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RESUMO

As células endoteliais definem e delineiam todo o sistema vascular, sendo parte
integral do lumen dos vasos que o constituem. As células endoteliais exercem iniUmeras
funcdes na manutencdo da homeostasia do organismo, nomeadamente na regulacdo do
transporte de fluidos, nutrientes e hormonas. Para além disso, permitem também a
circulacdo de células; modulam o ténus vascular e a corrente sanguinea; controlam a
adesdo das plaquetas e regulam a resposta imune e inflamatoria pelo controlo das
interacdes entre as células do sistema imunitdrio e a parede dos vasos sanguineos.
Qualguer perturbacdo neste sistema complexo pode promover o surgimento de
patologia como, por exemplo, aterosclerose, doencas isquémicas, respostas

inflamatodrias deficitarias e varias neoplasias malignas (cancro).

As células endoteliais detém inumeras caracteristicas e propriedades,
nomeadamente: a resisténcia a forca mecanica a que estdo sujeitas devido ao fluxo da
corrente sanguinea; a reduzida taxa de divisdo celular; e a capacidade de regular a
permeabilidade vascular por mecanismos de adesdao célula a célula. Porém, a
caracteristica que diferencia as células endoteliais das demais é a sua capacidade de
comandar a formacdo de novos vasos, um processo denominado sprouting.

As células endoteliais tém a capacidade de responder a determinados fatores de
crescimento, nomeadamente ao fator de crescimento vascular endotelial (VEGF), através
da interagdo com os seus recetores especificos. Esta interacdao desencadeia, na célula
endotelial, cascatas de traducdo de sinal, que podem ativar inUmeros processos
celulares, desde mecanismos de sobrevivéncia que permitem a adaptacdo da célula a
diferentes microambientes até aos varios processos que levam a morte celular.

A adaptacdo celular em resposta a diferentes estimulos podera ser feita ao nivel
da regulacdo transcricional de genes, que € mediada pela acdo de fatores de transcricdo
e/ou por modificacBes epigenéticas. Esta regulacdo é crucial para a diferenciacdo e
adaptacdo das células endoteliais as varias condicGes fisioldgicas e fisiopatoldgicas. Os
fatores de transcricdo ligam-se a sequéncias especificas ou a elementos que se

encontram principalmente na regido regulatéria 5° (5' untranslated region - UTR), muitas
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vezes designada como regido promotora, promovendo o recrutamento da maquinaria de
transcricdo onde se inclui a RNA polimerase. O fator nuclear de células T ativadas
dependente da calcineurina (NFATC1) é um fator de transcricdo intimamente relacionado
com a diferenciacdo e funcdo das células endoteliais, dado que o ratinho knockout (KO)
para este fator morre durante o desenvolvimento embrionario devido a defeitos
vasculares. Do mecanismo de acdo do NFATC1, é sabido que este é desfosforilado no
citoplasma pela calcineurina, o que promove a sua translocacdo para o nucleo, onde ird
ligar-se a outos fatores de transcricdo e controlar a expressao génica. A desfosforilacdo
do NFATC1 poderd ser bloqueada pela ciclosporina A (CsA), um imunossupressor, que
blogueia diretamente a calcineurina, impedindo assim a translocacdo do NFATC1 para o
nucleo. O VEGF tem sido indicado em inUmeros modelos in vitro e in vivo, como
responsavel pelo aumento da translocacdo do NFATC1 para o nucleo.

Por outro lado, a transcricdo é também regulada por modificacdes epigenéticas
gue poderdo ser mecanismos de metilacdo do DNA, modificacdes de histonas e
mecanismos modulados por moléculas de RNA ndo codificantes (ncRNA). Recentemente
a metiltransferase associada a trimetilacdo da histona 3 na lisina que ocupa a posicao 36
(H3K36me3), denominada dominio SET contendo 2 (SETD2), foi implicada na definicdo
do fendtipo vascular. Ratinhos KO para esta proteina morrem devido a defeitos
vasculares. Esta metiltransferase tem sido muito estudada no contexto tumoral e
inclusivamente esta descrita a associacdo de algumas mutagdes a varios tipos de cancro.

No entanto, a nivel da célula endotelial pouco se sabe sobre o seu papel.

Nesta tese procuramos explorar o papel que o ambiente tumoral (neoplasias
malignas) exerce sobre as células endoteliais. Sabe-se que o endotélio neste ambiente
adquire caracteristicas morfoldgicas e fisiopatoldgicas distintas das que possui em
condicdes fisioldgicas. Os vasos no contexto do cancro sdo descritos como sendo mais
tortuosos, permeaveis, dilatados e desorganizados. Ja sdo conhecidos alguns fatores e
vias de sinalizacdo que estdo envolvidos neste fendtipo, como é o caso da hipoxia e da
via NOTCH.

Os farmacos anti-angiogénicos em doentes com cancro tém sido utilizados com
dois objetivos: o de impedir o crescimento de vasos no tumor e o de promover a

estabilizacdo dos vasos por forma a aumentar a eficacia da quimioterapia. No entanto, os
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ensaios clinicos realizados com o intuito de testar a eficdcia terapéutica deste tipo de
agentes demonstraram pouco ou nenhum efeito destes farmacos na sobrevida e/ou
progressdo livre da doenca em doentes oncolégicos (com diferentes tipos de tumor).
Torna-se assim necessario compreender por um lado os mecanismos moleculares que
expliguem a aparente “resisténcia” as terapias anti-angiogénicas, e por outro lado,
descobrir novas estratégias para bloguear a angiogénese tumoral.

Por estas razdes, a hipotese geral desta tese é que a regulacdo transcricional das
células endoteliais, mediada especificamente pelo NFATC1 e pela SETD2, estd
diretamente envolvida na regulacdo da homeostasia das células endoteliais e na sua

capacidade de diferenciacdo/adaptacdo a ambientes tumorais.

Assim, um dos primeiros objetivos desta tese foi caracterizar o papel do fator de
transcricdo NFATC1 no ambiente tumoral. Sendo o NFATC1 um fator de transcricdo a
jusante da acdo do VEGF foi colocada a hipdtese de este ser responsavel pela modulagdo
do ambiente tumoral por forma a explicar a falha de resposta dos doentes a terapia anti-
angiogénica.

Os nossos dados, quer em modelos animais quer em doentes de cancro da mama,
mostram que a expressao do NFATC1 é perdida pelas células endoteliais em ambiente
tumoral. Por outro lado, a expressao deste fator esta aumentada nos infiltrados de células
mononucleares no tumor (TMCI), apresentando uma correlacdo positiva com a
agressividade dos tumores em doentes com cancro da mama. Ao nivel mecanistico, os
nossos dados demonstram que o recetor 2 do VEGF, também conhecido como recetor
do dominio de insercdo da cinase (KDR), medeia a translocacdo nuclear do NFATC1
induzida pelo VEGF. Mostramos também que o inibidor do KDR e a CsA cooperam na
inibicdo desta translocacdo, tendo um efeito cumulativo.

Os nossos resultados indicam que a expressdo e funcdo do NFATC1 sdo moduladas
pelo ambiente tumoral, o que poderad alterar a sinalizacdo do VEGF e consequentemente
estar na base da fraca resposta a terapia anti-angiogénica dos doentes com cancro da

mama.

Seguidamente foi colocada a hipdtese da SETD2 estar envolvida na integridade do

fendtipo vascular, dado que o ratinho KO para esta metiltransferase morre devido a
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defeitos no sistema vascular. Os nossos dados mostram que a diminuicdo dos niveis da
SETD2 induz o aumento do numero de células binucleadas, provavelmente devido a
afetacdo do ciclo celular (auséncia de citocinese) e a ativacdo de mecanismos de fusdo
entre células. Dado o0 nosso interesse na sinalizacdo do VEGF e sua importancia na
angiogénese tumoral, também foi avaliada a regulacdo epigenética do NFATC1 pela
assinatura H3K36me3, mediada pela SETD2. Os nossos dados demonstram que quando
os niveis da SETD2 estdo diminuidos, a translocacdo do NFATC1 para o nucleo é
aumentada, de um modo independente do VEGF. Isto mostra que a SETD2 interfere com
a dindmica do NFATC1, revelando uma ligacdo entre os dois mecanismos de regulacdo

transcricional, mediada por fatores de transcricdo epigenética.

Nesta tese avaliamos também a capacidade anti-angiogénica de alguns derivados
do estrogénio (estradiol, etinilestradiol, fulvestrant, 2-metoxiestradiol, tamoxifen e
exemestane). Sabe-se que alguns destes compostos sdo usados como terapia adjuvante
em doentes de cancro da mama. Assim, colocdmos a hipdtese dos derivados do
estrogénio terem capacidade anti-angiogénica devido tanto ao impedimento de
formacdo da rede endotelial como a destruicdo da rede previamente estabelecida.

Os nossos dados indicam que o fulvestrant, o 2-metoxiestradiol e o tamoxifen sdo
capazes de inibir a formacdo da rede endotelial e de destruir a rede endotelial ja
estabelecida. Assim, estes resultados apontam para que estes anti-estrogénios tenham

maior capacidade anti-angiogénica.

Por fim, ao longo desta tese foram desenvolvidas ferramentas importantes, quer
para a obtencdo dos dados que foram gerados ao longo do estudo, como para
experiéncias futuras. Foram geradas linhas celulares proteina verde fluorescente (GFP) —
luciferase (Luc) que nos permitiu acompanhar o crescimento tumoral, tanto a nivel da
fluorescéncia, como a nivel da luminescéncia. Pelo facto do laser ter uma maior
penetrancia no tecido, a microscopia multifotdo permitiu acompanhar a estrutura e
ligacdo dos vasos sanguineos com a arquitetura do tumor, sem necessidade de processar
o o6rgdo com fixadores organicos. Foram também geradas ferramentas in vitro,
nomeadamente a otimizacdo do processo de obtencdo de esferdides tumorais que, por

terem uma estrutura tridimensional, nos permitem estudar com mais rigor as interacdes
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com e das células endoteliais. O ensaio de formacdo de tubos em Matrigel® revelou-se

uma técnica Util para o teste de farmacos anti-angiogénicos.

Em suma, os nossos resultados mostram a importancia de um controlo rigoroso
da regulacdo transcricional, que se traduz em alteracdes da funcdo das células
endoteliais. O NFATC1 e a SETD2 sdo elementos importantes nesta regulacao, podendo
ser responsaveis, respetivamente, pela fraca resposta a terapia anti-angiogénica e pelos
fendtipos anormais das células endoteliais. Os nossos resultados abrem o caminho para
estudos futuros mais detalhados da funcdo destes fatores em amostras de tumores e na

resposta de doentes a farmacos com atividade anti-angiogénica.

Palavras-chave: Célula endotelial, cancro da mama, regulacdo transcricional, NFATCI,

SETD2, derivados do estrogénio

NOTA: os textos em Portugués estdo escritos de acordo com o novo acordo ortografico
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ABSTRACT

The vascular endothelium lines the entire vascular system, playing multiple
functions namely fluid, nutrient and cell transport, modulation of the vascular tone, as
well as regulation of immune and inflammatory responses. Any disturbance to this
complex system may contribute towards the emergence of pathologies, such as ischemic
diseases, atherosclerosis, altered immune response and even cancer.

Endothelial cells (ECs) have some specific features such as reduced cell division,
the capacity to regulate vascular permeability due to cell-cell adhesion mechanisms and
in response to environmental cues have the capacity to form new vascular structures. ECs
respond to particular growth factors, of which one of the most important and most
studied vascular endothelial growth factor (VEGF).

Transcriptional regulation controls and supervises gene expression. Transcription
factors and epigenetic modifications are the main players responsible for this regulation.
There are innumerous transcription factors known to be involved in EC function and
differentiation. In this context nuclear factor of activated T-cells cytoplasmic calcineurin-
dependent (NFATC1) is of particular relevance since it is a VEGF-responsive transcription
factor. NFATC1 deficiency was shown to result in vascular defects (as observed in
knockout (KO) mice). More recently, epigenetic modifications raised interest in the
scientific community because it was shown that they are implicated in the regulation of
EC phenotypes. In particular, SET domain containing 2 (SETD2), which is responsible for
the trimethylation of H3K36, was shown to be involved in vascular remodeling. Based on
this data, the general hypothesis of this thesis is that transcriptional regulation, namely
NFATC1 and SETD2 are key regulators of EC homeostasis, being involved in their
differentiation and adaptation to tumoral environment.

Given the lack of response to anti-VEGF therapies in breast cancer patients, one
of our goals was to unravel the role of the NFATC1 transcription factor in modulation of
tumor microenvironment and in VEGF signaling decrease in endothelial tumor cells. Our
data shows that NFATC1 expression is lost in ECs from tumor areas both in human and
mice models. This suggests that the regulation of expression and function of NFATC1

could be critical for the anti-VEGF therapy success in breast cancer patients.
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In this thesis we also addressed the role of SETD2 in vascular impaired growth.
With the knockdown (KD) of SETD2, ECs show an abnormal phenotype due to increase in
cell cycle errors and cell-cell fusion. SETD2 KD also increases NFATC1 nuclear
translocation in a VEGF-independent manner. Thus, our data suggests a new VEGF-
independent mechanism for the control of NFATC1 dynamics at transcriptional and
trafficking level.

Our last goal was to define the role of estrogen derivatives in angiogenesis. Our
data shows that fulvestrant (F), 2-methoxyestradiol (2ME) and tamoxifen (Tam) are the
major anti-estrogens drugs able to inhibit EC network formation and to disrupt
established networks.

In addition, this PhD thesis was important for the generation of useful tools for
endothelial/tumor imaging, such as green fluorescent protein (GFP) - firefly luciferase
(Luc) cell lines, multi-photon microscopy and tumor spheroids. It was also important for
the generation of Matrigel® tube-formation assays, which revealed to be useful for large-
scale anti-angiogenic drug tests.

Taken together, our results underline the importance of a strict control in EC
transcriptional regulation, which translates into changes in EC function. NFATC1 and
SETD?2 are key players in this regulation, and may be responsible for the lack of response
to anti-VEGF therapies and EC abnormal phenotypes respectively. Our studies pave the
way for detailed analysis of the function of these factors in human cancer samples and in

the response of cancer patients to anti-angiogenic drugs.

Keywords: Endothelial cell, breast cancer, transcriptional regulation, NFATC1, SETD2,

estrogen derivatives

Germana Domingues XXVII



GENERAL INTRODUCTION

The origin of endothelial cells and vascular system
Biology of endothelial cells : signaling pathways
Endothelial cell properties

Transcriptional regulation on endothelial cells

The involvement of endothelial cells in cancer

S A

Novel insights and aim of this thesis

Germana Domingues



1. The origin of endothelial cells and vascular system

The “vascular” endothelium lines the entire vascular system and is composed of
a monolayer that consists of approximately 6 x 103 endothelial cells (ECs). The vascular
endothelium has multiple functions including the transport of fluids, nutrients, circulation
of cells, hormones, modulation of vascular tone and blood flow, platelet adherence and
regulation of immune and inflammatory responses by controlling the immune cell
interactions with the vessel wall. Disturbances in endothelial homeostasis may contribute
towards the onset of pathologies, such as atherosclerosis, ischemic diseases, altered
inflammatory and immune response and cancer.'”’

More than a century ago His® and Sabin® postulated that the hemangioblast is the
common precursor for the hematopoietic and vascular lineages. The development of this
precursor is thought to arise in some vascular beds such as the dorsal aorta, the viteline
artery, the aorto-gonad-mesonephros region and the placenta. The hemangioblast is not
well characterized but we now know that there are some signals involved in the
differentiation of the vascular and hematopoietic lineages, such as hedgehogs
transcription factors (specifically indian hedgehog — IHH), retinoic acid (RA), fibroblast
growth factors (FGFs), bone morphogenetic protein (BMP) 4, vascular endothelial growth
factor (VEGF) A and its receptors vascular endothelial growth factor receptors (VEGFRSs),
ets variant 2 (ETV2), between others.12>10

Although the extra-embryonic yolk sac is considered the first site of blood
formation, its contribution to hematopoiesis is considered “primitive”, because these
cells require conditioning and the definitive hematopoietic program appears later on the
initial hemangioblast stage. So, it seems that the primitive hematopoietic stem cells
(HSCs) migrate to fetal liver to differentiate into definitive HSCs.'* It has become clear
over the past few years that HSCs in “definitive hematopoiesis” arise from specialized
vascular ECs that acquire blood-forming potential (hemogenic endothelium).1>13
Hirschi' postulated that even blood cells referred to as “hemangioblast-derived” have
recently been proposed to be produced via an endothelial-intermediate. Definitive
hematopoiesis cannot occur in the absence of EC development. Recently, Sandler et al.*®
identified four transcription factors— FBJ murine osteosarcoma viral oncogene homolog
B (FOSB), growth factor independent 1 transcription repressor (GFI1), runt-related

transcription factor 1 (RUNX1) and Spi-1 proto-oncogene (SPI1) capable of
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reprogramming ECs into hematopoietic cells with long-term primary and secondary
multilineage engraftment in immunodeficient mice. These experiments support the idea
that ECs are “parent” cells from the hematopoietic lineage. Figure 1.1 summarizes the

primordial ECs development into hematopoietic and vascular lineages.
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Figure 1.1 —The origin of endothelial cells. During the development in vascular beds arises
the primordial ECs with primordial circulating erythrocytes. This precursor has a
hemogenic endothelium which in response to some factors such as RA, v-kit Hardy-
Zuckerman 4 feline sarcoma viral oncogene homolog (KIT) and RUNX1 can differentiate
into HSCs. HSCs differentiate into lymphoid and myeloid precursors, which in turn leads
to mature blood cells. On the other hand, mature ECs can arise from hemogenic and non-
hemogenic endothelium from the primordial EC, in response to VEGFA/ kinase insert
domain receptor (KDR) signaling. Mature ECs differentiate into arterial or venous ECs in
response to NOTCH, neuropilin (NRP) 1 and ephrin (EPH) stimuli: NOTCH, NRP1 and
ephrin receptor 2 (EPHB2) are responsible for arterial differentiation. Ephrin receptor 4
(EPHB4) and nuclear receptor subfamily 2 group F member 2 (NR2F2) (that represses

NOTCH signaling) are responsible for venous differentiation.
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It is accepted that de novo formation of embryonic blood vessels, termed
vasculogenesis, involves the differentiation, migration and coalescence of the endothelial
progenitor cells (EPCs). The only exceptions are the dorsal aorta and the cardinal vein
which are directly formed through the assembly of EPCs. This process is immediately
followed by differentiation into arterial or venous vessels in response to a combination
of hemodynamic stimuli and corresponding genetic factors.>®

Arterial and venous ECs possess specific molecular identities. Some of the
proteins involved are NOTCH, EPH, VEGFA, NRP and delta-like 4 (DLL4). NOTCH
components are highly expressed in arteries but less in veins. Disruption of NOTCH
signaling causes loss of arterial markers and re-expression of venous signature, which
suggests that NOTCH promotes arterial specification by venous identity repression.®
NOTCH also controls EPH family members: EPHB2 expression in arterial ECs increases in
response to NOTCH, whereas its receptor EPHB4 in venous ECs is repressed by NOTCH.
In mice, VEGFA secreted by nerves contributes to arterial differentiation of ECs and NRP1,
a VEGF receptor, facilitates transduction of arterial effects of VEGFA. The transcription
factors forkhead box (FOX) C1 and C2 also drive an arterial gene signature (e.g., DLL4,
hes-related family bHLH transcription factor with YRPW motif 2 (HEY2), chemokine (C-X-
C motif) receptor 4 (CXCR4)) by interacting with VEGFA and NOTCH signaling. The venous
identity requires repression of NOTCH signaling by the vein-specific nuclear receptor
NR2F2.216.17

During embryonic development and after birth the blood vessels can grow by
three different mechanisms: vasculogenesis, sprouting and intussuspective angiogenesis.
Usually the term angiogenesis encompasses the three mechanisms but they are quite
different. While vasculogenesis involves EPCs recruitment, sprouting consists in the
formation of new capillaries from the pre-existing vessels. Sprouting was first described
by Clark®® and it is a multistep process that requires the tight control and coordination
of ECs behavior: a) ECs lose their cell—cell contacts in response to pro-angiogenic factors;
b) degradation of the surrounding extracellular matrix (ECM) by activation of matrix
metalloproteinase (MMPs); c) ECs acquire invasive and motile behavior to initiate new
blood vessel sprouting.*® This mechanism will be addressed with further detail later in

the section 3.

Germana Domingues



Intussusceptive angiogenesis was first observed in postnatal remodeling of
capillaries in the lung!® and consists in the splitting of preexisting vessels in two new
vessels by the formation of a transvascular tissue pillar into the lumen of the vessel. In
this process ECs are remodeled by increasing in volume and becoming thinner, which
does not involve the proliferation of ECs.6%0

After birth the normal vasculature becomes quiescent. Angiogenesis is turned on
transiently in some physiological processes such as wound healing and the female

reproductive cycle. In contrast, during tumor progression, angiogenesis is almost always

activated, which causes continuous sprouting of vessels that help sustain tumor growth.??
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2. Biology of endothelial cells: signaling pathways

As mentioned above, it is now well recognized that ECs have some specific
features, such as their capacity to respond to particular growth factors (VEGFA, FGF,
transforming growth factor (TGF), angiopoietin (ANGPT), platelet-derived growth factor
(PDGF)), due to the presence of specific membrane receptors (VEGFR, NRP, fibroblast
growth factor receptor (FGFR) transforming growth factor beta receptor (TGFBR),
platelet-derived growth factor receptor (PDGFR), tyrosine kinase with immunoglobulin-
like and EGF-like domains (TIE)) and ECM components. A scheme of all of these ECs

components is presented in Figure 1.2.

