’” CM did not interfere with the formation of capillary structures, comparatively to scramble-derived CM. By contrast, the
previous effects were disrupted at 24 hours, upon endothelial cell growth in MCT-silenced glioma cells’ CM.

Hypoxia

Scramble- MCT1 MCT4 MCT1/4
derivedCM downregulated CM downregulated CM downregulated CM
PRI 22 Sh ‘ B
Y R

_24hours

Figure 38| Influence of MCT-silenced glioma cells’ CM from hypoxia in the development of capillary-like structures by HBMEC cell
line. Representative images of Matrigel-based tube formation assay (100X magnification). At 8 hours, all hypoxia-derived glioma

cells” CM induced the development of capillary structures. However, the number of capillary-like structures was reduced, mainly in

MCT1 and MCT1/4 glioma cells' CM, at 24 hours.
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3.4.7 Influence of glioma cells’ CM on CAM vascularization

In addition to the /n wiro experiments, modulating the development of capillary-like
structures, /n vivo studies were further performed to evaluate the effects of glioma cells’ CM, after
MCT knockdown, under both normoxia and hypoxia, on CAM vascularization, 24 hours after

injection.

Scramble-derived glioma cells’” CM from both normoxia and hypoxia induced phenotypic
alterations in the vascular network of chick chorioallantoic membrane, 24 hours after the
injection (Figure 39). Additionally, MCT1-downregulated glioma cells’ CM from both normoxia
(Figure 40) and hypoxia (Figure 41) did not induce similar alterations on CAM vascularization,
comparatively to the scramble group, while, the other MCT-downregulated glioma cells’ CM

triggered similar effects to scramble groups (Figure 40 and 41).

Scramble-derived gliomacells’ CM  Scramble-derived gliomacells' CM
Silicon ring alone (Normoxia) (Hypoxia)

Q hours

Figure 39| Effects of scramble-derived glioma cells’ conditioned media from normoxia and hypoxia on CAM vascularization, i
vivo. Representative images (10X magnification) of chick chorioallantoic membrane, 24 hours after CM injection (n=3 eggs per
group). Conditioned media (CM) from both scramble groups induced phenotypic alteration on CAM vascularization, 24 hours after

CM injection.
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MCT1/4-silenced glioma
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Normoxia
Figure 40|Influence of MCT-downregulated glioma cells’ CM from normoxia on CAM vascularization, in vivo. Representative
images (10X magnification) of chick chorioallantoic membrane, 24 hours after CM injection (n=3 eggs per group). Comparatively
to scramble group, MCT1-dowregulated glioma cells’ CM from normoxia did not change the vascular network of chick
chorioallantoic membrane, at 24 hours. Similarly to scramble group, both MCT4- and MCT1/4-silenced glioma cells’ CM induced
phenotypic alterations on CAM vascularization, 24 hours after CM injection.

MCT1/4-silenced glioma
Scramble-derived glioma MCT 1-silenced glioma MCT 4-silenced glioma cells CM
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Figure 41 | Effects of MCT-downregulated glioma cells’ CM from hypoxia on CAM vascularization, in vivo. Representative images
(10X magnification) of chick chorioallantoic membrane, 24 hours after CM injection (n=3 eggs per group). Likewise glioma cells’
CM from normoxia, also MCT1-dowregulated glioma cells’ CM from hypoxia did not alter the vascular network of chick
chorioallantoic membrane, at 24 hours, comparatively to scramble group. Similarly to scramble group, both MCT4- and MCT1/4-

silenced glioma cells’ CM induced phenotypic alterations on CAM vascularization, 24 hours after the CM injection.
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3.5 Influence of hierarchical fibrous scaffolds on the maintenance of tumor

and endothelial cells’ function

3.5.1 Cell Viability

Hierarchical fibrous scaffolds, resembling the complexity and the hierarchical
organization of the natural ECM, were used to assess the influence of a 3D environment on the
maintenance of tumor and endothelial cells’ functions. To achieve that propose, human glioma
cells (U251 cell line) and human brain microvascular endothelial cells (HBMEC cell line) were
individually seeded into those polymeric structures and the cell viability evaluated at 1, 3 and 7

days of culture, using the standard MTS assay.