2.1. Vascular endothelial growth factor and their receptors
2.1.1. Vascular endothelial growth factor

VEGFA was first described as a vascular permeability factor by Senger?? and it is
so important for EC survival that even a 50% reduction (heterozygotes) results in
embryonic lethality. Interestingly, excess of VEGFA (by only 2-fold) results in embryonic
lethality, which supports the significance of VEGFA dosage during development.?3-2°

Currently the VEGF family is thought to be comprised of six structurally related
factors: VEGFA, VEGFB, VEGFC, VEGFD, VEGFE and placenta growth factor (PGF). The
VEGF family members are homodimeric polypeptides and their ability to bind to VEGFRs,
heparan sulfate (HS) and NRPs is very wide and has different affinities.?6-2°

As explained by Koch and Claesson-Welsh?®, binding of VEGFA to its VEGFRs in cis
or trans geometric forms induces receptor homo- or heterodimerization. The consequent
change in receptor conformation leads to exposure of the adenosine triphosphate (ATP)-
binding site in the intracellular kinase domain, kinase activation and auto- or trans-
phosphorylation of tyrosine residues on the receptor dimer itself as well as on
downstream signal transducers. Tyrosine phosphorylation is strictly regulated by
internalization and degradation or by dephosphorylation through protein tyrosine
phosphatases (PTPs) such as receptor type J (PTPRJ), receptor type B (PTPRB), non-
receptor type 1 (PTPN1) and non-receptor type 11 (PTPN11). Phosphorylated tyrosine
residues create binding sites for intracellular signaling mediators, allowing formation of
signaling chains. The activation of these cascades results in the establishment of

biological responses such as cell proliferation, migration, survival and permeability.?6:272°
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VEGFs and VEGFR members are regulated by certain transcription factors such as
the v-ets avian eryhtroblastosis virus E26 oncogene (ETS) family and metabolic regulators
like reactive oxygen species (ROS) and hypoxia-inducible factor 1, alpha subunit (HIF1A).
Especially HIF1A is upregulated during tissue growth both in healthy conditions (wound
healing and embryonic development) as well as in disease (retinopathies, arthritis and
cancer).?® This endothelial transcriptional regulation will be addressed later in section 4.

VEGFA is mostly produced by parenchymal cells and acts in a paracrine manner
on adjacent ECs. However, autocrine VEGFA has been proposed to be essential for EC
survival and homeostasis.® Lee et al.3° demonstrated that paracrine VEGFA signaling is
essential for the angiogenic cascade, proliferation, survival, permeability and endothelial
differentiation. In contrast, autocrine VEGFA signaling only supports endothelium viability
upon survival signals like irradiation, hypoxia and ROS. The paracrine and autocrine

activations are mediated mainly by VEGFR2/KDR.3!

2.1.2. Vascular endothelial growth factor receptors

VEGFR 1/2/3 are receptor tyrosine kinases that play crucial roles in blood and
lymphatic vessel development and homeostasis. VEGFR1 is also known as fms-related
tyrosine kinasel (FLT1), VEGFR2 as KDR and VEGFR3 as fms-related tyrosine kinase 4
(FLT4). They are composed by seven monomeric immunoglobulin-like domains and a
dimeric intracellular kinase domain. They are activated by six different VEGFs (VEGFA, B,
C, D, E and PGF) with different affinities. The VEGFRs dynamically associate with
coreceptors such as NRP or EPHB2 that guide receptors through the cell and promote
their downstream signaling pathways. The VEGFA/KDR signaling complex is a major
regulator and is required for almost every aspect of blood vessel formation and
function.®32

Although FLT1 is not believed to be essential for EC function, it plays an important
negative role in controlling adequate KDR-mediated signaling, by binding VEGF A/B/PGF
with higher affinity. It is also important in regulating monocyte migration during
inflammation. FLT1 exists as a full-length form and an alternatively spliced, soluble form
(sFLT1) described by Kendall et al.?6333* |t was shown that sFLT1 is expressed in a
regulated manner in the placenta during gestation with the purpose of capturing VEGFA

to control KDR signaling.®> Therefore, sFLT1 has been implicated as a negative regulator
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of angiogenesis —its binding to VEGFA may prevent activation of KDR. Some pathological
conditions have been implicated with FLT1 defects, such as certain inflammatory
conditions which may involve the recruitment of bone marrow—derived myeloid cells.?®

KDR is expressed mainly in vascular EC and binds VEGFA/C/D/E. VEGFA binds to
KDR with a 10-fold lower affinity than to FLT1.2”3* KDR also have an alternative spliced
form, soluble KDR (skKDR), which is present in various tissues such as skin, heart, spleen,
kidney, ovaries and plasma. It binds to VEGFC and prevents binding to FLT4, which inhibits
lymphatic EC proliferation.?®3®37 |t was shown recently that the overexpression of sKDR
driven by hypoxia promoter controls angiogenesis and tumor growth.3®

KDR can localize to the plasma membrane or in endosomal vesicles. VEGFA can
induce homo- or heterodimerization of this receptor and FLT1 or FLT4, which promotes
activation of these receptors through transphosphorylation, leading to the initiation of
intracellular signaling pathways. After stimulation with VEGFA the homo- or heterodimers
dissociate which leads to KDR internalization. A portion of the receptor localizes in
membrane clusters with caveolin.>> On binding of VEGFA, its receptor, KDR, transmits
signals through several downstream molecules such as, mitogen-activated protein kinase
1 (MAPK1 or ERK1), MAPK14 (or p38), phospholipase C (PLC) and phosphatidylinositol-
4,5biphosphate 3-kinase catalytic subunit alpha (PIK3CA) / v-akt murine thymoma viral
oncogene homolog 1 (AKT1).343°

EPHB2, a transmembrane ligand for EPH receptors and a key regulator for arterial
differentiation, is required for embryogenesis, vasculogenesis, angiogenesis and
lymphangiogenesis. Some recent studies highlighted that EPHB2 and its receptor EPHB4
induce KDR and FLT4 internalization without downstream signal activation.%4!
Nakayama et al.*? propose that the differential regulation of VEGFR endocytosis happens
through EPHB2, Dab mitogen-responsive phosphoprotein homolog 2 (DAB2), par-3 family
cell polarity regulator (PARD3) and atypical protein kinase C (aPKC) which helps to assign
specific tasks to ECs. KDR can also be inactivated by dephosphorylation mediated by PTPs
or degradation involving ubiquitin ligases.3?

FLT4 binds to VEGFC/D and is a critical regulator of lymphatic ECs function. FLT4
is also expressed in embryonic vascular ECs and becomes upregulated during active
angiogenesis. Recently, it was shown in a retina model by Benedito et al.*3 that NOTCH

can upregulate FLT4 and promote angiogenesis. FLT4 forms homodimers as well as
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heterodimers with KDR. Loss-of-function mutations in FLT4 in humans cause
lymphedema, whose phenotype indicates that FLT4 signal transduction is critical in

regulation of lymphatic vessel function.?®34

2.1.3. Neuropilins

NRPs were initially identified as receptors for class-3 semaphorins involved in axon
guidance, although it was found that neuropilins also interact with VEGFA.** Neuropilins
were implicated in vascular development and in pathological angiogenesis. There are two
NRPs, NRP1 which is preferentially expressed in arteries and NRP2 in veins and lymphatic
vessels.*> They are composed of an extracellular domain with binding motifs for VEGFA
and semaphorins and a cytoplasmic domain of 35 amino acid residues with a PDZ-domain
binding motif S13 erythroblastosis oncogene homolog (SEA). This PDZ-binding domain is
critical in internalization of NRPs and have been implicated in trafficking of KDR to early
endosomes. NRP1 modulates VEGFR signaling leading to enhanced migration and survival
of ECs. NRP1 appears to act primarily as a coreceptor for FLT1/KDR, whereas NRP2 is a
coreceptor for FLT4. Although the exact mechanism of NRPs in the signaling downstream
is not yet resolved.?54®

It has been shown that neutralizing NRP1 could have a therapeutic potential,
blocking tumor growth in mice in an anti-VEGFA additive manner. Koch et al.*® have
shown recently that NRP1 modulates KDR with opposite effects when the molecules are
expressed in the same cell (cis) or in adjacent cells (trans), through regulation of KDR
internalization and intracellular trafficking. With NRP1 being expressed in the same cell
as KDR, it may promote angiogenesis. At the opposite, if NRP1 is expressed in adjacent

cells of KDR, NRP1 has an anti-angiogenic effect.4®

2.2. Angiopoietin / tyrosine kinase with immunoglobulin-like and EGF-like domains

TIE receptors and their ligands (ANGPT1-4) are master regulators of vascular
maturation and quiescence. The ANGPT and the TIE receptor tyrosine kinases, together
with the VEGFs and their receptors form the two signaling pathways that are almost
exclusively EC specific. ANGPT1 secretion from perivascular cells is important for
maintaining vascular stability and EC adhesion, while inhibiting vascular permeability.

ANGPT2 is expressed by EC and stored in EC secretory granules called Weibel-Palade
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bodies and is released locally in response to inflammatory stimuli. Their expression is
increased in hypoxic and tumor blood vessels and is particularly high in the specialized tip
cells. The TIE receptors are expressed in the blood, the lymphatic endothelium and in
certain hematopoietic cells, such as the TIE2 expressing monocytes/macrophages
(TEMs). TIE1 expression is regulated by blood flow and shear stress. It increases during
wound healing and in tumor angiogenesis, suggesting a function during tissue
neovascularization.®4’

ANGPT ligands assemble into unigque multimeric structures, however TIE2
activation requires a tetrameric or higher order multimer. This suggests that the active
TIE receptor complex is composed of several receptor units, unlike VEGFRs which are
activated by dimeric growth factors. Upon binding of ANGPT1, TIE2 is constitutively
phosphorylated. ANGPT1/TIE2 signaling has been shown to inhibit VEGFA-mediated
vascular permeability via several downstream signaling cascades. ANGPT1 also binds to
ECM of cultured ECs and promotes TIE2 localization to the basal plasma membrane,
resulting in activation of the MAPK 1/2 pathway.*’

Endothelial-derived ANGPT2 is considered to be the natural antagonist of ANGPT1
activity by inhibiting phosphorylation of TIE2. Thus, ANGPT2 sensitizes the endothelium
to both growth factors and inflammatory mediators, which increase vascular
destabilization. Elevated levels of ANGPT2 are associated with some diseases, such as
acute liver, lung or kidney injury, sepsis, disseminated intravascular coagulation, post-
cardiac arrest syndrome, sepsis and with some cancers (leukemia, multiple myeloma,
breast cancer and melanoma). TIE2 somatic mutations are associated with venous
malformations, which is characterized by enlarged venous-like channels with patchy
smooth muscle cell layering.#”*® Although both ANGPT1 and ANGPT2 mediate TIE2
clustering at cell-cell contacts, their differential signaling may explain their opposing

effects on vascular stability.*®

2.3. Transforming growth factor beta / transforming growth factor beta receptor
Transforming growth factor B (TGFB) is one of the best known members of a large

family of secreted pleiotrophic growth factors, composed by the BMPs and activins. Many

of these cytokines have vital roles in numerous processes during development, but also

in maintenance of tissue homeostasis and tissue repair in adults.*®> TGFB was shown to
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promote EC proliferation and migration at low concentrations, whereas high
concentrations had the opposite effect.”°

Members of the TGFB family mediate their effects by binding specific
transmembrane type I/Il serine/threonine kinase receptors at the cell membrane. These
receptors have a small intracellular tail and a large extracellular domain. The known co-
receptor for TGFB signaling in ECs is endoglin. Upon ligand-receptor binding the type |
receptor is phosphorylated by the type Il receptor. The ligand-receptor binding can result
in activation of the SMAD family which translocate into the nucleus where, by interacting
with other transcription factors, they can regulate gene transcriptional responses
(canonical SMAD signaling pathway) or can activate other non-SMAD signaling
pathways.4

In ECs, some BMPs have an anti-angiogenic effect like BMP9 and BMP10 that after
TGFBR1 and TGFBR2 binding induce SMAD1 phosphorylation and inhibit EC proliferation
and migration. Others, like BMPs 2, 4, 6 and 7 have been shown to induce EC proliferation

and angiogenesis by inducing VEGFs expression.>°

2.4. Fibroblast growth factor / fibroblast growth factor receptor

FGF belong to a family composed of 22 elements that interact with high-affinity
FGFR to regulate multiple fundamental pathways and cellular behaviors, namely cell
proliferation, differentiation and survival, as well as angiogenesis and wound healing.
FGFs have strong affinities for the proteoglycans from ECM, which help sequester FGFs
on the surface of the secreting cell or on nearby cells, and in binding of FGF to FGFR.>!
FGFRs are transmembrane tyrosine kinases that contain 2 or 3 extracellular
immunoglobulin-like domains and an extracellular heparin-binding sequence. In ECs FGFs
are involved in angiogenesis because of their release by tumor and stromal cells. In
particular, FGF1 may stimulate EC growth and motility through paracrine signaling. FGFs
may also exert their effects through autocrine signaling in ECs, stimulating the

proliferation of the cells.6°1°2

2.5. Platelet-derived growth factor / Platelet-derived growth factor receptor
The PDGF family consists of four different PDGF strands (A-D) that forms

functional homodimers or a heterodimer PDGF-AB. These dimers bind to tyrosine kinase
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receptors, PDGFRA and PDGFRB, formed by an extracellular ligand-binding domain,
composed of five immunoglobulin-like subdomains, a transmembrane domain and a
cytoplasmic domain with tyrosine kinase activity. This ligand-receptor binding induces
receptor homo- or heterodimerization with subsequent autophosphorylation of specific
tyrosine residues within the cytoplasmic domain, like VEGFRs do. PDGFRB are required
for the development of the vasculature both under physiological and pathological
angiogenic conditions, for example during myocardial infarction and tumor
vascularization. Their expression is almost undetectable in healthy tissues.
PDGFB/PDGFRB signaling contributes to maturation of the vessel wall by recruiting
pericytes and smooth muscle cells to the newly formed vessel.®>3

It is known that VEGFA can bind PDGFRs because of its structural similarity to
PDGF. Some studies reveal that VEGFA/PDGFR signaling is important for the recruitment
and proliferation of mesenchymal stem cells and other positive PDGFR cells. In the
meanwhile, other authors referred that VEGFA can prevent PDGFRA dimerization,
activation and internalization, which attenuates PDGF-dependent signaling and cellular

responses.>*>>

2.6. Extracellular matrix and its components

As Frantz et al.”® postulated, ECM is the non-cellular component present within
all tissues and organs that provides physical and biochemical support for tissue
homeostasis and differentiation. In general ECM is composed of water, proteins (mainly
collagens, elastins, fibronectins and laminins) and polysaccharides (especially
proteoglycans) but each tissue has an ECM with a unique composition and topology that
is generated during tissue development. ECM is a highly dynamic structure that is
constantly being remodeled and its molecular components are subjected to a post-
translational modifications.>®

The main component of the ECM in basement membrane is collagen IV that
provides tensile strength, regulates cell adhesion and migration as well as direct tissue
development. Each collagen IV a-chain consists of an N-terminal 7S domain, a core
collagenous domain containing the characteristic Gly-X-Y repeat sequence and a C-
terminal non-collagenous domain 1. Collagen associates with elastin, another major ECM

fiber. The most abundant non-collagenous protein in the ECM is laminin. In humans,
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there are 11 laminin genes which encode a, B, and y laminin chains. As well as self-self-
interactions, the laminins are responsible for interactions with other basement
membrane components as well as with cells on either face of the membrane. Fibronectin
is intimately involved in directing the organization of the interstitial ECM and has a crucial
role in mediating cell attachment and function. Tensed fibronectin modulates the catch
adhesion assembly of a5B1-integrin through exposure of its synergy site.>®>’

Perlecan is the most prevalent ECM heparan sulfate proteoglycan (HSPG). Is a
complex multidomain protein with a number of discrete binding partners. It is
synthesized and secreted as a single molecule composed of five distinct domains.
Perlecan is involved in regulating many signaling pathways, such as FGF/FGFR signaling
with consequent roles in angiogenesis and tumor induction. The HS chain attachment is
important for cell adhesion and basement membrane anchoring via interaction with
laminin, collagen IV, and fibronectin and for growth factor and angiogenesis regulation
via interaction with FGF2, PDGF and VEGFA.>’

Tissue homeostasis is mediated by the coordinated secretion of MMPs which is
counterbalanced by TIMP metalloproteinase inhibitor (TIMPs) and the controlled activity
of other enzymes. In ECs, MMP1 (type | collagenase) is one of four known collagenases,
capable of degrading collagens. The gelatinases (MMP2 and MMP9) degrade basement

membrane collagens and elastins.>®
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3. Endothelial cell properties

Since ECs are subject not only to mechanical forces such as blood flow shear
stress, but also to biochemical stimuli produced by immune cells, or due to the availability
of nutrients and oxygen, they acquired some specificities in terms of permeability and
adhesion. In this section | will also address the main property by which endothelium is
known, that is the capacity to form novel vessels as a result of sprouting. The EC

properties are depicted in Figure 1.3.

3.1. Permeability

One of the main roles of ECs is to function as a selective barrier between the blood
stream and tissues. This barrier is controlled by the combination of heterotypic cell
associations (inflammatory cells and mural cells), transcellular transport (across the

endothelium) and adherens/tight/gap junctions (paracellular transport).4®

3.1.1. Transcellular transport

Goddard et al.*® described transcellular permeability as an energy-dependent
trafficking of macromolecules from the luminal space to the interstitium by vesicular
transport. This transport can occur through caveolae, vesiculo-vacuolar organelles (VVOs)
and transcellular channels. Caveolae are vesicles with high levels of caveolin 1 (CAV1) that
act as a scaffold protein, recruiting SRC proto-oncogene, non-receptor tyrosine kinase
(SRC) and G proteins to caveolae, which lead to the internalization of cell surface
macromolecular complexes. CAV1 can also affect junctional integrity through its
interactions with SRC, PKC, claudin 5 (CLDN5), and actin-binding proteins, which are all
involved in adherens and tight junction assembly and maintenance.*®

VVO provides the major route of extravasation of macromolecules at sites of
augmented vascular permeability, induced by VEGFA. The presence of VVOs in human
ECs was associated with primary and metastatic tumors, acute and chronic inflammatory
disorders and in allergic inflammation. VVOs are caveolin-positive which suggests that

VVO forms from the joining of individual caveolin-positive caveolae.”®
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3.1.2. Paracellular transport

Adherens and tight junctions are essential during embryonic development and in
the adult vascular system and their distribution and predominance varies between
different tissues. Adherens junctions in ECs are mainly formed by vascular endothelial
cadherin (VE-cadherin), whereas the main components of tight junctions are claudins
1/5/12, Occludins and junctional adhesion molecules (JAMs).

The stability of endothelial adherens junctions is mainly regulated by the plasma
membrane localization of VE-cadherin. VE-cadherin establish the early EC-EC junctional
contacts and myosin X (a plus-end directed actin motor) mediated by catenin, guide VE-
cadherin to the tips of EC. These junctions have to be transiently disorganized (e.g. for
angiogenesis or diapedesis) or they must stay tight as in the blood-brain barrier.3? The
extracellular domain of VE-cadherin contains five cadherin-type repeating units and binds
to VE-cadherin molecules on neighboring ECs. VEGFs and their receptors are the main
factors that promote adherens junctions disassembly in blood vessels, thus promoting
vascular permeability. Binding of VEGFA to KDR leads to phosphorylation of the receptor
with internalization of VE-cadherin and promotion of its degradation, which weakens
adherens junctions.>” Some studies revealed that VE-cadherin and KDR
coimmunoprecipitate indicating that they cluster together in adherens junctions.
ANGPT1 inhibits this VEGFA-induced VE-cadherin internalization, via inhibition of VEGFA-
activated SRC kinase signaling. The endogenous PTPRB is frequently associated with the
protein and prevents VE-cadherin phosphorylation, promoting an important stabilizing
role of adherens junctions in vivo*/48

Major tight junction proteins include CLDNS5, occludin, and JAMs. Similar to
adherens junctions, phosphorylation of both tight junction proteins and their intracellular
partners tight junction protein 1 (TJP1), also known as ZO1, and membrane-associated
guanylate kinase (MAGUKs) regulate tight junction assembly and mediate changes in
vascular permeability. Only JAM3 leads to increased permeability when expressed at the
cell surface of ECs following stimulation with VEGFA or histamine.*® Li et al.>® suggest that
JAM3 regulation of avB3 integrin localization and activation downstream of RAP1B,
member of RAS oncogene family (RAP1B) signaling may account for barrier breakdown.
The activated KDR also leads to the phosphorylation and ubiquitination of occludin,

followed by internalization and transfer to late endosomes, which indicates that KDR also
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influences tight junction formation directly. Under resting conditions, occludin and other
tight junction components are constitutively internalized.326°

There is emerging data indicating that adherens and tight junctions cooperate in
EC permeability regulation. VE-cadherin appears as a key sensor and molecular integrator
of adherens and tight junctions.461.62

Gap junctions are communication structures which allow the passage of small
molecular weight solutes between neighboring cells.®3 This structure is formed by gap
junction proteins (GJAs), some of these: gap junction protein alpha 1 43KDa pseudogenel
(GJA1P1), gap junction protein alpha 5 40KDa (GJA5) and gap junction protein alpha 4
37KDa (GJA4) are expressed in ECs. GJAs are organized in connexons, which act as
channels for the intercellular passage of ions and small-molecular-weight molecules, like

calcium (Ca%*) ions and nitric oxide.®3-6°

3.2. Adhesion

Adhesion is an important cell property that allows the communication of the cell
with other cells and with the surrounding ECM. There are some proteins involved in these
interactions namely integrins, cadherins, selectins and members of the superfamily of

Immunoglobulin-like cell adhesion molecules (CAM).

3.2.1. Integrins

The formation of blood vessels depends on EC adhesion to the ECM, a process
that is mediated by ECM receptors, such as integrins and discoidin domain receptor
tyrosine kinase (DDR).

Integrins are af} heterodimeric cell surface receptors with a large extracellular
domain, a single transmembrane domain and a short non-catalytic cytoplasmic tail.
Integrins mediate cell-matrix adhesion by specific binding to ECM components, such as
collagen, fibronectin and laminin. Integrins not only are involved in cell-cell and cell-
matrix adhesion but also mediate outside and inside signaling pathways through integrin-
associated signaling and adaptor molecules, such as focal adhesion kinase (FAK) and
integrin-linked kinase (ILK). Therefore they are crucial during development, wound

healing, and a variety of pathological conditions.®¢’
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ECs express several integrin heterodimers including av3, a5B1, and avf5.
Integrin avB3 is important in healthy conditions (it is expressed at low levels on quiescent
ECs) and in pathological conditions (it is significantly elevated during wound angiogenesis,
inflammation and tumor angiogenesis).?® It has been shown that specific integrins have
specific functions in various vascular processes, e.g. av is believed to be the subunit
primarily responsible for angiogenesis. Consistent with this finding, a5 knockout (KO)
mice displayed impaired vasculogenesis during development.®%70

Several receptor tyrosine kinases like VEGFRs are known to associate with
integrins and this association is essential for the regulation of the receptor kinase
activity.®® Integrin avB3 interacts with KDR and PDGFRB and it was shown by Borges et
al.”* that the extracellular domain of B3 is essential for interaction with KDR or PDGFRB.
This study indicated that while interaction between integrin 3 and KDR is augmented by
the integrin av subunit, interaction between integrin B3 and PDGFRB did not require the
integrin av subunit.”! Later on, it was shown by Robinson et al.”? that integrin avB3 can
also associate with NRP1 in a VEGFA-dependent manner and might contribute to the
regulation of KDR signaling by sequestering NRP1. Integrins can also mediate
phosphorylation of FLT4 through SRC in a VEGFC/VEGFD-independent manner. This
enhances VEGFA-induced EC migration and proliferation, by promoting the receptor
phosphorylation and downstream signal transduction.?® Thrombospondin 1 (THBS1),
which was one of the first discovered endogenous angiogenesis inhibitors and it is a major
constituent of platelet granules is complexed with activated TGFB. Upon release it can
binds cluster of differentiation (CD)36 and some integrins on activated ECs.” Recent data
indicate that CD36 and B1 integrins collaborate to transmit the pro- and anti-angiogenic
signals that are initiated by THBS1 and THBS2, through the association with KDR.”#

DDR2 is a unique receptor tyrosine kinase that signals in response to collagen
binding and stimulates MMP production. It is implicated in malignant tumor phenotypes
such as invasion and metastasis. It has been reported that DDR2 expression is
upregulated in activated ECs and a recent study showed that loss of stromal DDR2 also

suppresses tumor metastasis.’?
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3.2.2. Cadherins

Cadherins are transmembrane proteins which form hemophilic interactions in a
Ca’* dependent manner. They provide weak adhesive cell-cell forces, stabilized by
catenins, which are intracellular proteins linking the cadherin cell surface molecule to the
actin cytoskeleton.”® Despite the spatially distinct locations of cell-ECM vs. cell—cell
adhesions in ECs there is intimate crosstalk between integrins and cadherins.>® As van
Buul et al.”’ postulate, the integrin—cadherin crosstalk depends on their shared signaling
pathways that control adhesion. Rho guanosine triphosphate hydrolase (GTPases) play a
central role in the organization of the actin cytoskeleton that tightly associates with both
cell-ECM adhesions and cell—cell junctions.”” The specific cadherin in ECs is VE-cadherin
involved in adherens junctions, whose expression and pathway have already been
explained in the previous section.

Neuronal cadherin (N-cadherin) is another cadherin family member that is
expressed in ECs and it is involved in rolling and attachment of breast carcinoma as well

as melanoma cells to endothelium.”®

3.2.3. Selectins

Selectins are vascular cell adhesion molecules involved in adhesive interactions of
leukocytes and platelets to endothelium within the blood circulation. This family is
involved in inflammation, immune response, wound repair, cancer and homeostasis. The
selectin family is composed by 3 elements: P-, E-, and L-selectin. P-selectin is present in
the storage granules of platelets (a-granules) and in Weibel-Palade bodies characteristic
of ECs, which enables the rapid translocation on cell surfaces upon activation with
thrombin and histamine for example. E-selectin is expressed in ECs but requires previous
activation by cytokines, such as in inflammation conditions. Usually it is absent from
resting endothelium, with the exception of the skin. E-selectins are expressed on cancer
cells and contribute to rolling of various cancer cell types. L-selectin is constitutively

expressed on cell surfaces of some immune subpopulations.’87?

3.2.4. Cell adhesion molecules
ECs can bind immune cells through cell surface adhesion molecules, being
important for immune surveillance regulation and inflammation. CAMs are expressed on

the apical surface of ECs and are recruited to sites of leukocyte adhesion, becoming

Germana Domingues



activated. The main CAMs on EC are intracellular adhesion molecule 1 (ICAM1), vascular
cell adhesion molecule 1 (VCAM1) and platelet/EC adhesion molecule (PECAM1).%°

ICAM1 is composed by five extracellular immunoglobulin-like domains, a single
transmembrane domain and a short cytoplasmic domain. The resting endothelium
expresses ICAM1 at low levels, but upon activation by inflammatory stimuli the
expression of ICAM1 is increased to promote integrin-mediated adhesion and
transmigration of leukocytes. After leukocyte - ICAM1 binding this CAM is clustered into
membrane rafts that can be stabilized to form large platforms through protein-protein
interactions. This clustering induces intracellular signaling in ECs, resulting in
rearrangement of the actin cytoskeleton.8%8!

VCAM1 is a member of the immunoglobulin superfamily of proteins and is
composed by seven extracellular immunoglobulin-like domains, a single transmembrane
domain and a 19 amino acid carboxyl-terminus cytoplasmic domain. VCAM1 is also
important for leukocyte-EC interaction. VCAM1 expression is induced by cytokines, high
levels of ROS, oxidized low density lipoprotein (ox-LDL) , turbulent shear stress, high
glucose and microbial stimulation of ECs.82 VCAM1 also clusters and induces intracellular
signaling, leading to ROS production and MAPK14 phosphorylation. Van Buul et al.8°
showed that ICAM1 and VCAM1 cooperate to facilitate the adhesion and extravasation
of leukocytes, because VCAM1 is recruited to sites of ICAM1-induced adhesion
independent of VCAM1-binding to its cognate receptor.

PECAM1, also known as CD31, is a 130 kDa glycoprotein belonging to the
immunoglobulin superfamily of CAMs. PECAM1 expression is restricted to cells of the
vascular system, namely platelets, monocytes, neutrophils, some subsets of T cells and
ECs. In in vitro ECs, PECAM1 is localized to cell—cell borders of confluent monolayers and
to lumen-facing areas of blood vessels. During development, PECAM1 is expressed early
in the blastocyst, in primordial ECs and in yolk-sac blood islands. Its expression persists
throughout embryonic development and in the adult. PECAM1 is highly expressed in all
ECs of existing and newly-formed blood and lymphatic vessels. PECAM1 functions as an
adhesive molecule, but also as a mediator for signal transduction. PECAM1 can interact
with adaptor molecules, through phosphorylation of specific tyrosine residues located in
an immunoregulatory tyrosine-based activation motif (ITAM) domain in the PECAM1

cytoplasmic tail.®3 Protein tyrosine phosphatase non-receptor type 6 (PTPN6), inositol
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polyphosphate-5-phosphatase 145KDa (INPP5D) and phospholipase C gamma 1 (PLCG1)
are proteins modulated by ITAMs.2* PECAM1 also has immunoreceptor tyrosine-based
inhibitor motif (ITIM) domains, whose signaling affect the function of various other
membrane proteins such as integrin a233 and ICAM1. The connection between PECAM1
and ICAM1 is mediated by PTPN11 and affects ICAM1 signaling pathway, through
PECAM1 mediated scavenging of ICAM1-associated PTPN11.8* PECAM1 has also been
shown to be associated with PKC-mediated serine/threonine phosphorylation instead of

tyrosine-phosphorylation.®3

3.3. Sprouting

Sprouting is the most specific feature of ECs and it is the essential process of
angiogenesis. Endothelial sprouting can be triggered by hypoxia, hypoglycemia and
inflammatory or mechanical stimuli, such as blood pressure and is regulated by
VEGFs/VEGFR and NOTCH/DLL4 signaling, as well as by other growth factors.6:6

The first step of sprouting begins with the breakdown of the basement membrane
and detachment of mural cells. This is mediated by MMPs, such as MMP1, and ANGPT2
that are stored in Weibel-Palade bodies ready to be released. The specification of tip and
stalk cells are controlled by NOTCH pathway — stalk cells have higher levels of NOTCH and
low levels of DLL4, tip cells have low levels of NOTCH and high levels of DLL4. Jagged 1
(JAG1) helps to maintain differential NOTCH activity by antagonizing DLL4 in stalk cells.
VEGFA through KDR also stimulates tip cell induction and filopodia. There is a connection
between these two pathways, as VEGFA/KDR enhances DLL4 expression in tip cells, which
inhibits tip cell behavior in neighboring ECs by downregulation of KDR and NRP1.51632

Stalk cells are more proliferative than tip cells and form a vascular lumen, establish
junctions with neighbor ECs and produce ECM components. After branching, tip cells
contact with filopodia of neighboring ECs and start anastomosis, to form a new functional
vessel. VE-cadherin consolidate these junctions, ECM components start to deposit,
PDGFB and TGFB recruit mural cells (pericytes for the arterial system and vascular smooth
muscle cells for the venous system) and cell junctions start to establish. After blood flow
is established the oxygen and nutrient delivery reduces VEGFA expression and inactivates
endothelial oxygen sensors, which promote a shift of EC toward a quiescent

phenotype.®16:67
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Figure 1.3 — Endothelial cell properties. a) Permeability in ECs is regulated by transcellular
and paracellular transport. Caveolae and Vesicular-Vacuolar Organelles mediate the
transport across the endothelium. Adherens, tight and gap junctions are regulated by the
crosstalk KDR/VE-cadherin. b) Adhesion: Integrin avp3, VE-cadherin, Selectins and CAMs
are some of the specific proteins involved in the EC-surrounding environment
connection. c) Sprouting is one mechanism of new blood vessel formation that involves
the balance between DLL4/NOTCH and VEGFA/KDR signaling in tip and stalk cells. Others
molecules like MMP, ANGPT, PDGF and TGF are also involved.
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4. Transcriptional regulation on endothelial cells

Gene expression regulation can be done by transcription factors and epigenetic
modifications. This regulation is the key for EC development and rearrangement in
healthy and pathological conditions. As de Val and Black® said, new molecular targets for
positively and negatively modulating vessel growth should emerge. Here will be explored

these two essential mechanisms and their partners.

4.1. Transcription factors

Transcription factors bind elements in the 5 regulatory regions of genes,
promoting or blocking the recruitment of RNA polymerase, so they can work as activators
or repressors of transcription.®

Through the analysis of the promoter regions of EC specific kinase receptors such
as VEGFR 1/2, TIE1 and TIE2 or other cell-specific markers such as VE-cadherin, it was
possible to define conserved binding regions for different classes of transcription factors.
For instance, a relatively high number of binding sites for members of the ETS family is a
constant feature of endothelial-specific gene promoters, strongly implicating these
transcription factors in EC determination.®” Given the common origin of blood and ECs, it
is not surprising that several of the factors important for the early development of ECs
are also important for hematopoietic development.®

The main classes of transcription factors involved in EC development are the
families ETS, GATA, basic helix-loop-helix (bHLH), FOX, SRY(sex determining region Y) box
(SOX), nuclear receptor (NR), Krippel-like factor (KLF) and homeobox (HOX). The role of
the nuclear factor of activated T-cells (NFAT) family in EC phenotype will also be
addressed in this chapter. Table 1.1 presents these transcription factors, their main

target genes and functions.

4.1.1. v-ets avian eryhtroblastosis virus E26 oncogene
Like Meadows et al.8 referred, the majority of ETS factors activate gene
transcription. ETS proteins are characterized by an ETS binding consensus sequence,

which is a winged helix-turn-helix that binds to the core DNA sequence 5’-GGA(A/T)- 3’.
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Table 1.1 — The main transcription factors involved in endothelial cell regulation are
members of ETS, GATA, bHLH, FOX, SOX, NR, KLF, HOX and NFAT superfamilies. Their
functions range from being an activator of the EC transcription program in embryonic ECs

to pathological angiogenesis in the adulthood.

FAMILY | MEMBERS | TARGET GENES | FUNCTIONS |
ETS1 Mmp, Cdh5, Fit1, kdr, Angiogenesis (healthy and
Angpt2, Nrp1, Tie2, Vwf, pathological conditions)
Pecam1
FLI1 Tgfbr Hematopoiesis
ERG Cdh5, Cldn5, lcam2, Flt1, Vascular development
Vwf (homeostasis, survival,
differentiation ECs)
ETS ETV6 Pdgfrb Formation of vascular network
in yolk sac
ELK3 Vegfa Maintenance of vascular
network
ETV2 Kdr, Cdh5, Tie2, Notch4, Embryonic ECs (activator of EC
Nfatcl (Etv2/Foxc2) transcription program)
GATA GATA2 Kdr, Cdh5 Embryonic ECs
HEY1 Notch pathway, Nrp1, Arterial-venous specification,
HEY2 Ephb2 Sprouting
bHLH HIF1A Vegfa, Fit1 Hypoxia-induced angiogenesis
ID1/ID3  Bmp/Smad pathway Vascular development
FOXC1 DIl4, Jaggl, Nrpl Arterial-venous specification,
FOXC2 lymphatics differentiation
FOX01 Kdr, Cdh5, Pecam1, Tie2 Vascular development in yolk
FOX sac
FOXF1 Fit1, Kdr, Pdgf, Pecam1, Tie2 Vascular development in yolk
sac

SOX7 Cdh5, Fgf, Il7r, Mmp7, Cdh2 | Arterial-venous specification
SOX SOX17

SOX18
NR NR2F2 Fit4, Fgfr, Nrp1 Arterial-venous specification
KLF KLF2 Hbal, Hgb2, Hbel Maintenance of vascular tone
HOXA3 Runx1, Gatal, Gfil Hemogenic endothelium
regulation
HOX HOXD3/A3 avB3 and a5B1 integrins, Invasive angiogenesis
Plau
HOXA9 Nos3, Kdr, Cdh5 Hematopoiesis, tubulogenesis
NFATC1  Vegfa, Cxcr7, Vcaml, Bmp2  Cardiac development
NFAT NFATC2 112, 114, Tnf, Csf, Wnt Immune system function
NFATC3/4 Vegfa, Ephb2 Vascular development
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All ETS factors also contain a transactivation domain, some members contain a
pointed domain that mediates protein-protein interactions and oligomerization. ETS
factors are involved in tumorigenesis, apoptosis, angiogenesis and hematopoiesis, but it
is especially important for differentiation of hematopoietic and vascular lineages.>°

ETS targets include many ECs proteins and it is thought that ETS proteins directly
regulate the expression of most, if not all, endothelial genes. From the big ETS family, 7
ETS genes are highly expressed in embryonic ECs: Ets1, Fli-1 proto-oncogene, ETS
transcription factor (Fli1), v-ets avian erythroblastosis virus E26 oncogene homolog (Erg),
ets variant 6 (Etv6), ELK3 ETS-domain protein (E/k3), Etv2 and v-ets avian erythroblastosis
virus E26 oncogene homolog 2 (Ets2). Several studies have shown that ETS proteins bind
to the same consensus target sequence and are capable of transactivating the same
promoter, which opens the possibility of ETS proteins having redundant functions during
early ECs differentiation.®>888°

ETS1 expression is induced in response to hypoxia, pro-inflammatory and
angiogenic stimuli. As this transcription factor can be induced by angiogenic stimuli, its
expression regulates not only normal angiogenesis, but also in pathological conditions
such as wound healing, tumor angiogenesis and reendothelization.®® Watanabe et a/.*°
showed that ETS1 in retinal vascular ECs are potentially upregulated and contribute to
the formation of robust angiogenesis in ischemic retina. Accordingly, inhibition of ETS1
activity may prove to be beneficial for the treatment of ocular angioproliferative diseases.
A large number of vascular genes are reported to be direct targets of ETS1 regulation
including Mmp, cadherin 5 type 2 (Cdhb5), Fit1, Kdr, Angpt2, Nrp1, Tie2, von Willebrand
factor (Vwf) and Pecaml. Only double KO for Etsl and Ets2 show severe vascular
impairment and die around embryonic development day (E) 13, which suggests an
overlapping function of ETS family members, in this case ETS1 and ETS2.8>88

FLI1 is expressed at high levels in primordial ECs, but its role seems to be more
important in hematopoiesis than in vascular differentiation, since Flil deficient mice
exhibit impaired hematopoiesis.®* Although, Fli1 condition KO mice for ECs showed a
downregulation in Cdh5, Mmp9 and Pdgfb with a consequence in vessel maturation and
stabilization.?> ERG is constitutively expressed in all adult and embryonic ECs. ERG is a
strong activator of many vascular markers in vitro and in vivo, such as Cdh5, Cldn5, lcam2,

Fit1 and VWf. For this reason it is required for different aspects of vascular development,
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including regulation of homeostasis, survival and differentiation of ECs. ®39 ETV6 is one
of the few ETS proteins that functions as a transcriptional repressor. ETV6 is able to form
heterodimers in vivo (like ETV6-FLI1) and its repressor activity is directly linked to its
ability to associate.”® ETV6 is required for maintenance and elaboration of the complex
vascular network in the yolk sac, but not for the initiation of yolk sac vasculogenesis per
se.88 ELK3 is expressed not only in primordial ECs (at high levels), but also during vascular
development. ELK3 can function as a transcriptional repressor (under basal conditions)
or as an activator in response to hypoxia signaling with downstream VEGFA activation.®”
100

ETV2 is the most important transcriptional regulator of embryonic endothelial
differentiation, being expressed in major vessels like the dorsal aorta, cardinal vein,
branchial arch and intersomitic vessels. After the subsequent vascular development, the
expression of ETV2 is rapidly downregulated and is practically undetectable in adult ECs.
ETV2 expression is observed prior to expression of endothelial marker genes, including
the crucial Kdr. Etv2 KO mice is embryonic lethal at E10.5, due to complete loss of
embryonic blood and primitive vascular system. Overexpression of ETV2 in embryonic
stem cells induces the generation of KDR+ cells as well as endothelial and hematopoietic
cells. This data indicates that ETV2 has a conserved function as a potent activator of the
endothelial gene transcription program, even before KDR.8>88101 |t was shown also that
ETV2 interacts with FOXC2, which induces the expression of endothelial genes critical for
differentiation, such as Kdr, Cdh5, Tie2, Notch4 and nuclear factor of activated T-cells
cytoplasmic calcineurin-dependent (Nfatc1). These findings have revealed an important

role for ETV2 in vasculogenesis and hematopoiesis.>®

4.1.2. Other transcription factors involved in endothelial cell differentiation
Despite the fact that the ETS family seems to include the master regulators of ECs’
differentiation, there are other important transcription factors involved in this regulation.
The GATA transcription factors (GATA1-GATA6) belong to the C2H2 zinc-finger
transcription factors and bind (T/A)GATA(G/A) to the genomic DNA. GATA2 is an early
regulator of hematopoietic and endothelial differentiation and this transcription factor
may be involved in the specification of primordial ECs from the mesoderm early in

embryonic development. GATA2 is involved in the transcription of endothelial-specific
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genes, such as Kdr and Cdh5.3%8> It was postulated by Shi et a/.19 that the GATA2 is a
cofactor for ETV2 in the regulation of primordial ECs.

The bHLH family of transcription factors possesses bipartite domains for DNA
binding and protein-protein interaction. A domain of basic residues permits the binding
of the referred factors to the consensus nucleotide sequence of the E-box (CANNTG) in
the promoter region of target genes, whereas the helix-loop-helix domain allows it to
form homo- and/or heterodimers.®® The bHLH members play an essential role in
regulation of cell differentiation.®® In ECs, HEY1 and HEY2 (members of this family) are
involved in NOTCH pathway and control arterial to venous specification and EC sprouting.
KO mice for these genes developed defective vessels and died at £9.5.1.398>193 HIF1A is
another member of this family and plays a central role in hypoxia-regulated gene
expression, like Vegfa. It has been very implicated in regulation of some pathologies, such
as tumor angiogenesis, ischemia and neovascular eye disease.?%104105 The inhibitor of
DNA binding (ID) transcription factors (ID1-ID4) have been implicated in embryonic and
postnatal angiogenesis. They are bHLH transcription factors, but lack DNA binding
domains, functioning by sequestering transcription factors that target genes, like
members of SMAD/BMP pathway. Expression of ID1 and ID3 was detected in embryonic
vessels and the KO mice for these genes showed abnormal vascular development.3°106

At least 4 FOX transcription factors are expressed in ECs: FOXC, FOXF, FOXH, and
FOXO families.®> FOXOs are characterized by the conserved DNA-binding domain, which
recognizes the consensus sequence 5'-TTGTTTAC-3’. Promoters of multiple endothelial
genes, such as Kdr, Cdh5, Pecam1, Tie2, DIl4 and Hey2 contain evolutionarily conserved
FOX-ETS binding motifs.®” FOXC1 and FOXC2 are involved in regulation of arterial vs.
venous specification and lymphatic vessel differentiation.’®” In mouse embryos, FOXO1 is
highly expressed in the developing vessels and KO mice embryos failed to survive beyond
E10.5 because of defective vascular development in the yolk sac and embryo.3® FOXF1 is
also involved in embryonic vascular development, as Foxfl-deficient embryos are
embryonically lethal and show growth retardation and vascular abnormalities. Flt1, Kdr,
Pdgf, Pecam1 and Tie2 are direct transcriptional targets of FOXF1, so Renx et al.1%®
concluded that this transcription factor is required for the formation of embryonic

vasculature and for VEGFA signaling.
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SOX family shares a conserved DNA binding domain that recognizes the consensus
sequence 5'-(A/T)(A/T)CCA(A/T)G-3' present in various genes. The SOX F group (SOX7, 17,
and 18) has been found to play an important role in vascular development.328> SOX18
can function redundantly with SOX7 or SOX17 in arterial-venous specification of ECs.1%°
SOX18 is also involved in the regulation of permeability through Cldn5 gene expression
modulation.!10

NR2F2 is a transcription factor that has an important role in angiogenic and neural
development. Its expression is limited to venal ECs and lymphatics. KO mice is embryonic
lethal, dying of abnormal development of the heart and impaired angiogenesis with
missing veins or fused artery-vein structures, the same defects seen in Nrp1 and Notch1
KO mice. These findings suggest a regulatory loop between NR2F2 and the NOTCH
pathway needed for artery—vein specification.3®*! Moreover, a recent study showed that
NR2F2 homodimerization is involved in venous differentiation and heterodimers of
NR2F2/prospero homeobox 1 (PROX1) are involved in lympahtic differentiation.**?