Endothelial cells’ viability was significantly increased upon their seeding into hierarchical
fibrous scaffolds at day 7 (Figure 42A), while tumor cell viability started to be impaired at day 3
and remained decreased up to day 7 (Figure 42B), comparatively to day 1 (i.e. 24 hours after
cell seeding and adhesion to the 3D polymeric structure) . Comparing both culture systems,
significant differences in cell viability were only found in U251 cell line, at day 3, where glioma

cells’ viability appeared to be increased in the standard 2D system (Figure 42B).
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Figure 42 |Influence of hierarchical fibrous scaffolds on cell viability. (A) Endothelial cell viability was significantly increased at day
7, relatively to day 1. (B) Tumor cell viability was significantly impaired at day 3 and remained decreased at day 7, comparatively
to day 1. At day 3, glioma cells’ viability was enhanced in 2D culture system, comparatively to hierarchical fibrous scaffolds
**p<0.01, ***p<0.001 comparing days of culture; 6p<0.001 comparing the hierarchical fibrous scaffolds with the standard 2D

culture system.
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3.5.2 Cell Metabolism

In addition to cell viability, cell metabolism was also evaluated through determination of

glucose consumption and lactate production, upon cell seeding into the hierarchical fibrous

scaffolds, up to 3 days.

At day 3, both glucose uptake (Figure 43A) and lactate production (Figure 43B) rates
were significantly increased in endothelial cells, seeded into hierarchical fibrous scaffolds,

comparatively to day 1.
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Figure 43| Influence of hierarchical fibrous scaffolds in human endothelial cells’ metabolism. Both glucose consumption (A) and

lactate production (B) rates were significantly improved at day 3, in HBMEC cells, comparatively to day 1. *p<0.05 comparing
both day 3 and 1.

Similarly, a significant increase in glucose consumption (Figure 44A) and lactate
production (Figure 44B) were observed in glioma cells. Furthermore, these effects on cell

metabolism were higher in tumor than in endothelial cells.

= U251 U251
<. 2001 A . = 2007 g *
3 3 ——
(=] o
had o
£ 150 S 1501
=% £
£ w
= =
S 100+ = 1004
g 2
£ o
3
Z 504 g 50
3 a
o 2
3 s
Fgo 0- T § 0- T
*\ \\"D *\ \\")
Q’b Q’b Q'b Q’b

Figure 44 |Influence of hierarchical fibrous scaffolds in human glioma cells’ metabolism. Glucose uptake (A) by U251 cells was
significantly increased, accompanied by an increase in lactate production (B) at day 3, relatively to day 1. **p<0.01, ***p<0.001
comparing both day 3 and 1.
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4 Discussion

During hyperplasic growth of tumors, there is an impairment in both nutrient and oxygen
supply to the neoplastic cells located far away from blood vessels, which would limit tumor
progression. However, cancer cells have acquired the ability to develop their own vasculature,
commonly from the preexisting blood vessels — tumor angiogenesis. Besides its role in
supporting tumor growth, angiogenesis contributes for tumor aggressiveness, since it provides a
key mechanism through which cancer cells disseminate via the blood stream to distant organs,

to develop metastasis [34].

Tumor blood vessels exhibit some structural and functional abnormalities [29], giving rise
to hypoxic regions within tumors [45]. As a consequence, tumor cells are able to reprogram their
energy metabolism from oxidative phosphorylation to increased glycolytic rates, regardless of
oxygen availability - “Warburg effect”. This upregulation of glycolysis leads to the production of
large amounts of lactic acid, which is released to the tumor milieu through MCTs, contributing for
malignant progression, invasion and metastasis [137]. The pro-angiogenic effects of lactate have
been described over the time. Nevertheless, the influence of hypoxia, as well as the role of MCTs

on the angiogenic capacity of tumor cells is still an unanswered question.