Members of the KLF transcription factor family act in ECs. KLF2 expression is
induced by sheer stress and regulates the expression of several genes, such as
hemoglobin alpha 1 (Hbal), hemoglobin gamma G (Hgb2) and hemoglobin epsilon 1
(Hbel), important for maintaining vascular tone in response to blood flow.%>

Angiogenic stimuli can induce HOX genes. Among them HOXD3 is the most
studied. Transfection of ECs with HOXD3 gene resulted in enhanced expression of
integrins avB3 and a5B1 and plasminogen activator urokinase (Plau). HOXD3 and HOXA3
may also regulate EC gene expression associated with the invasive stage of
angiogenesis.8 113114 HOXA3 also regulates the hemogenic endothelium, by targeting
Runx1, Gatal and Gfil upstream genes.!’> HOXA9 also play an important role in
hematopoiesis and in tubulogenesis of mature ECs, regulating the expression of nitric

oxide synthase 3 (Nos3), Kdr and Cdh5.8’

4.1.3. Nuclear factor of activated T-cells

There have been countless transcription factors first identified in other cells which
revealed to be important in defining vascular phenotype. NFAT family is one of those
examples, first identified by Northrop et al.1®, as being required for the expression of a

group of proteins coordinating T-cell activation. Later on, de la Pompa et a/.*” and Ranger
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et al.1*® showed that Nfatcl KO mice led to an early death of mice embryos, due to
development of abnormal aortic and pulmonary valves and septa as well as circulatory
failure before day E14.5. Using this model it was possible to identify the first transcription
factor known to be expressed in ECs of the heart. Years after, some studies revealed the
link between VEGFA and NFATC1 in cardiac malformations and the specific role of
NFATC1 in the progenitor cells of coronary arterial endothelium 19122

As Pan et al.'?? reviewed, there are four members of the NFAT gene family:
NFATC1, NFATC2, NFATC3 and NFATC4. The conserved N-terminal region of this family
members contains a regulatory domain, including the casein kinase 1 docking site, a
transactivation domain and a calcineurin docking site. The C-terminus contains a DNA-
binding v-rel avian reticuloendotheliosis viral oncogene homolog (REL) homology domain
and an additional calcineurin docking site. Between those domains there are several
serine-rich domains that provide phosphorylation sites for kinases targeting NFAT and
two nuclear localization signal sequences in addition to the nuclear export signal
sequence, which controls the cellular localization of the NFATs. 123124

The main characteristic of this family of transcription factors is the calcineurin-
dependent activity. Calcineurin is a phosphatase that dephosphorylates NFAT proteins
to expose their nuclear localization signals, triggering the transport of NFAT proteins from
the cytoplasm to the nucleus. Once in the nucleus, NFAT together with other factors such
as GATA, FOXP3 and adaptor-related protein complex 1 (AP1) control target gene
expression, which is essential for many biological functions. Calcineurin responds to
increasing intracellular Ca®* levels, promoting translocation of NFAT proteins to the
nucleus. This mechanism is Ca*-sensitive, meaning that when the Ca®* levels drop NFAT
is exported to the cytoplasm inhibiting activation of the transcriptional machinery.1?3124

Calcineurin can be inhibited by the immunosuppressant Cyclosporin A (CsA) and
FK506. As previously said, there are fourteen phosphorylation sites in the NFAT
regulatory domain, which reveal the importance of phosphorylation in the control of the
NFAT function through cytoplasm-nuclear translocation. This cellular localization is also
regulated by other mechanisms including small ubiquitin-like modifier (SUMO)ylation,
proteasome degradation and histone methylation.'?

NFAT members have been involved in numerous pathologies such as

inflammatory bowel disease, rheumatoid arthritis, systemic lupus erythematosus,
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glomerulosclerosis, inflammation, oxygen-induced retinopathy and cancer.12312>-130
Recently, a wide scale genome revealed that one third of VEGFA stimulated genes were
also stimulated by the NFAT family, suggesting that the NFAT pathway is an important
route for VEGFA-mediated signal transduction in ECs, which raises many unresolved

questions. 131

4.2. Epigenetic modifications

Conrad Waddington was the first to propose the concept of epigenetics in
1942.132 Nowadays, epigenetics is referred to the study of changes in gene expression
and phenotype that occur without changes in the DNA sequence itself. The known
epigenetic mechanisms are DNA methylation, histone modifications and post-
transcriptional gene regulation by RNA-based mechanisms, such as non-coding RNAs

(ncRNAs), which in turn negatively or positively influence gene expression.*133

4.2.1. DNA Methylation

As Aird mentioned, methylation is an inheritable regulation of DNA by a balance
between methyltransferases and demethylases.

DNA methylation is the addition of a methyl group from S-Adenyl Methionine to
the fifth carbon of a cytosine residue to form 5-methylcytosine in the cytosine phosphate
guanine (CpG) dinucleotides. The hypermethylation of CpG islands results in the stable
silencing of gene expression, by recognition and binding of some methylation-associated
proteins, methyl-CpG binding domain protein (MBD) or by preventing binding of
transcription factors.'33

In vascular ECs, the methylation of CpG islands in promoters of NOS3 and KDR
were identified, which results in MBD2 binding to these methylated CpG islands and
suppression of gene expression. Loss of MBD2 leads to activation of Nos3 and Kdr gene
expression and trigger pro-angiogenic signal pathway.8%133 A recent study of Shirodkar et

al.13% showed that besides NOS3, also P-selectin is partially methylated in ECs. The

function of this basal methylation remains unknown.
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4.2.2. Histone modifications

Genomic DNA is packaged into chromatin, which is composed of DNA and
proteins. The chromatin unit is the nucleosome, which consists of an octamer of four core
histone (H) proteins (H2A, H2B, H3 and H4). Histones are subjected to transcriptional
modifications mediated by histone acetyltransferases (HATs) or histone deacetylases
(HDACs) at their N-terminal regions. They can also be targeted by other post-translational
modifications, such as methylation (mediated by histone methyltransferases (HMTs)),
ubiguination, SUMOylation of lysine residues, methylation of arginine residues and
phosphorylation of serines. This influences the accessibility of the DNA to the
transcriptional machinery. 133135

As Zhou et al.'3® postulated, HATs hyperacetylate histones which results in an
open structure of the DNA that facilitates the binding of transcription factors and
promote gene expression. On the other hand, HDACs remove acetyl groups from
hyperacetylated histones, which leads to a closed chromatin structure and suppression
of genes. HATs and HDACs are recruited to gene promoters by DNA binding proteins that
recognize certain DNA sequences, providing specific modulation on gene expression.
There are four classes of HDACs: class | and class I HDACs are considered as the “classical
HDACs”, whose activities can be inhibited by trichostatin A; class lll HDACs represent the
sirtuin (SIRT) 2 family of nicotinamide adenine dinucleotide (NAD+) dependent HDACs
(SIRT1-7), and class IV HDAC is the newly discovered HDAC11 that is related to class |
HDACs, but since the overall sequence similarities are low, it cannot be grouped into any
of the three existing classes.3°

HDAC7 controls EC growth through modulation of Bcatenin translocation. VEGFA
can induce HDAC7 degradation and partially rescue HDAC7-mediated suppression of
proliferation.’” HDAC5 suppresses EC migration and sprouting, by binding to the
promoter region of FGF2.138 HDAC3 plays a critical role in maintaining EC survival and
prevents arteriosclerosis via AKT activation.’®® HDAC3 binding to VEGFA possesses a
pivotal function in the differentiation of stem cells into ECs.'3®140 SIRT1 is highly
expressed in the vasculature and plays a critical role in the regulation of vascular function.
SIRT1 has been shown to target tumor protein 53 (TP53), FOXO3 and NOS3 for

deacetylation, which functions as a negative regulator of oxidative stress. It may be
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inferred that the protective role of SIRT1 in vascular diseases lies mainly in its ability to
decrease oxidative stress levels. 144142

The promoter/repressor function of a histone methylation is influenced by the
specific lysine residue where it occurs. For example, H3K4 and H3K36 methylation are
associated with transcriptionally permissive chromatin, whereas H3K9 and H3K27
methylation are markers of transcriptionally silent chromatin. Single lysine residues can
be methylated to mono-, di-, and trimethylated states.’*3 As Yan et al.}*3 postulated, the
different histone methylation states are functionally relevant; active promoters are
enriched in trimethylated H3K4, while enhancer elements are enriched in
monomethylated H3K4.

Recently, the trimethylation of H3K36 mediated by the specific methyltransferase
SET domain containing 2 (SETD2) has been implicated in ECs phenotype. Hu et al.}#*
showed that Setd2 KO mice died at E10.5-E11.5, due to severe vascular defects, such as
abnormally dilated capillaries, no cohesive blood vessels networks and impaired
embryonic-maternal vascular connection in placenta. The gene expression profile

showed altered expression of genes involved in vascular remodeling, such as Ang, Pdgf,

Vegfb, Cavl and Flt1 among others.144

4.2.3. non-coding RNA

There are 5 classes of ncRNAs involved in epigenetic modifications: microRNAs
(miRNAs), small interfering RNAs (siRNAs), piwi-interacting RNAs, small nucleolar RNAs
and long non-coding RNAs. MiRNAs are the most studied ncRNA. They are single-stranded
non-coding RNAs of 20-25 nucleotides in length that bind to their target genes within
their 3" untranslated regions (3' UTRs), leading to the direct degradation of the miRNA or
translational repression. In recent years it has been described the role of miRNAs in
vascular development and diseases.’®* MiR-15, miR-16, miR-20a and miR-20b are anti-
angiogenic miRNAs targeting VEGFA mRNA, whereas the miR-17-92 cluster, miR-27b and

miR-363-5p are pro-angiogenic miRNAs.14>146
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5. The involvement of endothelial cells in cancer

Tumor blood vessels provide nutrients and oxygen, eliminate waste from tumor
tissue and act as gatekeepers for tumor cells to metastasize to distant organs.? In 1971,
Folkman was the first to disclose the importance of angiogenesis in tumor growth.'*’
Angiogenesis is determined by the balance between the pro- and anti-angiogenic
molecules that are released by tumor and host cells in the microenvironment. Folkman
et al.1*® were also the first to isolate a factor from the tumor stroma (VEGFA) and to prove
that it is responsible for the formation of new capillaries. Later, Folkman and Hanahan
described two distinct phases in tumor growth: a prevascular phase during early tumor
development where few or no tumor cells are angiogenic and expansion of the tumor is
restricted to a few mm?; and an angiogenic phase where tumor can expand progressively
and shed metastatic cells. Between these two phases there is a process called angiogenic
switch, which consists in the secretion of pro-angiogenic growth factors to induce the
formation of new blood vessels and to ensure the adequate diffusion of oxygen and
nutrients.**® So, as Hanahan and Weinberg?*° postulated, induction and sustained
angiogenesis is an important key step in the expansion of a tumor.

Tumor vessels are very distinct from the normal vasculature: they are
disorganized, more dilated, tortuous, fragile and defective in barrier function. Tumor
vessels exhibit chaotic blood flow, increased permeability and are often leaky and
hemorrhagic, due to irregular ECs connections.®® As Hida et al.? postulated, abnormalities
of tumor blood vessels may come from unbalanced levels of pro- and anti- angiogenic
factors in the surrounding microenvironment. Indeed, ECs in the newly formed blood
vessels are exposed to extracellular signals like hypoxia, variable blood flow, low pH,
hypoglycemia and soluble mediators released by tumor cells and stromal cells including
growth factors (e.g. VEGFA, FGF, ANGPT) and cytokines (e.g. chemokine (C-X-C motif)
ligand (CXCL) 8 and CXCL1). The nature of these paracrine signals is influenced by multiple
factors, including underlying activation of oncogenes and/or the inactivation of tumor
suppressor genes (e.g. TP53, RAS and v-myc avian myelocytomatosis viral oncogene
homolog (MYC)) in the tumor cells. In addition to microenvironment, epigenetic factors
also play a role in mediating tumor EC differentiation.* In particular, miRNAs are
expressed by ECs upon activation with VEGFA or hypoxic environments. Most of those

stimulate angiogenesis by hijacking pro-angiogenic cascades.® It has been demonstrated
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that some cells derived from the bone marrow, such as macrophages, neutrophils, mast
cells and myeloid progenitors, play crucial roles in pathological angiogenesis. They
infiltrate the tumors and help the tumor to grow, facilitate local invasion and can help
with the protection of vasculature from the effects of anti-angiogenic drugs.?*

The process of vessel formation in the tumor context not only encompasses tumor
angiogenesis as the sprouting of new vessels from pre-existing vessels, but also
neovasculogenesis, as the growing of blood vessels originated from EPCs, or vascular
mimicry where tumor cells can be part of the vessel structure. Sprouting angiogenesis
refers to the release of pro-angiogenic factors that activate ECs. At the opposite, a form
of vasculogenesis occurs in adults when EPCs move to an angiogenic site and integrate
into newly forming vessels.’>! Lyden et al.1> proved that impairment of the recruitment
of EPCs can block tumor angiogenesis and growth, providing the first evidence that blood
vessel growth in cancer involved both neovasculogenesis and angiogenesis. Another
process of vascular formation in tumor is vascular mimicry first described in melanoma,
where tumor-derived cells differentiate to form vascular channels that augment the
angiogenic response. Although a number of recent studies have proposed the
involvement of cancer stem cells in this process, the existence and functional importance
of vascular mimicry in cancer remains under debate.’! There is also another process
called vessel co-option, where tumors choose to grow along the pre-existing vessels and

this does not involve ECs proliferation.

5.1. Anti-angiogenic therapy: successes and failures

As Folkman said, angiogenesis modulation could offer therapeutic opportunities
in cancer treatment.'’ Targeting tumor ECs became more interesting than tumor cells
itself, because ECs are more accessible to systemically deliver agents and are less likely
to develop resistance to therapies. As Aird* reviewed, there are two general approaches
for targeting tumor vasculature: one consists of preventing new blood vessel formation
by blocking tumor-derived angiogenic signals or their receptors on the surface of tumor
ECs; the other targets preexisting or established tumor blood vessels, which was termed
vascular targeting and may involve vascular disrupting approaches, normalization of
tumor vasculature or targeted delivery of agents with the goal of reaching the

endothelium. The goal of vascular disrupting therapy is to selectively induce vascular
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collapse of tumor blood vessels by targeting the cytoskeleton of tumor ECs.* As Potente
et al.1® postulated, the sustained vascular normalization concept proposes not to destroy
tumor vessels but to restore their structure and function, so that improved perfusion and
oxygenation counteract the hypoxia-driven expression of genes controlling epithelial to
mesenchymal transition, invasion and intravasation. As Aird* reviewed, targeted delivery
of drugs to tumor endothelium takes advantage of vascular markers that are
preferentially expressed on tumor endothelium. The target molecule may or may not be
involved in tumor pathophysiology. Targeting serves to localize the effector molecule,
allowing site-specific toxicity at the level of the tumor. Several types of carrier molecules
or ligands have been developed, including monoclonal antibodies, aptamers, peptides
and small organic molecules.*

VEGFA signaling has become the prime anti-angiogenic drug target with approval
by the European medicines agency (EMA) of several VEGFR-based inhibitors for clinical
use. The anti-VEGFA antibody (Bevacizumab) was approved in combination with
chemotherapy or cytokine therapy for several advanced metastatic cancers, including
colorectal, ovarian, non-small cell lung, renal, glioblastoma, pancreatic and prostate
cancer. Additionally, six multitargeted pan-VEGF receptor tyrosine kinase inhibitors (TKls)
that target multiple receptors like VEGFR and PDGFR have been approved: Sorafenib,
Sunitinib, Pazopanib, Vandetanib, Axitinib and Ramucirumab. Most studies that involve
these VEGFR TKls prolong progression-free survival (PFS) (usually measured in months)
but have limited overall survival (OS) in cancer patients, with the possible exception of
the benefits for patients with renal-cell carcinoma.®'® Table 1.2 summarizes the anti-
angiogenics used in the clinic and their output in terms of PFS and OS.

The clinical benefit of treatment with VEGFRs inhibitors is due to regression of
pre-existing tumor vessels and sensitization of ECs for chemotherapy and irradiation by
depriving them of VEGFA survival activity.'® It is curious why monotherapy with VEGFR
TKlinduces benefit in some tumors but is ineffective in others or evokes side effects when
combined with chemotherapy. One possible explanation is that certain tumors produce
pro-angiogenic factors besides VEGFA, even prior to treatment, and are thus relatively
insensitive to VEGFR inhibition. Others become unresponsive during treatment, which
can be mediated by increased secretion of pro-angiogenic factors, activation of

alternative angiogenic signaling pathways, recruitment of pro-angiogenic accessory cells
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and other mechanisms. Angiogenic signaling is robust as well as redundant. The inhibition
of individual signaling molecules and growth factors can be overcome by escape
mechanisms. Depriving the tumor of its vascular supply may also select hypoxia-resistant
tumor clones.161>3

The most effective therapies involve targeting combinations of factors, as well as
improving the efficiency of drug delivery to the tumor. For example, anti-VEGF therapy
leads to the upregulation of PGF, which binds to FLT1 and leads to the
transphosphorylation of KDR. Aflibercept is a chimeric VEGFA/PGF neutralizing receptor
that suppresses tumor growth and angiogenesis, enhancing the anti-cancer activity of
VEGFR blockade in colorectal, pancreatic, non-small cell lung cancer and melanoma.*!

Nonetheless, tumors evolve mechanisms of resistance or are refractory toward
VEGFRs inhibitors and only a fraction of cancer patients show benefits. As Potente et al.1®
said, there is a great debate on whether anti-angiogenic treatment may trigger more
invasive and metastatic tumors or the vessels normalization could offer benefits for
combating metastasis.>!° It can be hypothesized that inhibition of sprouting angiogenesis
may stimulate other mechanisms of angiogenesis, like intussusceptive angiogenesis, EPC
recruitment or vessel co-option, which only involves migration of ECs but not cell
proliferation, and this could be an explanation for the inefficacy of anti-angiogenic drugs.
It can be also hypothesized that VEGFA blockade aggravates hypoxia, which upregulates

the production of other angiogenic factors or increases tumor cell invasiveness.®29
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Table 1.2 - Anti-angiogenic drugs used in therapy against cancer. Their mode of action,

type of cancer where it is used, Progression Free Survival (PFS) and limitations. Table

taken from Domingues et al. (in press)'>*

MODE OF

TYPE OF

LIMITATIONS | REFERENCES

Bevacizumab

Aflibercept

Sorafenib

Sunitinib

Pazopanib

Vandetanib

Axitinib

Ramucirumab

ACTION
Monoclonal
anti-VEGFA

antibody

Chimeric
VEGFA/PGF
neutralizing

receptor

VEGFR
Tyrosine
Kinase
Inhibitor
(TKI
VEGFR TKI

VEGFR TKI

VEGFR TKI

VEGFR TKI

VEGFR TKI

CANCERS
Colorectal,
breast, ovarian,
non-small cell
lung, renal,
glioblastoma,
pancreatic,
prostate
Colorectal,
pancreatic, non-
small cell lung,
melanoma

Kidney,
Hepatocellular,
melanoma,
small-cell lung

Kidney, stromal
gastrointestinal,
breast,
hepatocellular,
colorectal,
pancreatic
neuroendocrine,
non-small cell
lung, prostate,
melanoma
Kidney, non-
small cell lung,
soft tissue
sarcoma
Non-small cell
lung, medullary
thyroid

Renal, pancreatic

Gastric, non-
small cell lung,
melanoma

Most of studies
with
improvements

Improvements
in colorectal,
non-small cell
lung and
melanoma
Improvements
in renal and
hepatocellular

Improvements
in most studies

Improvements

Improvements
in medullary
thyroid cancer
Improvements
in renal cancer
Improvements
in most studies

No OS 155-172

improvement

Small or no 0OS 160,173-175

improvement

No 160,176-178

improvements
in melanoma
and small-cell
lung
No OS
improvements
in the
majority of
studies

160,179-182

No OS 183,184

improvements

No OS 160,185

improvements

No OS 186
improvements
Little or no OS
improvements

187-189
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6. Novel insights and aim of this thesis

As Hanahan and Weinberg?**% highlighted, differences in signaling, in
transcriptome profiles and in vascular “ZIP codes” will be important for understanding
the heterogeneity between normal and tumor-associated ECs.

Much is known about ECs growth factors, chemokines, receptors, signaling
pathways and transcriptional regulation, but clearly much more remains to be
discovered, especially in the integration of such signals in normal and in pathological

contexts.

The global aim of this thesis was to identify novel putative ECs targets and to
understand the molecular determinants of vessel growth in physiological and
pathological conditions. We focused specifically on differences in transcriptional
modulation of gene expression between normal and tumor vessels. Our main hypothesis
is that NFATC1 and SETD2 are key regulators of EC homeostasis, being involved in their
differentiation and adaptation to tumoral environment.

So the specific aims of this thesis were:

- Tounravel the role of the NFATC1 transcription factor in ECs heterogeneity

- Todiscover the role and mechanisms of SETD2 in vessels impaired growth

- To define the role of estrogen derivatives in angiogenesis
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Abstract

Nuclear factor of activated T-cells cytoplasmic calcineurin-dependent (NFATC1) is
a member of nuclear factor of activated T-cells (NFAT) transcription factors family which
has been linked to vascular defects, as observed in the Nfatcl knockout (KO) mouse.
NFATC1 has also been shown to act downstream of vascular endothelial growth factor
(VEGF) signaling. Given the lack of response to anti-VEGF therapies in breast cancer
patients, here we hypothesized that NFATC1 might be modulated in the tumor
microenvironment and thus be linked to decrease VEGF signaling in tumor endothelial
cells (ECs).

We characterized the expression and localization of NAFTC1 both in breast cancer
mice models and in human breast cancer patients. We observed that ECs from normal
mammary gland express NFATC1, but this expression is lost in tumor areas. Notably,
tumor mononuclear cell infiltrates (TMCI) expressed NFATC1 and showed a positive
correlation with high-grade human breast cancers. Mechanistically, we showed that
kinase insert domain receptor (KDR) mediates VEGF-induced NFATC1 nuclear
translocation in both human dermal microvascular ECs (HMVEC) and human umbilical
cord vein ECs (HUVEC). Anti-KDR (aKDR) and cyclosporine A (CsA) (which is a specific
inhibitor of calcineurin) cooperate in inhibition of NFATC1 nuclear translocation and seem
to have a cumulative effect.

Together, our data suggests NFATC1 expression and function on ECs is modulated
by the tumor microenvironment. This could have consequences for VEGF signaling and
thereby response to anti-angiogenic therapies. Our studies pave the way for detailed
studies in the regulation of NFATC1 expression and function and its importance in the

context of anti-VEGF therapies in breast cancer.
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Introduction

NFATC1 is a member of the NFAT transcription factor family.1®123 Their role in
vascular development was first demonstrated by de la Pompa et al.*'” and Ranger et
al.1*®. Nfatcl KO mice have abnormal aortic as well as pulmonary valves and septa, dying
before day E14.5 due to circulatory system failure. Subsequent studies demonstrated
that myocardial-endocardial NFAT signaling orchestrates the molecular events required
for initiation and morphogenesis of heart valves.'?%1?1 NFATC1 has also been involved in
recruitment of bone-marrow derived macrophages, which is essential for
osteoclastogenesis as well in immune adaptive response by type 1 T helper (Th1) effector
cell differentiation. 199193

The activity of NFATC1, as well as of other members of this family, is regulated by
calcineurin, a calcium (Ca®*)-dependent phosphatase. When the levels of intracellular
Ca?* remain elevated, calcineurin activity remains high, which means NFATC1 is
dephosphorylated and consequently translocated to the nucleus where it binds DNA to
activate gene expression.'?* CsA and FK506 are inhibitory drugs that target calcineurin
directly and prevent NFATC1 translocation.'®

Some studies have revealed the importance of NFATC1 in mediating VEGF
signaling pathways. 11913119519 NFATC1 is activated downstream of VEGF signaling, first
studied in human pulmonary valve ECs (HPVEC) and more recently in human retinal
microvascular ECs, revealing an active role in angiogenic cell behavior.11%130 |t is now
postulated that NFAT inhibition could be highly efficient in the treatment of diseases,
such as neovascular eye disease. Suehiro et al.'3! showed in a wide genome study that
one third of VEGF and NFATC stimulated genes are overlapped. Some genes with
angiogenic potential are regulated by NFAT signaling, such as prostaglandin G/H synthase
and cyclooxygenase (PTGS2), hypoxia-inducible factor 1, subunit alpha (HIF1A), fms-
related tyrosine kinasel (FLT1), matrix metalloproteinase (MMP) 2 and MMP9.

NFAT members have also been associated with tumor microenvironment
including, fibroblasts, infiltrating immune cells and ECs.*®” Jinnin et al.**® showed that
FLT1 suppressed levels and constitutive KDR levels in infantile hemangiomas are

orchestrated by NFAT signaling pathways. Siamakpour-Reihani et al.**®* demonstrated
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that a specific inhibitor of secreted frizzled-related protein 2 (SFRP2) that targets NFATC3
is localized in the breast tumor vasculature.

The NFAT family of transcription factors has a distinct role in innumerous
physiological and pathological mechanisms, but it remains unclear what is the specific
role of NFATC1 in the tumor vasculature.’®” In our in vivo studies we identified the loss of
NFATC1 expression in vessels under the influence of the tumor. In vitro we revealed a

cooperation between KDR and CsA in VEGF-driven NFATC1 nuclear localization.
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Methods

Animal and experimental design

Animal experiments were performed with the approval of the Instituto
Gulbenkian de Ciéncia’s Ethical Committee.

A total of 15 Balb/c mice (6-8 weeks old) were injected with 1x10° 4T1 green
fluorescent protein (GFP) — firefly luciferase (Luc) cells in the mammary fat pad. Tumor
mass was monitored over time and 5 animals per time point were sacrificed at 9, 13 and
17 days after tumor inoculation. 10 Balb/c scid mice (6-8 weeks old) were injected with
1x10% MDA-MB-231 GFP-Luc cells in the mammary fat pad and 5 animals per time point
were sacrificed at 58 and 78 days after tumor inoculation. Tumors, macroscopic
peritumoral vessels and contralateral normal mammary glands were divided for paraffin
inclusion and EC sorting.

All animals were sacrificed according to the directives of the Direccdo Geral de

Veterinaria.

Endothelial cell sorting

Peritumoral vessels (PTV), tumors and normal mammary gland vessels (NGV)
were fragmented into small pieces and then digested enzymatically by 0.02% collagenase
(Sigma #C2674) in free serum Dulbecco’s modified eagle medium (DMEM) media for 2h
at 372C with agitation. After this, digested samples were passed through a filter and then
washed with sterile phosphate-buffered saline (PBS) (Life Technologies #70011-044). ECs
were isolated by cell sorting using a primary platelet/endothelial cell adhesion moleculel
(PECAM1) (BD Biosciences #553370) antibody incubation for 1h at 42C and further anti-
rat immunoglobulin G (IgG) microbeads (Miltenyi Biotec #130-048-501) incubation,
according to the manufacturer’s instructions.

ECs RNA extraction and reverse transcription polymerase chain reaction (RT-PCR)

was further performed.
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Human samples

Human sample collection was performed with the approval of Ethical Committees
from Instituto Portugués de Oncologia de Lisboa Francisco Gentil (IPOLFG) and Hospital
Santa Maria — Centro Hospitalar Lisboa Norte (HSM-CHLN) (on the scope of breast cancer
biomarkers study).

Eight patients with unilateral breast cancer, with no previous chemo and
radiotherapy, no familiar risk and who underwent a contralateral mammoplasty during
the same surgery, were selected at IPOLFG. PTV and NGV from the same patient were
collected by a surgeon from chirurgical pieces.

Vessels were dissected from the adjacent tissue, using a magnifier. Samples were
collected for paraffin inclusion and for RNA extraction with TRIzol and subsequent RT-
PCR analysis. Hematoxylin & eosin (HE) staining was used for confirmation that there was
only minor contamination with adjacent tissues.

The two first patient vessels were used to perform a stem cell transcription factor
polymerase chain reaction (PCR) array (Quiagen #PAHS-501A), according to the
manufacturer’s instruction. The deregulated transcription factors were validated using
standard RT-PCR (check Table 2.1 for the primer list). The following samples were
analyzed with RT-PCR.

Breast cancer patient slices were randomly selected from Pathology Archives of
HSM-CHLN and used for NFATC1 immunohistochemistry. Some clinical information was
collected, namely histologic grade, estrogen receptor (ER), progesterone receptor (PgR),
human epidermal growth factor receptor 2 (HER2), Ki67 (marker of proliferation) and

tumor protein 53 (TP53) status.

Reverse transcription polymerase chain reaction

For in vitro experiments, cells were washed with 1x PBS and collected in TRIzol
reagent (Life Technologies #15596-026). For in vivo experiments, cells were directly
collected in TRIzol Reagent. RNA was further extracted according to the manufacturer’s
instruction.

Complementary DNA (cDNA) was synthetized with SuperScript Il reverse
transcriptase (Life Technologies #18064-014) and primer “random” (Roche#

11034731001), according to the manufacturer’s instructions.
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RT-PCR was performed with fast SYBR green PCR master mix (Life Technologies
#4385612) in ViiA7 real-time PCR system (Applied Biosystems). 18S ribosomal RNA (rRNA)
(housekeeping gene) was used for sample normalization and as an endogenous control.
Human NFATCI, FLT1, KDR, homeobox (HOX) C4, HOXC5, nuclear receptor subfamily 2
group F member 2 (NR2F2), NOTCH?2, proliferating cell nuclear antigen (PCNA), POU class
5 homeobox 1 (POU5F1), SMAD family member 2 (SMAD?2), sp1 transcription factor (SP1),
signal transducer and activator of transcription 3 (STAT3), peroxisome proliferator-
activated receptor gamma (PPARG) primers and mouse Hoxc4, Hoxc5, Nfatcl, Nr2f2,
Pcna, Pou5f1, Pparg, Stat3 primers were designed with Primer-BLAST. Primer sequences

are listed on Table 2.1. Data were analyzed with ViiA7 software.

Histology and Immunohistochemistry

Mice tumors, mammary fat pads were formaldehyde-fixed and processed for
routine histopathology. Immunohistochemistry for NFATC1 was performed on 2um
slices. Antigen retrieval was performed in a PT link pre-treatment module for tissue
specimens (Dako) with target retrieval solution, high pH (Dako #K8004) for 20 minutes at
64°C. Endogenous peroxidase was blocked with 3% hydrogen peroxide (Merck Millipore
#1072981000) 30 minutes at room temperature in the dark. Unspecific bindings were
blocked with 2.5% normal horse serum blocking solution (Vector Lab #S-2000) for 30
minutes at room temperature. NFATC1 primary antibody incubation was made at room
temperature for 2h and EnVision + system - horseradish peroxidase (HRP) for mouse
primary antibodies (Dako #K4007) was used for secondary antibody incubation and
revelation, according to the manufacturer’s instructions. Mayer’'s hematoxylin
counterstain was performed afterwards.

Relative quantification of 10 hotspots (magnification of 400x) per slice was made
with ImmunoRatio (Institute of Biomedical Technology, University of Tampere) in a
brightfield Leica DM2500 microscope (Leica Microsystems) and statistical analysis was

performed with GraphPad Prism 5 software.
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Cell Culture

4T1 GFP-Luc and MDA-MB-231 GFP-Luc, mouse and human breast cancer cell
lines, respectively, were cultured in DMEM supplemented with 10% heat-inactivated fetal
bovine serum (FBS) (Life Technologies #26140-079) and 1x antibiotic-antimycotic (Life
Technologies #15240-062).

HMVEC and HUVEC were cultured in EBM-2 media (Lonza, #190860)
supplemented with 2% heat-inactivated FBS and 1x antibiotic-antimycotic. HUVEC were
used until the fifth passage.

For HMEC and HUVEC stimulation 50ng/mL VEGF (Sigma #V7259), 500ug/mL
heparin (Sigma #H3149), 1pug/mL akDR (IMC-1C11, ImClone Systems?%°) and 1pg/mL CsA
(Sigma #30024) were used. akKDR and CsA were added to the culture 1h before the other
cytokines. Cells were collected for RNA extraction 1, 4 and 16h later. Lamellas for

immunofluorescence were collected 4h later.

Immunofluorescence

Cells were fixed in 2% paraformaldehyde for 20 minutes at 42C, blocked and
permeabilized for 1h at room temperature with PBS + 1% bovine serum albumin (BSA)
(Sigma #A7906) + 0.02% Triton X-100 (Sigma #X100). NFATC1 primary antibody
incubation was made at room temperature for 2h and secondary antibody incubation for
1h at room temperature. F-actin staining was made 20 minutes at room temperature.
Antibodies are listed on Table 2.2. One drop of Vectashield mounting medium with DAPI
(Vector Laboratories #H-1200) was used for nucleus staining.

Cells were examined with a widefield fluorescent Leica DM5000B microscope
(Leica Microsystems). Quantifications were made using a Imagel software (National
Institutes of Health) cell counter plugin and statistical analysis with GraphPad Prism 5

software.

Statistical Analysis

Data were analyzed with GraphPad Prism 5 Software, using an unpaired two-
tailed t-test with a confidence interval of 95%. Results are expressed as mean + standard
error.

*is P-value £ 0.05, ** < 0.01 and *** <0.001
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Table 2.1 Primers list

PRIMER SEQUENCE PRIMER SEQUENCE

hi8s  F GCCCTATCAACTTTCGATGGT mi18S F  CGCAGCTAGGAATAATGGAATAGG
R CCGGAATCGAACCCTGATT R CCGGAATCGAACCCTGATT
FLT1 F ACCACTCCCTTGAACACGAG Hoxc4 | F ATCGCCCACTCGCTGTGCCTC
R TGGGAATTGCTTTGGTCAAT R TGGGGAGTCGGTGGTCCTTCT
HOXC4 | F CGCCCACTCGCTGTGCCTCT Hoxc5 ~F CTGAAACTGGGCTAAGGGCTGCT
R GTGTTGGGGAGTCGGTGGTCCT R ATCTCCCTGCCCCTCCCCAGA
HOXC5  F CGGACCCTCTAACCTCGCCCT Nfatcl F  GAGTTCGATCAGAGCGGCGGGG
R GCCTTTGGCTGTCTAACCCGTCC R GAAGGGGCAGGGTCGAGGTG
KDR F GTGACCAACATGGAGTCGTG Nr2f2 | F ATGCCTCCTACCCAGCCTACC
R CCAGAGATTCCATGCCACTT R ACGAGTGGCAGTTGAGGGGGT
NFATCI | F GGCTGCGGTCTTCGGGAG Pcna | F AGAGGGTTGGTAGTTGTCGCT
R GCCATAGTGTTCTTCCTCCGCTG R CTGCCAAGGTCCCCCGATTCA
NOTCH2 F  CAGTTGTCGCTGCTTGCCTGG Pou5f1 | F TAGGTGAGCCGTCTTTCCACC
R GGCACTCGTTGATGTCTCCCTCA R AGGCGAAGTCTGAAGCCAGGTGT
NR2F2  F  CGACCAGCACCATCGCAACCAGT Pparg | F TGCTGTTATGGGTGAAACTCTGGGA
R GCCCACTTTGAGGCACTTTTTGAGG R GGCAGTGCATCAGCGAAGGC
PCNA F  GGCGTAGCAGAGTGGTCGTTGT Stat3 F ACCCCGACATTCCCAAGGAGGA
R TCAGAGCGAGCGGGCGAACG R GGGTCGGCTTCGGGGTGCTC
POU5F1  F ACTCCTCGGTCCCTTTCCCTGA
R GTGGTGACGGAGACAGGGGGA
PPARG F  TGGAGACCGCCCAGGTTTGCT
R TCCAGGGCTTGTAGCAGGTTGTCTT
SMAD2 | F CGCCCATTCCCCTCTTCCCCT
R GGGACCTTTTGTTCCTTCCTCTTCC
SP1 F CCTTGAGCTTGTCCCTCAGC
R ACCACAGCTGTCATTTCATCCA
STAT3 | F GGCCATCTTGAGCACTAAGC
R GTCCTTCTCCACCCAAGTGA
Table 2.2 — Antibodies list
ANTIGEN | BRAND | DILUTION
NFATC1 BD Biosciences #556602 1:100
PECAM1 BD Biosciences #553370 1:100
Phalloidin Life Technologies #F432 1:200
Alexa Fluor 594 donkey anti- Life Technologies #A21203 1:1000
mouse IgG
Anti-Rat IgG Microbeads Miltenyi Biotec #130-048-501 1:4
EnVision + System-HRP for mouse Dako #K4007 ready to use

primary antibodies
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Results

NFATC1 expression is lost in endothelial cells in breast cancer mice models and human
breast cancer patients

In order to characterize the NFATC1 expression profile in breast cancer mice
models we inoculated MDA-MB-231 GFP-Luc and 4T1 GFP-Luc breast cell lines in the
mammary fat pad of mice. We performed a microbeads EC isolation, with previous
primary antibody PECAM1 incubation of PTV, tumors (to isolate intratumoral vessels
(ITV)) and NGV. We further extracted RNA and analyzed the mRNA expression of Nfatcl
and other transcription factors such as Hoxc4, Hoxc5, Nr2f2, Pou5f1, Pparg and Stat3
(Supplementary data) by RT-PCR in both syngeneic and xenograft mice models.

In the 4T1 GFP-Luc syngeneic breast cancer mice model NfatcI mRNA levels were
upregulated in PTV after 9 days of tumor growth and soon became downregulated in the
next time points. On the contrary ITV showed no difference of expression levels
compared to NGV. (Figure 2.1A) In MDA-MB-231 GFP-Luc human breast cancer xenograft
mice model we observed an Nfatcl upregulation in the last time point regardless of
tumor vessels localization. (Figure 2.1B)

Given the fact that Nfatcl mRNA expression levels were deregulated in both
syngeneic and xenograft mice models, we decided to explore the localization of this
transcription factor in tumors and normal mammary glands. In normal mammary gland
NFATC1 was localized in some vascular ECs and in resident inflammatory mononuclear
cells. Both in syngeneic and in xenograft tumors NFATC1 was localized in TMCI, mostly in
peritumoral areas and ECs from the tumor lost NFATC1 expression. MDA-MB-231 GFP-
Luc xenograft mice model had a less infiltrated phenotype due to its
immunocompromised Balb/c scid background. (Figure 2.2 A-C)

We performed a relative quantification of 10 NFATC1-positive hotspots per mice
per time point, using ImmunoRatio. NFATC1-positive cells increased in both mice models

along the tumor growth. (Figure 2.2D)
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Figure 2.1 — Deregulation of transcription factors Nfatc1 mRNA levels in PTV and ITV of
breast cancer mice models

A. Relative quantification of Nfatc1 mRNA in 4T1 GFP-Luc syngeneic breast cancer mice
model at 9, 13 and 17 days after tumor inoculation; B. Relative quantification of Nfatcl
MRNA in MDA-MB-231 GFP-Luc human breast cancer xenograft mice model at 58 and 78
days after tumor inoculation. N are NGV, P are PTV and | are ITV. Normalization to 18S rRNA

expression. Data are means * standard errors.
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Figure 2.2 — Endothelial cells under tumor influence lose NFATC1 expression compared
with endothelial cells from normal mammary gland

A. Representative image of NFATC1-positive cells in normal mammary gland (MG); B.
Representative image of NFATC1-positive cells in 4T1 GFP-Luc syngeneic breast cancer
mice model; C. Representative image of NFATC1-positive cells in MDA-MB-231 GFP-Luc
human breast cancer xenograft mice. Magnifications of 25x, 100x, 400x and 1000x. Scale
bar= 50um; D. Quantification of NFATC1-positive cells. Representation of 10 hotspots’
mean per mice per time point in 1. 4T1 GFP-Luc mice model and 2. MDA-MB-231 GFP-

Luc mice model. Scored with ImmunoRatio. Data are means + standard errors; n=5.
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After validation of NFATC1’s role in in vivo breast cancer mice models, we decided
to look at the role of this transcription factor in vessels from breast cancer patients. We
selected patients with unilateral breast cancer, with no previous chemo and
radiotherapy, no familiar risk and who underwent a contralateral mammoplasty during
the same surgery. Eight patients were selected at IPOLFG and PTV plus NGV were
collected. An H&E from NGV and PTV were performed in order to confirm the correct
macrodissection of blood vessels. No contamination with mammary gland tissue and
tumor was observed. (Figure 2.3A)

We performed a stem cell transcription factor PCR array of two patients’ PTV and
NGV. As we can see in Figure 2.3B estrogen-receptor 1 (ESR1), HOXC4, HOXC5, NR2F2,
NOTCH2, PCNA, POU5F1, retinoblastoma 1 (RB1), SMAD2, SP1, NFATC1 and STAT3 mRNA
levels were upregulated; PPARG and jun proto-oncogene (JUN) were downregulated in
PTV when compared to NGV. Besides the great variance between the eight patients,
Figure 2.3C shows that most of the identified deregulated transcription factors in the PCR
arrays were further validated in standard RT-PCR analysis. The most consistent
transcription factor with the same pattern of upregulation in all patients was NFATC1.

To check NFATC1 distribution in human breast tumors we performed an
immunohistochemistry of fifteen breast cancer patient’s slices randomly selected from
the Pathology Archives of HSM-CHLN. Resident inflammatory mononuclear cells of
normal mammary glands from the periphery of the tumor expressed NFATC1, as in mice
models. NFATC1-positive TMCI infiltrated the tumor and were positively associated with
high-grade breast tumors. Moreover, the quantification of NFATC1-positive hotspots per
normal mammary gland or tumor areas showed a strong ratio between more aggressive
tumors (characterized by high histologic grade, ER and PgR negative, HER2 and TP53

positive status) and the percentage of NFATC1-positive cells. (Figure 2.3E)

Together these results indicated a preponderant role for NFATC1 in vessel
heterogeneity. NFATC1 was expressed in normal mammary gland ECs, in resident
inflammatory mononuclear cells and in TMCI. NFATC1 expression was lost in ECs of breast
cancer in both humans and mice models. NFATC1 seemed to be involved in the

differentiation between a normal vessel and a vessel under the tumor influence.
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Figure 2.3 — NFATC1 expression is lost in endothelial cells of human breast cancer patients

A. H&E representative images of NGV (1) and PTV (2) isolated from breast cancer patients

Magnifications of 100x and 400x. Scale bar= 50um; B. Relative quantification of

deregulated mRNA levels of stem transcription factors PCR array in 2 patients; C. Relative

quantification of deregulated transcription factors in 8 patients; D. Representative image

of NFATC1-positive cells 1in normal mammary gland (MG), 2 low- and 3 high-grade breast

tumors. Magpnifications of 100x, 200x and 400x. Scale bar= 50um; E. Quantification of

NFATC1-positive cells. Representation of 10 hotspots’ mean per normal mammary gland

and tumor areas separately by 1. Histologic grade, 2. ER status, 3. PgR status, 4. HER2

status, 5. Ki67 index and 6. TP53 status. Scored with ImmunoRatio. Data are means *

standard errors; n=3-4 per group.

Germana Domingues



NFATC1 translocation to the nucleus in a VEGF-dependent manner: a new role for KDR

In order to investigate whether NFATC1 cellular localization in ECs responds to
VEGF, we stimulated HMVEC and HUVEC with VEGF and tested different combinations
with the KDR inhibitor IMC1C11%% and calcineurin (CsA)*®*. We then collected cells for
RT-PCR and performed immunofluorescence for NFATC1.

The percentage of nuclear NFATC1-positive cells clearly reveals a link between
VEGF and NFATC1 signaling. When we added VEGF either HMVEC or HUVEC showed a
50% increase of nuclear NFATC1. The addition of aKDR was sufficient to lower the nuclear
localization, even in the absence of VEGF stimuli. CsA inhibition restored the basal level
of NFATC1 in the nucleus. Moreover, inhibition of both KDR and calcineurin in the
presence of VEGF seemed to have a cumulative effect, with a reduction of nuclear
NFATC1 around 50% in HMVEC and 80% in HUVEC compared to basal levels (Figure 2.4).

We further investigated the levels of NFATCI, FLT1 and KDR mRNA expression in
1,4 and 16h time points (Figure 2.5). Even though the high significance of nuclear NFATC1
localization demonstrated in immunofluorescence, NFATC1 RT-PCR analysis (Figure 2.5A)
showed no relevant differences in NFATC1 expression among all conditions. The only
exceptions found were the upregulation of NFATCI levels in VEGF+CsA and VEGF+aKDR
conditions in the 4h time point. The upregulation of NFATCI mRNA expression remained
high in VEGF+aKDR for the 16h time point.

FLT1 mRNA levels (Figure 2.5B) were upregulated in VEGF after 1h, returned to
basal levels at 4h and were downregulated at 16h. VEGF+CsA downregulated FLT1 after
1h and 16h of incubation. CsA in the absence of VEGFA downregulated FLT1 mRNA levels
from 4h onwards. FLT1 upregulation in VEGF+aKDR condition after 1 and 4h of incubation
returned to normal levels at 16h. VEGF+aKDR+CsA upregulated FLT1 in the 1 and 16h
time point. FLT1 levels were significantly downregulated in aKDR+CsA at the middle time
point and downregulated in aKDR condition in the first and last time point.

KDR mRNA levels (Figure 2.5C) were consistently downregulated when CsA was
alone or in combination with VEGF and/or aKDR in all time points. VEGF alone also
diminished the KDR levels. VEGF+aKDR upregulated KDR level after 4 and 16h of
incubation. akDR alone diminished KDR levels only in the first time point.