In the present study, hypoxia induced an increase in both MCT1 and MCT4 total
expression, in brain endothelial cells, together with an increase in the plasma membrane
expression for MCT1. However, comparatively with MCT1 levels, which were found mainly at the
plasma membrane, immunocytochemical analysis revealed only a slight increase of MCT4 at the
plasma membrane under hypoxia, remaining the greatest part of the protein in the cytoplasm.
Such MCT4 expression in the cytoplasm may be related with its role in lactate-pyruvate shuttles
located in intracellular organelles (e.g. mitochondria) [223, 224]. Accordingly, both GLUT-1 and
CAIX expressions were slightly increased at the plasma membrane of endothelial cells, under
hypoxia, whereas the expression levels of other glycolytic markers, including HKII, PDH and PDK,
were not affected by hypoxic conditions. Importantly, endothelial cells maintained their high LDH-
V levels, under hypoxia. It is important to highlight that our results from immunocytochemistry

suggest a higher increase on the expression of certain metabolic markers than the one observed
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in WB analysis. Importantly, immunocytochemical approach has the advantage of allowing the
evaluation of protein localization, which is not possible using Western blotting. Consistent with
these results, glucose consumption rates tended to be enhanced, along with a significant
increase on lactate production, under hypoxia, by HBMEC cells, which, in turn, will prepare

endothelial cells for rapid sprouting and migration [225].

There are still some controversies around MCT1 function in endothelial cells. Some
literature points at MCT1 as an effector molecule, performing lactate uptake in endothelial cells
[207, 219, 220]. In opposition, other studies report MCT1 as a mediator on lactate efflux from
corneal endothelium to anterior chamber, due to the high lactate gradient from cornea (=13mM)
to anterior chamber (=7mM) [212, 214]. However, studies addressing MCTs' contribution in
endothelial cell response to hypoxia are inexistent. In the present work, similarly to what is
already described in corneal endothelium, our data suggest the involvement of MCT1 and, in at
lower extent MCT4, on lactate efflux from brain endothelial cells, mainly under hypoxia. These
observations are also supported by increased expression of their chaperone proteins, CD147 and

CDA44, at plasma membrane of HBMEC cells, under these conditions.

In order to understand the biological role of MCTs on the maintenance of endothelial cell
function, under hypoxia, several /n vitro assays were performed, using both inhibition of MCT
activity and MCT downregulation. CHC was used as an inhibitor of MCT activity, namely because
it is the best described MCT inhibitor in the literature, having MCT1 as primary target [118].
However, in the recent years, CHC specificity has been questioned, since it is likely to have
additional targets (e.g. chloride-bicarbonate exchanger AE1) [84] and, because of that, we also

performed specific MCT downregulation using siRNA, to validate the results obtained with CHC.

Our results revealed sensitivity of brain endothelial cells to CHC, under both normoxia
and hypoxia. Since MCT1 was found to be upregulated under hypoxic environments, we expected
a higher sensitivity of HBMEC cells to CHC inhibition, under these conditions. However, hypoxia
did not sensitize brain endothelial cells to CHC. Despite lacking higher sensitivity to CHC under
hypoxia, there was a tendency for increased endothelial cell death, especially under those

conditions, suggesting the potential cytotoxic effects of CHC in HBMEC cells.

In opposition to normoxia, where CHC effects on endothelial cell viability seem to be due

to impairments on lactate transport activity, in hypoxic environments, such association is unlikely
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to occur, since CHC-treated cells exhibited similar lactate production rates compared to CTR
group, despite their lower glucose uptake rates. These similar levels of lactate production
between both CTR and treated groups may be due to an increase on MCT4 expression at
endothelial cell plasma membrane, as a compensatory mechanism of MCT1 inhibition, under
hypoxia. Actually, Ullah et a/. reported MCT4 overexpression under hypoxia, in a HIF-1o-mediated

mechanism [112].

According to the previous results, CHC decreased endothelial cell proliferation, under
both environmental conditions. The highest CHC concentration decreased endothelial cell
proliferation around 50%, under both normoxia and hypoxia, which was accompanied by an
increased tendency for endothelial cell death, suggesting the cytotoxic effects of CHC at higher
concentrations. The lowest CHC concentration also decreased endothelial cell proliferation, more
effectively under normoxia, together with a tendency to increase endothelial cell death,
suggesting that, depending on the environmental condition, lower doses of CHC may also trigger
cytotoxic or cytostatic effects in endothelial cells. These effects on endothelial cell proliferation
under hypoxia are likely to occur, due to other mechanisms rather than lactate transport
inhibition, as the lactate transport activity performed by HBMEC cells seems to be unaffected
upon treatment. Since there was a decrease in endothelial cell proliferation rates, after CHC
treatment, cell cycle analysis seems to reveal a tendency for increased endothelial cell
distribution in G2/M phase, upon CHC treatment, suggesting a cell cycle arrest in that phase of
the cell cycle. Accordingly, it seems that CHC may promote alterations in endothelial cells’ DNA,

avoiding the progression of cell cycle.