Together these results suggest that NFATC1 is an EC transcriptional regulator,

translocating to the nucleus in the presence of VEGF in a KDR- and calcineurin-dependent
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manner. Furthermore, both inhibitors seem to have a cumulative effect on NFATC1

cytoplasm-nucleus localization.
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Figure 2.4 — NFATC1 nuclear localization increases with VEGF stimuli and both CsA and
aKDR are sufficient to restore basal cytoplasmic levels

A. Representative images of NFATC1 immunofluorescence performed in HMVECs after
4h of cytokines and inhibitors incubation. Magnification of 400x and scale bar=100um; B.
Quantification of nuclear NFATC1-positive cells in HMVEC; C. Quantification of nuclear
NFATC1-positive cells in HUVEC. Scored 100 cells per condition. Data are means +

standard errors.
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Figure 2.5 — VEGF, akDR and CsA modify the mRNA expression levels of NFATC1, FLT1 and
KDR

A. Relative quantification of NFATC1 mRNA; B. Relative quantification of FLT1 mRNA; C.
Relative quantification of KDR mRNA; Subcategory 1 refers to 1h, 2 to 4h and 3 to 16h

time points. Normalization to 18S rRNA expression. Data are means * standard errors.
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Discussion

Since the NFAT family of transcription factors was first identified by Shaw et a/.2%
as regulators of T cell activation, much more roles and mechanisms have been discovered
and attributed to this family. From heart valve development to osteoclastogenesis,
recruitment of bone-marrow derived macrophages, retinal vascular development and
tumor microenvironment, these transcription factors are involved in many physiological
and pathological conditions.130:190-192,197,202

Furthermore Nfatcl KO mice show a vascular impairment.*”118 VEGF has also
been strongly associated with NFATC1 and intracellular Ca?* fluxes.}2131.203 So  we
hypothesized if in a highly VEGF-driven site as tumors, NFATC1 could have an essential
role in tumor vascular heterogeneity and in the weak anti-angiogenic therapy response.

In our study we used 4T1 GFP-Luc syngeneic breast cancer and MDA-MB-231 GFP-
Luc human breast cancer xenograft mice models in order to follow the tumor growth over
time. Mice were sacrificed in early, middle and late tumor growth phases and PTV, ITV
and NGV were isolated from different time points. The mRNA expression levels of some
transcription factors were evaluated. NFATC1 has been involved in cancer, but the
mechanism is still far from understood.*?32% Minami et al.?% showed that the NFAT
pathway is activated specifically in lung ECs prior to the detection of tumor cells, being
responsible for the support and expansion of micrometastases. In this work Nftacl was
upregulated in PTV in the first time point of the syngeneic mice model and in ITV and PTV
of the xenograft mice model, which may be correlated with the Minami study.

In our study we also observed a downregulation of Hoxc4 mRNA levels in PTV and
NGV in all time points from syngeneic model and an upregulation in the last time point of
the xenograft model (Supplementary data). In spite of a lack of tumor-specific EC studies,
some work in leukemia, lymphoma, skin tumors and MCF7 breast cancer mice models
are concordant with this Hoxc4 upregulation.?%©-21% We verified an upregulation of Hoxc5
levels in MDA-MB-231 GFP-Luc model, which corroborates studies in lymphomas and
cervical cancers.?%8211 Levels of Nr2f2 were downregulated in syngeneic mice models,
which contradicts the literature.?'>213 Pcna mRNA levels were downregulated in our
study, but some recent studies showed a positive correlation between tumor growth and

its expression levels.?'421® There has been recent evidence of Pou5f1 upregulation in
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cervical and breast cancers?!/?18 and our study also revealed an upregulation in later time
points of the xenograft breast cancer mice model. Pparg are directly related with
angiogenesis in tumors, as previously demonstrated by Bishop-Bailey?!®, but in our study
was downregulated in the syngeneic mice model. Stat3 transcription factor has been
associated with some diseases, namely cancer??®, but in ECs of our syngeneic breast
cancer mice model it was downregulated. Together, these changes in expression of
transcription factor mRNA levels in ECs from normal mammary gland/tumors and the
contradictory literature may be explained by the lack of tumor-specific EC studies. Most

studies highlight the importance of tumor cells, instead of emphasizing the role of ECs.

Since Nfatcl mRNA expression levels were deregulated in both syngeneic and
xenograft mice models, we decided to verify their localization in tumors and normal
mammary glands. In both models, NFATC1 localized in ECs and in resident mononuclear
cells from normal mammary gland. On the contrary, tumor ECs lost their NFATC1
expression and TMCI became the major expressing cells. These differences are
statistically significant and are evident even in the first time points. A revision of the
literature showed NFATC1 expression in mononuclear cells associated with inflammatory
conditions and osteoclastogenesis, 123122190221 byt as far as we know there is no
association with TMCI. It has been demonstrated that NFATC induces granulocyte-
macrophage colony-stimulating factor (GM-CSF) in ECs and monocytes???, which could

be an explanation for the higher percentage of infiltrated TMCI in tumor subsets.

Furthermore, we selected eight breast cancer patients in order to confirm our in
vitro and mice data. The stem cell transcription factor PCR array and its successive RT-
PCR validated some of our mice data. NFATC1 revealed to be the more consistent
upregulated transcription factor in PTV compared to NGV. Furthermore random slices
from breast cancer patients showed the same pattern of NFATC1 distribution as in mice
models. Since ER and PgR negative breast cancers have a worse prognosis®?® and in our
randomized samples these patients had more NFATC1-positive cells, we can conclude
that NFATC1 is correlated with a higher aggressiveness. Moreover, HER2 status has been
associated with a higher breast cancer recurrence rate.??* Our results showed a higher

percentage of NFATC1-positive cells in patients that overexpressed HER2. A recent study
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of Feeley et al.??® revealed that ER-positive, HER2-negative, Ki67-high and TP53-positive
breast cancer patients have a worse prognosis compared to ER-positive, HER2-negative,
Kib7-low and TP53-negative patients. Since the ER-negative, PgR-negative, HER2-positive
and TP53-positive characterization of our patients is associated with a higher percentage
of NFTAC1-positive cells, we can conclude that the quantification of NFATC1 could be a
valuable biomarker for breast cancer aggressiveness. This is also supported by Pan et
al.1?®> who postulated that NFATC1 induces CSF in both monocytes and ECs, with TMCI
located nearby to the tumor vasculature in order to facilitate the metastatic

dissemination.

In in vitro studies we first described the 2-fold increase of NAFTC1 nuclear
translocation with addition of VEGF. This was previously described by some authors and
suggests an active role for this transcription factor.}12121130226 \Wijth the inhibition of
calcineurin mediated by CsA, previously described by Liu et al.’®*, we saw a decrease of
nuclear NFATC1, independently of VEGF addition. Jang et al.*> showed that VEGF-driven
migration of HPVEC was mediated by KDR in response to NFATC1. Jinnin et al.*®®
demonstrated that NFATC1 suppresses the expression of FLT1 and constitutively
activates KDR in infantile hemangiomas. RAF265, an inhibitor of KDR, also diminishes the
expression of NFATC1 and showed a great efficacy in preventing osteoclastogenesis.??’
Together, these data indicates a strong connection between KDR and VEGF-NFATC1
signaling pathways. In our study we demonstrated that KDR inhibition in HMVEC and
HUVEC is sufficient to restore NFATC1 cytoplasm localization, which suggests that this
receptor blocks the entrance of VEGF and NFATC1 is no longer capable of being
translocated. Furthermore the addition of aKDR and CsA has a cumulative effect in
inhibition of NFATC1 nuclear localization, which supports an effective interplay of the
VEGF-NFATC1 pathway mediated by KDR.

We further investigated the levels of NFATCI, FLT1 and KDR mRNA expression in
1, 4 and 16h time points. As expected, we saw no difference in NFATC1 expression among
conditions and time points, which may indicate that NFATC1 only changes cytoplasm-
nuclear localization, instead of increasing expression levels. The exception was
VEGF+aKDR in the 16h time point which displayed a big increase of NFATCI mRNA levels.

This may indicate a compensatory mechanism for lower NFATC1 nuclear localization.
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FLT1 mRNA levels after addition of VEGF were downregulated in the last time point which
suggests a delayed effect and is corroborated by the Jinnin et al*®® study. FLTI
upregulation in VEGF+aKDR condition in the last time points suggests the reported higher
affinity of VEGF to FLT1, in this case because KDR was blocked by akKDR.?® KDR mRNA
levels were downregulated with VEGF addition, which may be explained by the excess of
VEGF in the media and the actually low binding need of VEGF-KDR.

The interplay between FLT1, KDR and Ca?* regulation (and consequently NFATC1
levels) is still far from understood. Quinn et al.??® were the first to show that VEGF-KDR
binding mediates the Ca®* efflux and regulates homeostasis. Decades later Cudmore et.
al’?® demonstrated that FLT1-KDR heterodimers are essential for Ca?* homeostasis
regulation in ECs. In sum these results suggest that NFATC1 is translocated to the nucleus

in the presence of VEGF in a KDR- and calcineurin- dependent cumulative manner.

Collectively these results indicate that NFATC1 is essential for vessel
heterogeneity. NFATC1 seems to be a key regulator of vessel identity, both in vitro and in
NGV. Since anti-angiogenic therapy did not significantly improve the cancer patients’
health34164230.231 ‘hetter strategies are needed. With our results we proved that NFATCI,
a VEGF-driven transcription factor, loses expression in ECs under the tumor influence.
This could be a possible explanation for the lack of response to anti-angiogenic therapies.
NFATC1 is also expressed in TMCI, who is correlated with tumor aggressiveness in human
breast cancer patients. In addition, we revealed a potential VEGF-KDR signaling role in

NFATC1 effector function.
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Supplementary data

Besides Nfatcl, we also identified some transcription factors in mice models that
are deregulated in PTV compared to NGV, namely Hoxc4, Hoxc5, Nr2f2, Pcna, Pou5f1,
Pparg and Stat3.

As seen in Figure S2.1 in the 4T1 GFP-Luc syngeneic breast tumor mice model we
observed statistical significant downregulation of Hoxc4 in PTV and ITV, compared to NGV
in all time points. Hoxc5 levels in PTV became downregulated after 13 days of tumor
growth onwards. ITV expression was downregulated in the first and last time point. Levels
of Nr2f2 expression were consistently downregulated among time points and localization
of tumor vessels. Pcna mRNA levels were downregulated in PTV and ITV only after 17
days of tumor growth. Pou5f1 had a similar profile of downregulation as Nr2f2. mRNA
levels of Pparg were downregulated in ITV in the last time point; Stat3 was
downregulated in ITV after 9 days and 13 days of tumor growth and in PTV in the middle
time point.

In MDA-MB-231 GFP-Luc human breast tumor xenograft mice we observed an
upregulation of Hoxc4 mRNA levels in PTV and ITV in the last time point. An increase in
Hoxc5 expression in PTV after 78 days of tumor growth was observed. Pcna expression
levels were downregulated in ITV in the 58 and 78 day time points. We observed a
downregulation of Pou5f1 in PTV and ITV at 58 days and an upregulation in PTV and ITV

at 78 days of tumor growth. (Figure S2.2)
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Figure S2.1 — Deregulation of transcription factor mRNA levels in PTV and ITV of 4T1 GFP-
Luc syngeneic breast tumor mice model at 9, 13 and 17 days of tumor growth

A. Relative quantification of Hoxc4 mRNA; B. Relative quantification of Hoxc5 mRNA; C.
Relative quantification of Nr2f2 mRNA; D. Relative quantification of Pcna mRNA; E.
Relative quantification of Pou5f1 mRNA; F. Relative quantification of Pparg mRNA; G.
Relative quantification of Stat3 mRNA. N are NGV, P are PTV and | are ITV. Normalization

to 18S rRNA expression. Data are means + standard errors.
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Figure S2.2 — Deregulation of transcription factor mRNA levels in PTV and ITV of MDA-MB-
231 GFP-Luc human breast tumor xenograft mice at 58 and 78 days of tumor growth

A. Relative quantification of Hoxc4 mRNA; B. Relative quantification of Hoxc5 mRNA; C.
Relative quantification of Pcna mRNA; D. Relative quantification of Pou5f1 mRNA. N are
NGV, P are PTV and | are ITV. Normalization to 18S rRNA expression. Data are means +

standard errors.
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Abstract

The activator/repressor function of histone methylation is influenced by the
specific lysine residue where it occurs. Histone H3 trimethylated at lysine 36 (H3K36me3)
is associated with transcriptional initiation, being a signature of activated genes. SET
domain containing 2 (SETD2) is a methyltransferase associated with this H3K36
trimethylation. Setd2 knockout (KO) mice are embryonic lethal due to vascular
impairment, suggesting a role for SETD2 in endothelial cell (EC) biology. So, we
hypothesized that SETD2 is important for the H3k36me3 signature on EC homeostasis.

We showed that SETD2 knockdown (KD) increased the number of binucleated cell
in HUVEC due to cell cycle errors, asymmetrical cell division and cell-cell fusion events.
Moreover, given our interest in understanding vascular endothelial growth factor (VEGF)
signaling and importance in tumor angiogenesis, we studied the regulation of a specific
transcription factor (nuclear factor of activated T-cells cytoplasmic calcineurin-
dependent (NFATC1)) in VEGF responsiveness and asked whether SETD2 could affect the
VEGF-induced NFATC1 activation. Interestingly, we found that SETD2 is important for
NFATC1 nuclear translocation (which is a measure of activation) independently of VEGF
stimulation.

Together these results indicate that when SETD2 is absent ECs show an abnormal
phenotype due to the increase in cell cycle errors and also the incidence of cell fusion
events. SETD2 KD also promoted NFATC1 nuclear translocation in a VEGF-independent
manner, suggesting SETD2 interference with NFATC1 dynamics either at transcriptional

or trafficking level.
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Introduction

Transcriptional regulation is extremely important in survival, proliferation and
angiogenic behavior of ECs. Histone methylation is one of the epigenetic mechanisms
involved in this regulation. The specific lysine residue where mono-, di- or trimethylation
occurs defines the activator/repressor function of this histone modification.'4

H3K36me3 is associated with permissive chromatin and activated gene
expression. It has also been involved in DNA repair and recombination, alternative
splicing, transcriptional repression and DNA methylation.?3? SETD2 is a methyltransferase
associated with H3K36 trimethylation. In yeast it is capable of all three methylations at
H3K36, but in eukaryotes it is associated only with H3K36me3 methylation.?3?

SETD2 has a C-terminal domain that interacts with the largest subunit of RNA
polymerase 11.33 In general, there is a shift from monomethylation to trimethylation of
H3K36 in genes that underwent transcriptional initiation.?** SETD2 is also involved in
splicing regulation, for example H3K36me3 sites in fibroblast growth factor receptor
(FGFR2) exon Illb restrictly occurs in mesenchymal cells.?3> SETD2 is also associated with
disease, namely cancer. Mutations in SETD2 are one of the causes for sporadic clear renal
cell carcinoma.?*® Accordingly, SETD2 has also been pointed as a tumor suppressor in
some type of cancers.?32237-23%

Surprisingly, Setd2 KO mice die during embryonic development, due to severe
vascular defects. Angiopoetin (Angpt), platelet-derived growth factor (Pdgf), vascular
endothelial growth factor B (Vegfb), caveolin 1 (Cavl) and fms-related tyrosine kinasel
(FIt1) are some of the deregulated genes in this KO model.'** So it is clear that SETD2
plays an important role in EC integrity and differentiation.

Although SETD2 has been extensively studied in tumoral context, its specific role
in EC is far from being understood. The aim of this study was to characterize the
changes in EC differentiation mediated by SETD2. We found that SETD2 KD in ECs results
in cytokinesis failure, asymmetrical cell division and cell-cell fusion.

The regulation of transcriptional genes by epigenetic modifications has also been
explored, namely NFATC1small ubiquitin-like modifier (SUMO) modifications have been

associated with T cell differentiation.?*® More recently, Martinez et al.?! showed that

NFATC1 immunoprecipitates with H3K36me3. Given our interest in understanding VEGF
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signaling in detail, we have been studying the importance of transcription factors such as
NFATC1 which are thought to act downstream of VEGF signaling, on EC biology.
Therefore, in our study we investigated the connection between VEGF activation, NFATC1
and the H3K36me3 methyltransferase SETD2. We revealed that downregulation of SETD2

leads to NFATC1 nuclear translocation in a VEGF-independent manner.
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Methods

Cell Culture

Human umbilical cord vein endothelial cells (HUVEC) were cultured in EBM-2
media (Lonza, #190860) supplemented with 2% fetal bovine serum (FBS) (Life
Technologies #26140-079) and 1x antibiotic-antimycotic (Life Technologies #15240-062).
HUVEC were used until the fifth passage. For stimulation 50ng/mL VEGF (Sigma #V7259),
500ug/mL heparin (Sigma #H3149) and 1ug/mL cyclosporin A (CsA) (Sigma #30024) were
used.

Human embryonic kidney 293 T antigen (HEK-293T) was cultured in Dulbecco’s
modified eagle medium (DMEM) (Life Technologies #11965-084) supplemented with
10% heat-inactivated FBS, 2mM L-Glutamine (Life Technologies #58030-081) and 1x

antibiotic-antimycotic.

Transduction

SETD2 small hairpin RNA (shRNA) (Origene #TG317131) expression vectors are
constructs with a specific sequence in pGFP-V-RS plasmid. For KD construct 1 the
sequences GI2365733+GI365734 were used and for KD construct 2 the sequences
GI365735+GI365736. shRNA cassette pGFP-V-RS plasmid and pCL-Ampho retrovirus
packaging vector were used to transfect HEK-293T cell line. Transfection was made with
X-tremeGENE small interfering RNAs (siRNA) transfection reagent (Roche #
04476093001), according to the manufacturer’s instructions. Virions were collected 48,
60, 72 and 84h after transfection.

HUVEC were infected 4 times at 0, 12, 24 and 36h. ECs phenotype was examined
with widefield fluorescent Zeiss Axiovert 200M microscope (Carl Zeiss Microlmaging) 4,
24, 48 and 72h after the first infection. Number of mononucleated, binucleated or more
than binucleated cells were quantified in 10 photos per condition with ImageJ software
(National Institutes of Health) and the statistical analysis was performed with GraphPad
Prism 5 software.

In order to prove the KD efficacy we performed a western blot for H3K36me3,

according to the Bio-rad general protocol. Supersignal west pico substrate (Thermo
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Scientific #34077) was used as the chemiluminescent subtract, according to the

manufacturer’s instructions.

Cell staining

Cell tracker green CMFDA dye (Life Technologies #C2925) and cell tracker red
CMTPX dye (Life Technologies #C34552) were used to stain HUVEC separately, according
to the manufacturer’s instructions. 1 day after staining, cells were seeded together in a

proportion of 1:1. Transduction protocol was made on this cells.

Matrigel® tube-formation assay

BD Matrigel® basement membrane matrix (BD Biosciences #356230) was
demonstrated to be effective in evaluating the angiogenic activity of ECs. ECs form tube-
like structures on Matrigel® depending on the chosen conditions.?*? 200uL of Matrigel®
per well was plated in a 24 well cell culture plate (Sigma #CLS3527) and incubated at 372C
for 30 minutes. After matrix solidification, 2x10°> HUVEC resuspended in 100uL EMB-2
were seeded per well and incubated for 24h. After this first incubation, transduction with
scramble and SETD2 KD was performed as previously described.

EC networks were examined with widefield fluorescent Zeiss Axiovert 200M
microscope (Carl Zeiss Microlmaging) 4, 24 and 48h after transduction. Number of
bifurcations were quantified in 10 photos per condition with Imagel software (National
Institutes of Health) and statistical analysis was performed with GraphPad Prism 5

software.

Immunofluorescence

Cells were fixed in 2% paraformaldehyde for 20 minutes at 42C, blocked and
permeabilized for 1h at room temperature with phosphate-buffered saline (PBS) + 1%
bovine serum albumin (BSA) (Sigma #A7906) + 0.02% Triton X-100 (Sigma #X100). Primary
antibodies incubation was made at room temperature for 2h and secondary antibody
incubation for 1h at room temperature. Antibodies are listed on Table 3.1. One drop of
Vectashield mounting medium with DAPI (Vector Laboratories #H-1200) was used for

nucleus staining.
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Cells were examined with a widefield fluorescent Leica DM5000B microscope
(Leica Microsystems). Quantifications were made using a Imagel software (National
Institutes of Health) cell counter plugin and statistical analysis with GraphPad Prism 5

software.

Table 3.1 — Antibodies list. yH2Ax (gamma H2A family, member X)

ANTIGEN BRAND DILUTION

o TUBULIN Sigma #T79026 1:100

YH2AX Merck Millipore # 05-636 1:100

H3K36me3 Abcam #ab9050 1:100

NFATC1 BD Biosciences #556602 1:100

Alexa Fluor 594 donkey anti- Life Technologies 1:1000
mouse I1gG #A21203

Statistical Analysis

Data were analyzed with GraphPad Prism 5 Software, using an unpaired two-
tailed t-test with a confidence interval of 95%. Results are expressed as mean * standard
error.

*is P-value £0.05, ** <0.01 and *** <0.001.
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Results

SETD2 KD increases the occurrence of binucleated endothelial cells

In order to evaluate the effect of SETD2 KD in HUVEC phenotype we performed a
transduction with two different constructs as described in the methods section. After the
fourth infection we observed the ECs phenotype and quantified a 2-fold increase in the
number of binucleated cells in SETD2 KDs (Figure 3.1). Thereafter we used KD1 construct

since it showed more efficacy, both at inducing the EC binucleated phenotype and also

at reducing H3K36me3 protein levels.

A B C

EA Scramble
E 3 KoL Scramble KD1
(]
g
g

Figure 3.1 —SETD2 KD infection results in an increase of binucleated endothelial cells

A. Representative image of scramble; B. Representative image of SETD2 KD1; C.
Representative image of SETD2 KD2.Magnification of 200x and scale bar= 100um; D.
Quantification of mono-, bi and more than binucleated cells in scramble and SETD2 KD1
and KD2 72h after the first infection. Scored of 10 photos per condition; n=1; E. Western
blot for HE3K36me3.
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Given the substantial increase in the number of binucleated cells upon SETD2 KD,
we hypothesized this could be due to cell cycle errors or cell-cell fusion. We took
advantage of green and red dyes to label HUVEC and then established “mixed” cultures.
As seen in Figure 3.2 we observed red-red, green-green and red-green binucleated cells.

Binucleated cells labeled with different colors (red-green) can only be explained by cell-

cell fusion events.

Figure 3.2 — SETD2 KD promotes cell cycle errors and cell-cell fusion, which results in an
increase of binucleated cells

A. Representative image of non-transduced cells; B. Representative image of scramble
48h after the first infection; C. Representative image of SETD2 KD 48h after the first

infection. Magnification of 200x and scale bar= 100um
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SETD2 KD binucleated cell phenotype is due to cell cycle errors and cell-cell fusion

To investigate what happened to the cells with SETD2 KD, we performed an
overnight video (please refer to the annexed videos). As can be observed in those videos,
the binucleated phenotype is due to cell cycle errors, namely during cytokinesis,

asymmetrical cell division and cell-cell fusion. This event occurred in a proportion of 3:3:1.

Further, we wanted to investigate if these errors could affect the HUVEC
angiogenic capacity. For that we performed a Matrigel® tube-formation assay and as
represented in Figure 3.3, there were no differences in the angiogenic capacity of non-
transduced cells, scramble and SETD2 KD. The next question was whether binucleated
cells could lead to a more quiescent status, which could explain this increase in
binucleated cells in the SETD2 KD. We performed a yH2AX immunofluorescence in order
to explore this hypothesis. As we can see in Figure 3.4, there were no significant changes

in the staining of more than 5 loci-positive cells, which is considered the threshold for a

guiescent status.

Figure 3.3 — Non-transduced, scramble and SETD2 KD have the same ability to form endothelial
cells network in a Matrigel® tube-formation assay
A. Representative image of non-transduced cells; B. Representative image of scramble; C.

Representative image of SETD2 KD. Magnification of 100x and scale bar= 100um
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Figure 3.4 — SETD2 KD does not change the quiescent status of endothelial cells

A. Representative image of non-transduced HUVEC; B. Representative image of scramble 48h
after the first infection; C. Representative image of SETD2 KD 48h after the first infection.
Magnification of 200x and scale bar=100um; D. Quantification of less or more than 5-positive
loci per cell 48h after the first infection. Scored 100 cells per condition. Data represent

means; n=1.
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SETD2 KD promotes NAFTC1 nuclear translocation in a VEGF-independent manner

Epigenetic modifications have an essential role in transcription factor regulation.
Then, we investigated a possible SETD2-mediated regulation mechanism of NFATC1, a
VEGF-responsive transcription factor.

In order to assess the link between SETD2 KD and NFATC1, we performed the
same transduction protocol and immunofluorescence against NFATC1. As seen in Figure
3.5, SETD2 KD increased the NFATC1 nuclear translocation, comparable to VEGF-positive
control. NFATC1 nuclear translocation was also observed in scramble cells, which
indicates that the transduction itself can affect the NFATC1 cell localization.

We further investigated the role of VEGF and CsA addition in NFATC1 nuclear
translocation both in scramble and in SETD2 KD. When we added VEGF to the scramble
condition there was an increase in nuclear translocation and CsA inhibited this process as
described in the literature. Interestingly, the nuclear NFTAC1 translocation in SETD2 KD
was annulled by VEGF and CsA, isolated and in combination (Figure 3.6).

To check if VEGF and CsA could change the number of binucleated cells we
counted these events in the same time points as described earlier 4, 24 and 48h. As we
canseein Figure 3.7, a statistically significant difference was observed between scramble
and SETD2 KD conditions. So in this KD condition, the addition of VEGF and CsA did not

seem to alter the ECs phenotype.
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Figure 3.5 — NFATC1 nuclear localization increases with SETD2 KD

A. Representative image of non-transduced HUVEC; B. Representative image of non-
transduced HUVEC stimulated with VEGF; C. Representative image of scramble 48h after
the first infection; D. Representative image of SETD2 KD 48h after the first infection.

Magnification of 100x and scale bar=100um
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Figure 3.6 — NFATC1 nuclear localization increases in SETD2 KD cells in a VEGF-independent
manner

A. Representative image of scramble; B. Representative image of scramble+VEGF; C.
Representative image of scramble+CsA; D. Representative image of scramble+VEGF+CsA
E. Representative image of SETD2 KD; F. Representative image of SETD2 KD+VEGF; G.
Representative image of SETD2 KD+CsA; H. Representative image of SETD2 KD+VEGF+CsA
Magnification of 400x and scale bar=100um; I. Quantification of nuclear NFATC1-positive

cells. Scored 100 cells per condition. Data are means + standard errors; n=2.
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Figure 3.7 — VEGF and CsA addition does not change the number of binucleated cells
induced by SETD2 KD

Quantification of mono-, bi and more than binucleated cells A. 4h B. 24h and C. 48h after
the first infection. Scored 10 photos per condition. Data are means + standard errors;

n=3.

Germana Domingues



Discussion

H3K36me3 is the trimethylated histone H3 at lysine 36. It is associated with the
transcriptional activation. The methyltransferase associated with this signature is
SETD2.232243 We already know that Setd2 KO mice die due to vascular development
failure.144
In this study we decided to investigate the role of this SETD2 in EC phenotype. We
addressed this question by inducing a transient KD of SETD2 in HUVEC with a
commercially available shRNA. In the first observation 72h after the first infection it was
clear that SETD2 KD promoted an increase in the number of binucleated cells. Binucleated
cells in an EC culture is not a new event, since Yamamot et al.?** and Gimbrone et al.?*
had already shown the occurrence of this phenomena in culture. An in vivo correlation
between binucleated ECs and vascular dysfunction was already highlighted by Tashiro et
al.?*® This research group showed a higher number of multinucleated cells in an
atherosclerosis murine model. Our observations and the previous studies indicate that
SETD2 downregulation changes H3K36me3 levels, which is important for EC homeostasis.

We further decided to assess what is the cause for this binucleated phenotype.
We performed an overnight video of SETD2 KD HUVEC and as we can see in annexed
videos this phenotype is due to acytokinetic or asymmetrical cell division and cell fusion.
This increased number of binucleated cells indicates that ECs underwent a transcriptional
deregulation promoted by downregulated levels of SETD2, with consequent cell cycle
errors. Cell fusion has been described by some authors, such as Welikson et al.?*’, who
showed that HUVEC can fuse with cardiomyocytes, starting expressing cardiomyocytes
genes. As far as we know there is no literature supporting EC-EC fusion, being our study
the first to prove that.

We made a Matrigel® tube-formation assay to prove that SETD2 KD did not alter
the capacity of ECs to form networks. In contrast with the published literature'#4, the
decrease in SETDZ2 did not affect the angiogenic ability of HUVEC as assessed by using this
particular in vitro assay. Since yH2AX downregulation is associated with a quiescent cell

248

status**®, we also performed a yH2AX immunofluorescence and proved that the SETD2

KD had no effect in the EC quiescent status.
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Together these results suggest that SETD2 is an essential methyltransferase that
maintains H3K36me3 at required levels in order to prevent DNA damage and consequent

cell cycle errors or cell-cell fusion.

There is recent evidence of epigenetic modifications in the regulation of
transcription factors, namely NFATC1. For instance, NFATC1 can be SUMOylated which
leads to nuclear translocation and subsequent histone deacetylation, suppressing the
transcription of target genes.?*° Kim et al.?*® showed that the genesis of osteoclasts is
induced by the tumor necrosis factor superfamily, member 11 (TNFSF11)-mediated
NFATC1 acetylation, being H3K27me3 signature responsible for TNFSF11-induced
osteoclast differentiation.?”® Pham et al.?®* showed that chromatin remodeling of
NFATC1 is essential for the growth of diffuse large B-lymphomas. Moreover, Youn et al.>>?
showed that lysine (K)-specific demethylase 8 (KDM8) is a co-regulator of NFATCI,
repressing osteoclastogenesis genes via its hydroxylase activity. KDM8 is mainly known
as a histone demethylase for histone H3K36me2.2>3 So, based on the published literature,
epigenetic modifications have an essential role in NFATC1 effector function. Therefore,
we hypothesized that NFATC1 can be regulated by SETD2, a methyltransferase
responsible for H3K36me3 signature.

We cultured scramble and SETD2 KD cells with VEGF, CsA and VEGF+CsA. When
we added VEGF to cells in the scramble condition NFATC1 translocation increased as
expected.'91%> The addition of CsA restored the basal levels of nuclear NFATC1, as
literature describes.’® In contrast, SETD2 KD alone promoted NFATC1 nuclear
translocation which seemed to involve a VEGF-independent mechanism. This could
indicate an essential role for SETD2 in NFATC1 translocation: when the levels were
diminished, the H3K36me3 signature levels in HUVEC was also lower and the NFATC1
nuclear translocation was higher, with consequent transcriptional regulation. In turn, this
could represent a repressor function for SETD2. H3K36me3 has been widely associated
with transcriptional activation, but a study in yeast revealed a transcriptional repression
function for Setd2.2322>* We then scored the number of binucleated cells with VEGF, CsA
and VEGF+CsA and confirmed that this cytokine and calcineurin inhibitor were not

changing the previously described EC phenotype.
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Together these results indicate that SETD2 downregulation is essential for
NFATC1 nuclear translocation, which suggests a repressor function of H3K36me3

signature in HUVEC.

As a whole, the work described in this chapter indicates two essential roles for
SETD2 in ECs. First SETD2 appears to be essential to maintain a “mononucleated cell
phenotype”, the SETD2 KD resulting in an increased number of binucleated cells due to
acytokinetic or asymmetrical cell division and cell-cell fusion. Second, SETD2
downregulation promotes NFATC1 nuclear translocation in a VEGF-independent manner,
indicating that SETD2 interferes with NFATC1 dynamics either at transcriptional or

trafficking level.
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- Fulvestrant, 2-methoxyestradiol and tamoxifen are potent anti-angiogenic drugs

Discussion
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Abstract

Several breast tumors are hormone responsive, being anti-estrogens a suitable
and successful therapeutic strategy. Their efficacy as anti-angiogenic chemo-adjuvants
was also demonstrated in breast cancer patients.?>>2°® Tamoxifen is the most used drug
in clinics, but fulvestrant and exemestane are also currently used.?>’-2%9

The aim of this study was to evaluate the anti-angiogenic potential of estrogen (as
a positive control), ethinylestradiol, fulvestrant, 2-methoxyestradiol, tamoxifen and
exemestane. We performed a Matrigel® tube-formation assay, aiming to analyze at first
the interference of drugs in the formation of endothelial cell (EC) network and second
their ability to abrogate the established network. We observed that fulvestrant, 2-
methoxyestradiol and tamoxifen are the major anti-estrogen drugs that are able to inhibit
EC network formation as well as to disrupt established networks. These results are in
accordance with the published literature.

Together these results confirm that anti-estrogens have anti-angiogenic capacity
as seen by their ability to interfere with the formation and maintenance of EC networks.
Furthermore, the quantitative assay established here revealed to be a useful technique

for large-scale anti-angiogenic drug tests.
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Introduction

Estrogen is the most common sex hormone in women, affecting the development
and function of the female reproductive system. Estrogen is also involved in the
development of other tissues, including the adipose, nerve, musculoskeletal and
cardiovascular system.?®9 Estrogen molecules are a group of steroid compounds with 3
natural forms: estradiol (E2), estrone and estriol.?® Concerning the therapeutic
approach, conjugated and semi-synthetic estrogens were developed to be used in breast
cancer patients as inhibitors of estrogen receptors (ER). Estrogen and its derivatives
interacts with 3 ER subtypes: ERa and ERB and the non-classical estrogen receptor
GPR30.%%1

Estrogens are known inducers of EC migration, proliferation and survival.2>6262
Some studies in ECs showed that ERa is the most potent effector of estrogen signaling
pathway and hypoxia-inducible factor 1, subunit alpha (HIF1A) mediates the activation of
vascular endothelial growth factor (VEGF) pathway by estradiol.?69263264 Consequently,
anti-estrogens have been extensively used as hormone therapy in breast cancer
patients.?>”2°9 However, their anti-angiogenic role can be explored not only in ER-positive
but also in ER-negative breast cancer cells, as lyer et al.?%> demonstrated in a recent study.
Circulating E2 is sufficient to recruit pro-angiogenic bone-marrow derived cells that
infiltrate the tumor and promote disease progression.?6>

The estrogen derivatives used in this study were: ethinylestradiol (EE2),
fulvestrant (F), 2-methoxyestradiol (2ME), tamoxifen (Tam) and exemestane (Exe).

Ethinylestradiol (EE2) is a 17B-estradiol derivative used in many formulations of
oral contraceptives. Lippert et al.?®® showed that E2 and EE2 have the same pro-
angiogenic effect in human umbilical cord vein endothelial cells (HUVEC). Although,
Andozia et al.?®” suggested that E2 and EE2 act differently on ECs dysfunction. While E2
activates endothelial nitric oxide synthase (eNOS)-mediated vessel protection, EE2 does
not. This mechanism can explain cardiovascular effects of contraceptive pills.

Fulvestrant (F) is a blocker of ER dimerization and DNA binding. It increases ER
turnover and inhibits ER nuclear uptake. Tan et al.?®® showed that F in combination with
bevacizumab is safe and tolerable, but in a phase lll clinical study no statistical differences

in progression-free survival were seen. Another study showed that F may enhance the
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effects of a tyrosine-kinase inhibitor in non-small cell lung cancer by blocking estrogen-
driven activation of the epidermal growth factor receptor (EGFR) pathway.?>®
2-methoxyestradiol (2ME) is the major biologically active metabolite of E2, being
generated by any tissue that produces or uptakes E2. 2ME has no affinity to ERs, though
it binds to tubulin and HIF1A, affecting their target genes, such as VEGFs. It has been
demonstrated that 2ME inhibits the motility, migration and adhesion of circulating

inflammatory cells 2%°

as well as proliferation in smooth muscle cells and ECs. Moreover,
Fotsis et al.?’% demonstrated that 2ME administration inhibits angiogenesis in vivo and
suppresses tumor growth.

Tamoxifen (Tam) is a non-steroidal molecule that binds ER with high affinity.2%°
First it was used as a post coital contraceptive medication and is nowadays used as an
adjuvant of breast cancer chemotherapy.?’! Tamoxifen specifically inhibits the effect of
VEGF in EC proliferation, through transforming growth factor beta (TGFB) signaling
pathways.?>>272

Exemestane (Exe) is a synthetic steroidal aromatase (the enzyme that synthetizes
estrogen). Such as tamoxifen, exemestane is used in adjuvant chemotherapy in breast
cancer patients, however with reduced efficacy.>>®

Based on previous knowledge, in this study we aimed to characterize the anti-
angiogenic efficacy of E2, EE2, F, 2ME, Tam and Exe. Using an in vitro Matrigel® tube-
formation assay we compared the effect of the different compounds in both EC network

formation and destruction. We concluded that F, 2ME and Tam are the major anti-

angiogenic drugs.
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Methods

Cell Culture

HUVEC were cultured in EBM-2 media (Lonza, #190860) supplemented with 2%
fetal bovine serum (FBS) (Life Technologies #26140-079) and 1x antibiotic-antimycotic
(Life Technologies #15240-062). HUVEC were used until the fifth passage.

Matrigel® tube-formation assay

BD Matrigel® basement membrane matrix (BD Biosciences #356230) was
demonstrated to be effective in evaluating the angiogenic activity of ECs and to test anti-
angiogenic drugs. ECs form tube-like structures on Matrigel® depending on the chosen
conditions.?*? 200uL of Matrigel® per well was plated in a 24 well cell culture plate (Sigma
#CLS3527) and incubated at 372C for 30 minutes. After matrix solidification, 2x10° HUVEC
resuspended in 100uL EMB-2 were seeded per well and incubated for 2 and for 8h. After
this first incubation, media was removed and new fresh media with previously validated
drugs’ half of IC50 for breast cancer cell lines was replaced. (Table 4.1).

Apart from the control group, all the conditions were supplemented with
50ng/mL VEGF (Sigma #V7259), 500pg/mL heparin (Sigma #H3149) and 25ng/ml
fibroblast growth factor (FGF)-basic human (Sigma #SRP3043).

EC networks were examined with widefield fluorescent Zeiss Axiovert 200M
microscope (Carl Zeiss Microlmaging) 8 and 16h after drugs addition. Number of nuclei,
number of bifurcations and bifurcations’ length was quantified in 10 photos per condition
with ImagelJ software (National Institutes of Health). Statistical analysis was performed

with GraphPad Prism 5 software.

Statistical Analysis
Data was analyzed with GraphPad Prism 5 Software, using unpaired two-tailed t-
test with a confidence interval of 95%. Results are expressed as mean * standard error.

*is P-value < 0.05, ** <0.01 and *** <0.001.
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Table 4.1 — Estrogen derivatives, their solvent, IC50 for MCF7 breast cancer cell line and %

IC50 used for endothelial cells

DRUG | SOLVENT IC50 for MCF7 (uM) | % 1C50 (uM)
E2 ethanol 34.746.5 17.35
FE2 ethanol 33.6212 16.8
F DMSO 15.443.9 7.7
2ME DMSO 37.8+14 18.9
Tam DMSO 30.6%8.5 15.3
Fxe DMSO 153450 76.5
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Results

Fulvestrant, 2-methoxyestradiol and tamoxifen are potent anti-angiogenic drugs

In order to evaluate the anti-angiogenic potential of estrogen derivatives, we
performed a Matrigel® tube-formation assay. Drugs were added to culture media 2 and
8h after seeding ECs, in order to evaluate their effects in preventing EC network
formation (2h) and in destroying the established EC network (8h).

In Figure 4.1 it is observed that F (Figure 4.1G), 2ME (Figure 4.1H) and Tam (Figure
4.1J) are able to abrogate EC network formation after 8h of incubation.

We further performed a quantification of bifurcations per condition in 10
different fields. We made the experiment in triplicates. VEGF+FGF was used as a positive
control. Solvents were used as baseline control, ethanol for E2 and EE2 and DMSO for F,
2ME, Exe and Tam. The addition of F, 2ME and Tam 2h after cell seeding interfered with
the network formation. (Figure 4.2A) These compounds were also capable to destroy the
established EC network (Figure 4.2B). In a later time point Exe and EE2 also showed
capacity to destroy EC networks.

The measured bifurcation length in 2ME, Exe and Tam was significantly shorter in
both time points, as we see in Figure 4.3. 2ME and Tam showed a concordant pattern
with the previous quantification of bifurcations.

To check if this effect of estrogen derivatives on the angiogenic network was due
to unexpected toxicity-induced cell death, we counted the number of nuclei per field.
Even being an indirect measure, there was no difference in the number of nuclei (data
not shown). This leads us to believe that the observed differences are due to the anti-

angiogenic capacity of the compounds and not due to toxicity-induced cell death.
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Figure 4.1 — Fulvestrant (F), 2-methoxyestradiol (2ME) and tamoxifen (Tam) prevent the

endothelial cell network formation after 8h of incubation

A. Representative image of control; B. Representative image of VEGF+FGF; C. Representative
image of VEGF+FGF+ethanol; D. Representative image of VEGF+FGF+E2; E. Representative
image of VEGF+FGF+EE2; F. Representative image of VEGF+FGF+DMSO; G. Representative
image of VEGF+FGF+F; H. Representative image of VEGF+FGF+2ME; |. Representative image
of VEGF+FGF+Exe; J. Representative image of VEGF+FGF+Tam. Magnification of 100x and
scale bar=100um

Germana Domingues

100



*%

A2

—
<

NN
A/,

SOTSNNEN
AN

D%

SEEITENTNENS
ARNNNNRN

r
o
(=]
-

T T T T .A\N\

o o o o o O,

suoI1e2INIq JO JBQUINN

B2

SOTASSSENSSY
IR

suoI1e24NjIq 10 JBQUWINN

Figure 4.2 — Fulvestrant (F), 2-methoxyestradiol (2ME) and tamoxifen (Tam) have anti-

angiogenic effects in prevention of endothelial cell network formation and on their

destruction

A. Number of EC bifurcations in Matrigel® tube-formation assay. Addition of estrogen

derivatives 2h after cell seeding. 1. Scored 8h and 2. 16h later; B. Number of EC

formation assay. Addition of estrogen derivatives 8h after

tube

bifurcations in Matrigel®

=3.

cell seeding. 1. Scored 8h and 2. 16h later. Scored 10 photos per condition, n
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1. Scored 8h and 2. 16h later
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Discussion

With the discovery of the pro-angiogenic potential of estradiol anti-estrogenic
therapy emerged as an alternative to the anti-angiogenic therapies.?>>2°6:261,262 Vst
anti-estrogens compounds are competitors of estrogen metabolites for ER binding (such
as EE2, Tam and 2ME) or estrogen/ER blockers (respectively Exe and F).

The aim of this study was to evaluate the anti-angiogenic potential of these drugs
and their efficacy in interfering with the EC network formation and integrity. So we
performed a Matrigel® tube-formation assay with two different strategies. The first
consisted in the addition of drugs only 2h after the seeding of ECs and the second
consisted in drug addition 8h after EC seeding. The first strategy allowed us to study the
compounds’ ability to interfere with the formation of a cohesive network. The second
allowed us study the drugs’ destroying capacity. We counted the number of bifurcations
and the length of bifurcations, in order to analyze the drugs’ anti-angiogenic effects. All
the drugs were tested in combination with VEGF+FGF in order to ensure a tumor-like
angiogenic microenvironment.

The global differences of this analysis revealed F, 2ME and Tam as the main anti-
angiogenic drugs in the early network assembly. F, 2ME and Tam were also the main
estrogen derivative compounds associated with the destruction of EC network. F anti-
angiogenic pattern was concordant with the literature, since this compound is already
used as an adjuvant in breast cancer chemotherapy, having an anti-vascular effect.?>%268
2ME had been extensively associated with angiogenesis?’%273274 and recently Solum et
al.?”> identified that the 2ME potent inhibiting effect of angiogenesis relies on the
structural position of nitrogen atom. From now on it will be possible to discover new
organic modifications in order to improve the anti-angiogenic efficacy of this drug. Tam
is by far the most used estrogen-derivative drug, but its use in postmenopausal women
hormone therapy is still controversial.>>”?’! However, its anti-angiogenic ability is well

accepted in the scientific community.27%276

So in conclusion as Tan et al.?%8 postulated, many studies have demonstrated that
interaction between the estrogen and VEGF pathways is a very important mechanism for

cancer therapy resistance. This leaves us the opportunity to investigate if the
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combination of anti-angiogenic and anti-estrogenic therapies constitute an appropriate
approach. Moreover, since Matrigel® tube-formation assay is easy to perform and is
considered a reliable technique, this study provides us with means to analyze the anti-

angiogenic capacity of other compounds.
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GENERATION OF TOOLS FOR IMAGING

OF ENDOTHELIAL CELLS AND TUMORS

1. Aninvivo platform to analyze vessel architecture and interactions with tumor cells

Methods
Results
2. A 3D in vitro methodology to analyze mechanisms involved in endothelial and tumor
cell interactions
Methods

Results
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1. An in vivo platform to analyze vessel architecture and interactions with

tumor cells

Methods

Cell culture

HEK-293T was cultured in DMEM supplemented with 10% heat-inactivated FBS,
2mM L-Glutamine (Life Technologies #58030-081) and 1x antibiotic-antimycotic.