The development of capillary-like structures also tended to be disrupted upon endothelial
cells’ treatment with CHC. However, our results are somehow inconclusive, mainly under
normoxia, since not even non-treated HBMEC cells were able to assemble well-defined capillary-
like structures. Therefore, this approach need to be further optimized regarding, for instance,

cellular density and fetal bovine serum content.

Altogether, our evidence demonstrate the importance of MCT1 on the maintenance of
endothelial cell function, mainly under normoxia, decreasing both endothelial cell viability and
proliferation, which seems to be related with reduced lactate transport activity, under these

conditions. Under hypoxia, MCT1 inhibition did not affect endothelial cells in the same way,
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which may be due to MCT4 upregulation, as a compensatory mechanism. However, this fact

needs further investigation.

Thus, we intended to confirm the role of MCTs on endothelial cell function, under normal

conditions and in response to hypoxia, performing MCT downregulation experiments using siRNA.

Similarly to CHC, MCT1 downregulation decreased endothelial cell biomass, mainly
under hypoxia, whereas no significant differences in endothelial cell survival were found upon
MCT4 knockdown. Importantly, when both isoforms were simultaneously downregulated, total
endothelial cell biomass was decreased around to 50 and 60%, under normoxia and hypoxia,
respectively. Accordingly to CHC experiments, this impairment on cell viability, observed under
normoxia, may be partially due to a disruption on lactate transport activity, suggesting the role of

MCTs on the maintenance of endothelial cell function, under these conditions.

A disruption in glucose consumption rates, without interference on lactate production
suggests that endothelial cells are producing lactate from other sources (e.g. glutamine, through
glutaminolysis). Indeed, endothelial cells effectively transport and utilize glutamine as fuel, mainly
when glycolytic metabolism is decreased [225, 226]. In addition to MCT1 and MCT4, there are
other MCT isoforms, such as MCT2, performing lactate transport activity [81, 86]. Accordingly,
previous results from our group demonstrated MCT2 expression in the cytoplasm of HBMEC
cells, under normoxic conditions (Freitas-Cunha, M.: unpublished data). Additionally, some
authors have documented the expression of MCT2 in mammalian endothelial cells [215, 216,
227], and other have suggested its role in lactate efflux [214]. Hence, we may hypothesize that
MCT2 is overexpressed in brain endothelial cells after simultaneous downregulation of MCT1 and
MCT4, mainly under hypoxia. There are some controversies concerning MCT2 expression and
hypoxia. Hypoxia increased MCT2 expression in human breast cancer cell lines, whereas MCT2
expression in brain cancer ones was decreased [228]. Also, in adipose tissue, MCT2 mRNA
levels were found to be downregulated under hypoxia [114]. Additionally, in rat hippocampal
samples, MCT2 expression was decreased, upon the induction of intermittent hypoxia [229].
However, studies addressing the influence of hypoxia on MCT2 expression in endothelial cells are

inexistent.

Regarding endothelial cell proliferation, measured by BrdU incorporation, no significant

differences were found upon MCT downregulation, under normoxia. In addition, under hypoxia,
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MCT1 and MCT4 downregulation, per se, improved proliferation rates of HBMEC cells, whereas
double-MCT1/4 knockdown decreased endothelial cell proliferation, similarly to the highest CHC
concentration. In a hypoxic microenvironment, such decrease in endothelial cell proliferation
rates, upon MCT1/4 downregulation is supported by increased cell death, under these
conditions, as indicated by Annexin V/PI staining. However, the same approach should be
performed upon individual knockdown of MCT1 and MCT4, in order to validate the results from
BrdU. Additionally, cell cycle analysis did not support our results from BrdU obtained under
hypoxic conditions, but the results presented are only from one assay. Thus, our conclusions

regarding this matter are limited and need further investigation.

Altogether our results seem to indicate that, under normoxia, as expected, impairments
in endothelial cell viability may be due to a disruption in lactate transport activity, when MCT1
was downregulated, alone or in combination with MCT4. Under these conditions, MCT2 seems to
have no influence on lactate efflux, since its expression remained in the cytoplasm (Freitas-
Cunha, M.: unpublished observations). Under hypoxic conditions, a decrease in endothelial cell
viability may be explained through a decrease in HBMEC proliferation rates, which were
accompanied by a tendency to increase endothelial cell death, after simultaneous downregulation
of MCT1 and MCT#4 isoforms, in spite of no differences being found in lactate transport activity. A
reasonable explanation may be the upregulation of MCT2 at the plasma membrane of brain

endothelial cells, under hypoxia.

In agreement with the previous results, the development of capillary-like structures were
also found to be decreased 24 hours after MCT1/4 downregulation had been achieved, mainly
under normoxia, which once again may be associated with the impairment of lactate transport
activity, under these conditions. In contrast, under hypoxia, a decreased number of capillary-like
structures may be due to decreased proliferation rates, which were observed upon simultaneous
downregulation of MCT1 and MCT4. This impairment observed under hypoxia, without influence
of lactate transport activity may be related with potential alterations in downstream signaling

cascades which, in turn, would compromise endothelial cell function.

Accordingly to the previous results from CHC, results from MCT downregulation point out
the importance of the glycolytic phenotype and MCT1/4 expression on the maintenance of

endothelial cell function, mainly under normoxia. In contrast, under hypoxia, the absence of both
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MCT1 and MCT4 seems to be counterbalanced, which may be due to the upregulation of MCT?2

at the plasma membrane of brain endothelial cells, under these conditions.

After addressing the role of MCTs on endothelial cell response to hypoxia, we decided to
evaluate their influence on tumor-endothelial cell interplay. For that, MCT downregulation was
performed in U251 glioma cells, under normoxia and hypoxia. Then, the resultant conditioned
media (CM) was transferred to endothelial cells, in order to understand its effects on endothelial

cell function.

As expected, scramble-derived glioma cells’ CM from hypoxia exhibited higher lactate
levels relatively to its normoxic counterpart, despite the similarities in glucose amounts. In fact,
tumor hypoxia has been associated with lactate overproduction, contributing for the acidification
of tumor microenvironment and, consequently, for tumor aggressiveness [230]. Despite lacking
statistical significance, either individual or simultaneous MCT downregulation tended to increase
glucose amounts and reduce lactate production, under both normoxia and hypoxia. These data
seem to support the expression of other transporters performing lactate efflux (e.g. SMCTs),

especially when both MCT1 and MCT4 isoforms are simultaneous downregulated.

Upon growth in MCT4-silenced glioma cells’ CM from normoxia, HBMEC cells’ total
endothelial cell biomass was significantly enhanced. However, the effects of the hypoxia
counterpart were lower. The maintenance of endothelial cell viability, after their growth in MCT-
downregulated glioma cells’ CM may be due to metabolic adaptations occurring in endothelial
cells under conditions of nutrient deprivation, which have been reported as mediated by VEGF-A

signaling [231].

Endothelial cells’ grown in MCT4- and MCT1/4-downregulated glioma cells’ CM from
hypoxia tended to improve its glucose consumption rates, consequently increasing lactate efflux.
This may be related with VEGF-A mRNA levels, which were found to be upregulated, upon MCT
knockdown in glioma cells, mainly, as expected, under hypoxia. In fact, in energy-depleted tumor
cells, the stabilization of VEGF-A mRNA levels through AMPK activation has been reported [232]
and, in brain endothelial cells VEGF-A increases GLUT-1 expression via Akt signaling, which may
promote glycolytic energy production for angiogenic growth [233]. Furthermore, intracellular
lactate accumulation has been demonstrated to decrease NAD* pool which, in turn, inhibits ADP-

ribosylation processes, in macrophages, upregulating their angiogenic activity [234], via VEGF
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synthesis [235]. ADP-ribosylation regulates several enzymes activities, as well as the function of
many nuclear proteins, including proteins involved in DNA repair and gene expression [236].
Accordingly, it is suggested that ADP-ribosylation may regulate VEGF transcription, in a lactate-
mediated mechanism [235]. Conversely, HBMEC cells’ growth in MCT1-downregulated glioma
cells’ CM decreased its glucose consumption rates, without changing lactate production rates.
Actually, the greatest metabolic impairment in glioma cells was observed upon MCT1
knockdown, which tended to decrease lactate amounts in the correspondent CM. In accordance,
we may hypothesize that glutamine levels in the CM are high, comparatively to the other MCT-
downregulated glioma cells’ CM and, for that reason, it may constitute a preferential metabolic
source for brain endothelial cells. In contrast, lactate production rates of endothelial cells tended
to be decreased, after growth in MCT-downregulated glioma cells’ CM from normoxia, with
significant effects observed in MCT1/4-silenced glioma cells' CM. In opposition, glucose uptake
rates tended to be enhanced upon endothelial cells’ growth in MCT-silenced glioma cells’ CM,
with significant effects observed in MCT4-downregulated CM. Probably, under these conditions,
endothelial cells drive glucose to biosynthetic pathways (e.g. nucleotide synthesis), while they
take up lactate, through MCT1 and, then channelize it into TCA cycle and fuel OXPHOS to supply
their energetic demands, since oxygen is available. Accordingly, some studies have recently
shown that exogenous lactate and its subsequent uptake by endothelial cells through MCT1
stimulates autocrine NF-kB signaling pathway, promoting endothelial cell migration and the
development of capillary-like structures [219]. Further experiments revealed that MCT1 inhibition
on human umbilical vein endothelial cells (HUVEC) decreased lactate-induced angiogenesis
[220]. Hence, increased amounts of exogenous lactate and its consumption by endothelial cells

seem to contribute for survival in glucose-deprived environments [225].

Despite VEGF-A mRNA upregulation in glioma cells’ after MCT downregulation,
endothelial cell proliferation was found to be decreased, after HBMEC growth in both MCT1- and
MCT1/4-downregulated glioma cells’” CM from normoxia, while hypoxia-derived glioma cells’ CM,
upon MCT knockdown, significantly decreased endothelial cell proliferation. These observations
were not supported by cell cycle analysis, probably due to the reduced number of experiments.
However, a decrease in endothelial cell proliferation may be due to both post-transcriptional
modifications in VEGF-A transcripts, preventing its complete translation into protein and post-

translational modifications, which would influence protein expression levels. Secondly, some
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VEGF-A spliced variants are not diffusible forms [61], thus the mitogenic effects of VEGF-A may
not be observed, since we have used glioma cells' CM. Furthermore, the development of
capillary-like structures was unaffected at early hours of incubation with MCT-silenced glioma
cells’” CM, mainly under hypoxia. However, a decrease on the capillary-like structures assembling
was observed at 24 hours, especially under hypoxia. These facts suggest the necessity of high

levels of VEGF-A, as well as a continuous VEGF-A signaling to maintain vascular integrity.

Interestingly, /n vivo experiments revealed that exposure to MCT1-downregulated glioma
cells” CM from normoxia and hypoxia did not affect the vascular network of chick chorioallantoic
membrane, at 24 hours, while, the other MCT-silenced glioma cells’ CM triggered similar effects
to scramble groups, inducing phenotypic alterations on CAM vascularization. Curiously, the
MCT1-downregulated glioma cells’ CM from both normoxia and hypoxia exhibited lower lactate
amounts, while, the other MCT-silenced glioma cells’ CM tended to exhibit similar lactate levels to
scramble groups. Thus, we may hypothesize that the pro-angiogenic effects of tumor-derived
lactate may be so powerful, as to damage the developing chick chorioallantoic membrane.
Despite the effects which were observed, the number of experiments should be increased to

support these first /n7 vivo results.

In addition to the 2D experiments, we intended to study the influence of an /n vifro 3D
culture system, on the maintenance of tumor and endothelial cell functions, using hierarchical
fibrous scaffolds. Therefore, we started to assess, individually, whether tumor and endothelial

cells would be able to maintain their functionalities in those systems.

Considering day 1 as reference, because it comprises alive and adhered cells to the 3D
polymeric structure, human endothelial cells’ viability was significantly improved when seeded
into the hierarchical fibrous scaffolds, whereas human glioma cells’ survival was found to be
impaired, remaining decreased until day 7. Concerning cell metabolism, both endothelial and
tumor cells significantly increased the amounts of glucose consumed and lactate produced at day
3, comparatively to day 1. Furthermore, those differences in glucose consumption and lactate
production appear to be higher in glioma cells than in endothelial cells. Although glioma cells’
viability is compromised along the culturing time, their glycolytic metabolism seems not to be
affected, exhibiting increased values of glucose consumption and lactate production. Conversely,
it seems there is a direct correlation between endothelial cells’ viability and metabolism. Indeed,
the high proliferative characteristic of tumor cells is in line with the need of an increased
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glycolytic metabolism. However, in the case of normal endothelial cells, such accelerated

glycolytic metabolism is not so demanding.

Taking together, our preliminary results from 3D culturing system open the window for a
3D co-culture system of both tumor and endothelial cells, to better study the cell-cell interactions
occurring in tumors and, it can constitute, at short/middle term, a great platform for drug testing

in whole /n vitro system, dispensing the use of animals at early stages of investigation.
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5 Concluding Remarks

The current work was based on the lack of studies concerning 1) the role of MCTs on the
maintenance of endothelial cell function, especially under hypoxia and 2) the role of MCTs on the

angiogenic capacity of tumor cells.

Hence, our experiments demonstrated that MCT1 and MCT4 isoforms and their
molecular chaperones, CD147 and CD44 were expressed in brain endothelial cells, mainly under
hypoxia. Furthermore, GLUT-1 and CAIX were also upregulated, and LDH-V levels were
maintained increased, under hypoxia. The upregulation of these key metabolic markers,
collectively, contributes to the increased glycolytic rates, observed under hypoxic conditions.
Further, inhibition of MCT activity, using CHC, as well as MCT downregulation, using siRNA
revealed impairment in endothelial cell viability and, a disruption on the development of capillary-
like structures is suggested, under hypoxia, may be due to the increased cell death and/or
decreased proliferation rates in HBMEC cells, independently of lactate transport activity,

especially when MCT1 was inhibited, alone or in combination with MCT4.

Upon endothelial cell growth in glioma cells’ CM, metabolic adaptations in HBMEC cells
were observed, which may contribute to the maintenance of endothelial cell survival. However,
impairment in endothelial cell proliferation and capillary-like structures assembling were observed
in vitro. Additionally, exposure to MCT1-downregulated glioma cells’ CM from both normoxia and
hypoxia did not affect the vascular network of chick chorioallantoic membrane, comparatively to
scramble groups, whereas the other MCT-silenced glioma cells’ CM triggered similar effects to

scramble groups.

In summary, besides their role in tumor cells, our data point out the importance of MCT1
and, in lower extension MCT4, on the maintenance of endothelial cell function, under normoxia.
Under hypoxia, the absence of both these isoforms seems to be counterbalanced, may be due to
the overexpression of other transporters at the plasma membrane of endothelial cells. In
addition, MCTs seem to be players in tumor microenvironment, acting as essential mediators in

tumor-endothelial cell interplay.
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6 Future Perspectives

In spite of all the results pointing out the importance of MCTs on the maintenance of
endothelial cell function and as essential molecules performing a role in tumor-endothelial cell

crosstalk, this work should be further explored.

Since migration, along with proliferation, constitutes a key mechanism for the
development of capillary-like structures, assays concerning this function, like the “wound-healing”
assay should be performed, upon both inhibition of MCT activity and MCT downregulation, under

normoxia and hypoxia, as well as upon endothelial cell growth in glioma cells’ CM.

The influence of hypoxia, as well as the role of MCTs on the angiogenic capacity of
glioma cells may also be further explored. For instance, the expression levels of VEGF-A- spliced
variants, after MCT downregulation under both normoxia and hypoxia should be evaluated.
Additionally, the protein levels of VEGF-A in glioma cells’ CM should also be measured, through
protein precipitation using trichloroacetic acid or ELISA assays. In this context, the expression
levels of VEGFR-2, as well as phosphorylation at its specific tyrosine kynase domains must be

evaluated in brain endothelial cells, through Western blotting.

Finally, regarding 3D /n vitro culture systems, the quantification of both DNA and protein
synthesis should be performed, in order to evaluate cell proliferation rates. At short/middle term,
the implementation of a 3D co-culture system should be done in our glioma model, in order to

better mimic the /7 vivo interactions between tumor and endothelial cells.
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