471 and MDA-MB-231, mouse and human breast cancer cell lines, respectively,
were cultured in DMEM supplemented with 10% heat-inactivated FBS and 1x antibiotic-
antimycotic. The MCF7 human breast cancer cell line was cultured in DMEM
supplemented with 10% heat-inactivated FBS, 0.01mg/mL human recombinant insulin
(Sigma #91007C) and 1x antibiotic-antimycotic. The SKBR3 human breast cancer cell line
was cultured in McCoy’s 5a medium modified (Life Technologies #16600-082)
supplemented with 10% heat-inactivated FBS and 1x antibiotic-antimycotic. EQ771
mouse breast cancer cell line was cultured in Roswell Park memorial institute (RPMI) (Life
Technologies #11875-093) supplemented with 10mmol/L HEPES (Life Technologies
#15630049), sodium bicarbonate 0.075% (Life Technologies #25080-094), 10% heat-
inactivated FBS and 1x antibiotic-antimycotic. HelLa and SiHa human cervix cancer cell
lines, HCT15 and HCT116 human colon cancer cell lines were cultured in DMEM
supplemented with 10% heat-inactivated FBS and 1x antibiotic-antimycotic. HL60 human
acute promyelocytic leukemia was cultured in RPMI supplemented with 10% heat-

inactivated FBS and 1x antibiotic-antimycotic.

Green fluorescent protein - luciferase cell lines transduction

PCMV-Luc-IRES-EGFP which is an expression vector containing Luc protein with
an inserted internal ribosome entry site (IRES)- GFP cassette, was used with pRSV-Reyv,
pMDLg/pRRE and pMD2.g, which encode for packaging and enveloping of viral particles,
to transfect a HEK-293T cell line. Transfection was made with a calcium phosphate
transfection kit (Life Technologies #K2780-01), according to the manufacturer’s

instruction. Virions were collected 48h after and frozen at -802C until it was necessary.
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MDA-MB-231, 4T1, Hela, SiHa, HCT15, HCT116, HL60, MCF7, SKBR3, EQ771 cell
lines were incubated with fresh media and virions in a proportion of 1:1 for 48h. GFP
sorting was done with BD FACS Aria lll (BS Biosciences), cells were collected in
supplemented media and grown as stable GFP - Luc cell lines.

Successful sorting was confirmed using BD FACS Calibur (BS Biosciences) and a
Leica DM2500B widefield fluorescent microscope for GFP assessment and IVIS Lumina

XMRS (Perkin Elmer) for Luc assessment.

Animal and experimental design

Animal experiments were performed with the approval of the Instituto
Gulbenkian de Ciéncia’s Ethical Committee.

3 Balb/c mice (6-8 weeks old) were injected with 1x10° 4T1 GFP-Luc cells in the
mammary fat pad. 3 Balb/c scid mice (6-8 weeks old) were injected with 1x10® MDA-MB-
231 GFP-Luc cells in the mammary fat pad. 100uL of BD Matrigel® basement membrane
matrix (BD Biosciences #356230) were injected in the mammary fat pad of 3 Balb/c mice
(6-8 weeks old) and the same quantity enriched with 50ng/mL VEGF + 25ng/ml FGF was
injected in the mammary fat pad of another 3 Balb/c mice. Animals were sacrificed 14
days after Matrigel® plug inoculation.

All animals were sacrificed according to the directives of the Direc¢do Geral de

Veterinaria.

Lumina

Animals were intraperitoneal injected with 150mg/Kg Luciferase (Sigma #L9506)
at time zero. 3 minutes later animals were anesthetized with 10mg/Kg medetomidine
(Virbac #Medetor) plus 50mg/Kg ketamine (Virbac #Francotar). 10 minutes later animals
were analyzed in IVIS Lumina XMRS.

5mg/Kg of atipemezol (Virbac #Revertor) was used to revert the anesthesia.

Multi-photon microscopy
100uL of 20mg/mL dextran rhodamine B (Life Technologies #D-1841) were

injected intravenously. 5 minutes later, animals were sacrificed.
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Tumors, contralateral normal mammary glands and Matrigel® plugs were
collected in DMEM media. Samples were included in a 2% low melting point agarose (Life
Technologies #16520-050) and were analyzed with Prairie Ultima multi-photon
microscope (Prairie). One stack per 5um depth was taken and a video was made in Image)
software with all stacks. Numbers of bifurcations were quantified with Imagel software

and the statistical analysis was done with GraphPad Prism 5 software.

Statistical Analysis
Data was analyzed with GraphPad Prism 5 Software, using unpaired two-tailed t-
test with a confidence interval of 95%. Results are expressed as mean * standard error.

*is P-value £0.05, ** <0.01 and *** <0.001.
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Results

We generated stable GFP-Luc tumor cell lines with a calcium phosphate
transfection kit. Successful protocol was confirmed via flow cytometry and widefield

fluorescent microscopy for GFP and via IVIS Lumina XMRS for Luc (Figure 5.1).

A
C

MDA-MB-231 75.31
471 76.54

Hela 91.43

SiHa 80.71
HCT15 70.04
HCT116 89.26
HL60 73.82
MCF7 95.42
SKBR3 89.87
EQ0771 76.34

)

L 1000

Figure 5.1 — Stable GFP-Luc tumor cell lines were generated with calcium phosphate
transfection method

A. Image of MDA-MB-231 GFP-Luc in widefield fluorescent microscope. Magnification of
100x and scale bar= 100um; B. Bioluminescence of MDA-MB-231 GFP-Luc cell line
inoculate in mammary fat pad of RAG-2 KO mice. Acquired with IVIS Lumina XMRS; C.
Percentage of GFP-Luc positive cell lines acquired in BD FACS Calibur, using non-

transduced cell lines as negative control.
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To better understand the tumor growth and the interplay with endothelial
architecture we inoculated MDA-MB-231 GFP-Luc and 4T1 GFP-Luc breast cell lines in the
mammary fat pad of mice. To have a control of new blood vessels formation we injected
Matrigel® and enriched Matrigel® also in the mammary fat pad of animals. For in vivo
imaging of blood vessels we injected high molecular weight dextran rhodamine B, which
dyes vessels without tissue penetrance. Normal mammary gland, tumors and Matrigel®
(enriched and non-enriched) were observed with Prairie Ultima. This multi-photon
microscope was used for samples imaging because it allows a greater depth of tissue
visualization. As we can see in Figure 5.2 and in the annexed videos, normal mammary
gland has a highly organized network with smaller vessels on the surface and deep big
vessels. Breast tumors showed rhodamine B extravasation and much less vessels than in
normal mammary gland. Basal Matrigel® imaging showed a complex network with
smaller capillaries and the enrichment of the basement matrix with VEGF and FGF
showed an even more complex structure with higher caliber vessels.

A quantification of the number of bifurcations was performed in order to better
understand these difference between conditions (Figure 5.2D). As we can see, Matrigel®
with growth factors show a higher number of bifurcations and breast cancer mice models
have much less bifurcations compared to the control, which is expected after images

visualization.

We can conclude that the generation of stable GFP-Luc tumor cell lines and multi-
photon microscopy are useful tools for in vivo characterization of tumor growth and

interactions between the tumor and ECs.
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Figure 5.2 — In vivo breast cancer mice models show a reduction in vascular network
complexity

A. Representative image of normal mammary gland (MG); B. Representative image of 1.
Matrigel® and 2. enriched Matrigel®; C. Representative image of breast cancer mice
models 1. 4T1 GFP-Luc and 2. MDA-MB-231 GFP-Luc. Prairie Ultima imaging with
magnification of 20x and scale bar= 100um; D. Quantification the number of bifurcations
umber per field. Scored all images per video per sample. Data are means * standard

errors; n=3.
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2. A 3D in vitro methodology to analyze mechanisms involved in endothelial

and tumor cell interactions

Methods

Cell culture

HUVEC were cultured in EBM-2 media (Lonza, #190860) supplemented with 2%
FBS (Life Technologies #26140-079) and 1x antibiotic-antimycotic (Life Technologies
#15240-062). HUVEC were used until the fifth passage.

4T1 GFP-Luc and MDA-MB-231 GFP-Luc, mouse and human breast cancer cell
lines, respectively, were cultured in DMEM (Life Technologies #11965-084)

supplemented with 10% heat-inactivated FBS and 1x antibiotic-antimycotic.

Tumor spheroids formation

A V-bottomed 96-well plate with 5mg/mL poly(2-hydroxylethyl methacrylate)
(poly-HEMA) (Sigma #3932), 60uL per well was coated. Poly-HEMA was evaporated at
room temperature, approximately 72 hours.

2.5x10% 4T1 GPC-Luc and MDA-MB-231 GFP-Luc cells were seeded per well in
DMEM media with 2.5% Matrigel® basement membrane matrix (BD Biosciences

#356230). Plate were centrifuged 10 minutes at 1200 rpm and incubated overnight.
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Results

We generated a tri-dimensional (3D) in vitro model to test interactions between
endothelial and tumor cells. We generated 3D 4T1 GFP-Luc and MDA-MB-231 GFP-Luc
tumor spheroids and incubated them with a monolayer of HUVEC. 48h after co-culture

incubation depending on the conditions, some spheroids adhered to ECs (Figure 5.3).

Figure 5.3 — 3D tumor spheroids adhere to a monolayer of endothelial cells

A. Representative image of MDA-MB-231 GFP-Luc spheroids adhering to HUVEC; B.
Representative image of 4T1 GFP-Luc spheroids adhering to HUVEC. Magnification of
200x and scale bar=100um

As Vinci et al.?”’ postulated, an in vitro 3D tumor cell culture reflects the complex
in vivo microenvironment and it is useful for gene expression profiles, signaling pathways
activity and drug sensitivity tests.

The technique applied in this study is a productive way to analyze in vitro
interactions between endothelial and tumor cells in order to better understand the intra-

and extravasation of tumor cells in metastatic processes.
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ECs are responsible for many functions including transport, regulation of immune
response and modulation of vascular tone. Any perturbation in these cells deregulates
organism homeostasis and can lead to pathology, such as ischemic diseases,
atherosclerosis, inflammatory diseases and cancer.>® There are innumerous known
growth factors associated with ECs namely VEGF, TGF, FGF, ANGPT, PDGF that together
with their specific receptors orchestrate the response of EC to external stimuli.®2®

Given the importance of ECs in an organism homeostasis, the transcriptional
regulation of the EC acquires a major relevance in coordinating healthy and pathological
conditions. The major regulators of transcription are transcription factors and epigenetic
modifications, which include DNA methylation, histone modifications and
NcRNA.398586278 The regulation of these proteins is so important for vascular

development and homeostasis, that single KO mice are most often embryonic

lethal 85,91,103

Given the extreme value of transcriptional regulators in EC homeostasis, this
thesis aimed at addressing this issue. The role of NFATC1 transcription factor, which has
been shown to be involved in EC phenotype!!?130.195.273 is not well characterized in terms
of vessel heterogeneity in breast cancer. Moreover, we investigated the role of SETD2
that mediates H3K36me3 signatures'#423% in ECs since Setd2 KO mice are embryonic
lethal and as yet no explanation for the cellular mechanisms were found. Furthermore,
we wanted to clarify the anti-angiogenic role of estrogen derivatives used in clinic in order

to improve their efficacy in adjuvant chemotherapy for breast cancer patients.
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NFATCL1 as a responsible for the lack of response to anti-angiogenic therapies

NFATC1 is a well known transcription factor involved in T cell activation and
vascular development, among other functions.t39191192197 \We already know their
response to external VEGF stimuli.!*® More recently Suehiro et al.*3! showed that VEGF
and NFATC1 share 1/3 of target genes.

Since tumors represent a VEGF-rich environment*!®14 we hypothesized that
NFATC1 could have a role in tumor progression, namely in ECs under tumor influence.
There is much evidence of hypercalcemia and tumor correlation, namely in multiple
myeloma, breast, squamous cell lung, kidney, head and prostate cancer.?8%28> Recently it
was hypothesized that Ca?* channels could be a potential tumor target.?86287 |t is also
known that VEGF stimulates PLCG1, which leads to an increase in Ca?* levels and
consequently NFATC1 nuclear translocation.?3 Since ECs also respond to Ca®* levels and
these are very important for ECs proper function?®, we proposed a closer link between
NFATC1 and VEGF/ Ca?* deregulation in a tumor microenvironment context.

In our study we identified an upregulation of Nfatc1 mRNA levels in PTV both in
syngeneic and xenograft breast cancer mice models. However, histologically NFATC1 is
localized in some NGVs but not in PTVs neither in ITVs. Resident mononuclear cells from
mammary gland expressed NFATC1 and TMCI appeared as the most NFATC1-positive
cells in tumors. This phenotype was concordant between mice models and human breast
cancer samples. In addition, NFATC1 seemed to be positively correlated with tumor
aggressiveness. Our study showed that ECs from normal tissues expressed this
transcription factor, but ECs under the influence of breast tumor lose their expression.
Here we concluded that besides the VEGF-rich environment, tumor ECs did not respond
to this gradient and lost their NFATC1 expression. This could be of a great interest since
most anti-angiogenic therapies show weak or no response in tumor patients34164230
which means that NFATC1 can be responsible for this failure. On the other hand, TMCI
became the major NFATC1-expressing cells in tumor context. This is not surprising, since
NFATC1 is also expressed by mononuclear cells.1?3221222 Our results are supported by
Mancini and Toker™’, who showed that NFATC1 induces CSF in both monocytes and ECs
and that tumor associated macrophages (TAM) are located nearby to the tumor

vasculature, in order to facilitate the metastatic dissemination.
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With our in vitro study we confirmed the NFATC1 nuclear translocation in HUVEC
and HMVEC in response to VEGF stimuli, which is supported by previous
studies. 119121130.226 The gddition of a calcineurin inhibitor CsA,** diminished NFATC1
translocation to basal levels. Jang et al.**® revealed the role of KDR in NFATC1’s effector
function in HPVEC. Garcia-Gomez et al.??’ proved that an inhibitor of KDR also causes
lower NFATC1 levels and prevents osteoclastogenesis. In accordance with these studies,
our work confirmed the importance of KDR in NFATC1 regulation, since the presence of
oKDR blocked NFTAC1 nuclear localization as much as CsA. Likewise, aKDR and CsA had
a cumulative effect in NFATC1 localization. It had already been proven that VEGF exerts
its effect via KDR in a nephrotoxicity model, in which higher levels of VEGF protect the EC
from toxic concentrations of CsA via KDR.?8%2°0 This indicates a common pathway
between KDR-VEGF-NFATC1. Furthermore, KDR is the most active VEGFR®32 so it is not

surprising that KDR and NFATC1 pathways are connected.

Together, our study provided new evidences of NFATC1’s role in differentiation of
normal ECs and those under the influence of a tumor. KDR and CsA cooperate in NFATC1
nuclear translocation inhibition. It also proved the influence of NFATC1 in tumor
microenvironment, namely in TMCI, which was correlated with human breast cancer
aggressiveness. Furthermore, ECs under tumor influence lost NFATC1 expression, which
could be a possible explanation for the weak anti-angiogenic therapy response in cancer
patients.

Further studies are needed in order to unravel the downstream genes of NFATC1
in normal ECs and upon tumor influence. Novel interesting questions were raised. Why is
NFATC1 lost? What is the role of NFATC1 in TMCI? Does it helps in tumor dissemination,
oritis only an immediate anti-tumoral innate response? What is the role of CsA in tumor
progression? Could we give immunosuppressive drugs to cancer patients? Would an

NFATC1-target therapy be efficient?
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A new partnership between SETD2 and NFATC1

Recently, epigenetics became a subject of great interest in the field of EC
regulation 86133143145 Since Setd2 KO mice died due to vascular impairment!#4, in this PhD
thesis we aimed at characterizing the role of SETD2 in EC biology.

We already knew about the involvement of SETD2 mutations in cancer cells.?36-238
However the role of SETD2 in ECs was not well characterized. With our study we proved
that SETD2 is important in EC homeostasis, since SETD2 KD promotes an increase in the
number of binucleated HUVEC. Binucleated cells are associated with tumors and with
monocytes in some subsets, such as osteoclastogenesis.’®®?°1 Qur videos proved that the
binucleated phenotype was due to acytokinetic mitosis, asymmetrical cell division and
cell-cell fusion events. Acytokinetic mitosis and cell-cell fusion events had previously been
associated with cardiomyocytes and osteoclasts.?9>2%3 Binucleated ECs have been
associated with some pathologies, such as atherosclerosis?*® and injury.?®* However, in
our functional studies, namely in the Matrigel® tube-formation assay we saw no
differences in angiogenic capacity between SETD2 KD and scramble. Quiescent cell status
was also analyzed and there were no differences between the conditions mentioned
above. So we can assume that SETD2 KD, in spite of conferring binucleated phenotype to

the ECs, they still behave as normal cells. However SETD2 was essential in order to

maintain H3K36me3 signatures that were crucial for avoiding multiple nuclei.

There is extensive literature to support the interplay between transcription
factors and epigenetic modifications, namely histone methyltransferases at sites of target
gene promoters. This communication allows an adequate biological response upon the
surrounding environment.?®® Transcriptional status has to be relatively stable in order to
maintain organism homeostasis. Stein et al.2°® demonstrated that epigenetic regulation
to modulated transcription factors binding provides a strategy for targeting gene
expression in transformed and tumor cells with minimal off-target consequences. Based
on this literature we hypothesized that NFATC1, a VEGF-induced transcription factor, and
SETD2 can cooperate in a regulatory complex relevant for EC phenotype and function.

In our work we proved that the SETD2 KD is sufficient to promote NFATC1 nuclear

translocation in a VEGF-independent manner. As far as we know this is a new regulatory
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mechanism of NFATC1: with the H3K36me3 decrease NFATC1 was translocated to the
nucleus without VEGF stimuli. So when SETD2 is present it prevents NFATC1 translocation
and NFATC1-dependent signaling pathways are not activated in ECs. We also
hypothesized that NFATC1 could be the responsible for the increased number of
binucleated cells, since this transcription factor had been associated with cell fusion,
especially in osteoclastogenesis.?®”?% |n fact we saw a correlated increase of binucleated
cells and nuclear NFATC1-positive cells in SETD2 KD. Although, when we added VEGF to
scramble cells (which also increased the nuclear NFATC1-positive cells) the number of
binucleated cells did not increased. This could represent a VEGF-independent NFATC1-
SETD2 cooperative mechanism in order to regulate EC homeostasis and an ability to adapt

to a new environment.

Together our results may indicate that SETD2 is essential for the maintenance of
H3K36me3 signature which preserves the basal cytoplasmic levels of NFATC1 — Figure
6.1. When we knock down SETD2, H3K36me3 levels are downregulated, NFATC1 is
translocated to the nucleus and ECs became binucleated. This seems contradictory, as
SETD2 maintain the EC mononuclear phenotype and also acts as a transcription and
trafficking regulator of NFATC1. Although, we hypothesize that SETD2 downregulation
creates a possibility for EC transcription program regulation and helps ECs responding to
different microenvironments. Are multiple nuclei a mechanism to overcome adverse
conditions? When SETD2 levels are low, which NFATC1 downstream genes are activated?

Are cancer SETD2 mutations involved in the mechanism of NFATC1 translocation in ECs?
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CYTOPLASM

Figure 6.1 — Proposed mechanism of SETD2 and NFATC1 interaction. NFATC1 is translocated to the nucleus in response to VEGFA-KDR mediated

stimuli. Calcineurin which responds also upon Ca®* stimuli dephosphorylates NFATC1 and it is afterwards translocated to the nucleus. In the nucleus
NFATC1 binds to promoter regions and the necessary transcriptional machinery is recruited with expression of downstream target genes. When
SETD2 is present, the H3K36me3 signature prevents NFTAC1 nuclear translocation and/or DNA binding. In presence of SETD2 ECs also maintain
their homeostatic mononuclear status. When SETD2 is downregulated H3K36me3 signatures are at lower levels and NFATC1 is translocated to the

nucleus with consequent transcription initiation. In this context ECs become binucleated which could represent an adaptive survival mechanism.
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Fulvestrant, 2-methoxyestradiol and tamoxifen interfere and destroy

endothelial cell networks in a 3D in vitro model

The anti-angiogenic potential of estrogen derivative drugs is already known.>>
They exert their efficacy being ER antagonists.?”® 2ME and tamoxifen are potent anti-
angiogenic agents, being used in clinic, mostly in breast cancer patients.2’%.272.276

The global purpose of this study was to characterize the estrogen derivatives in
terms of cytotoxicity, genotoxicity and anti-angiogenic ability. We used a Matrigel® tube-
forming assay in order to test the anti-angiogenic efficacy of these compounds. We
verified that F, 2ME and Tam were the main estrogen derivatives with capacity to destroy
the established EC network and to interfere with EC network formation. These results are
in accordance to the literature, since F2°%268 2N\|E269,270,273,274,299,300 gnd Tgm?2°7272.276
were extensively studied and some are already used in clinic.

These descriptive studies are important to identify the potential of anti-
angiogenic drugs in order to improve their efficacy. It was also useful to prove that

Matrigel® tube-formation assay could be a reliable and easy 3D in vitro model to test

large-scale anti-angiogenic drugs.
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Angiogénese no Melanoma

Germana Domingues, Sérgio Dias
Instituto de Medicina Molecular, Faculdade de Medicina da Universidade de Lisboa

1. Angiogénese tumoral

Angiogénese € o processo de formacdo de novos vasos sanguineos a partir de vasos pré-
existentes. Distingue-se da vasculogénese. por esta reflectir a formacdo de vasos durante
o desenvolvimento embrionario. e por envolver a diferenciacdo de células endoteliais a
partir de precursores endoteliais (angioblastos)'-.

Reconhecida ha anos como uma das caracteristicas intrinsecas do cancro (os cancer
hallmarks. postulados por Hanahan e Weinberg®). a angiogénese ¢ fundamental para o
fornecimento de oxigénio, nutrientes, mas também para a manutencdo da integridade e
funcionalidade teciduais. Estudos mais recentes demonstraram inclusive que os vasos
sanguineos de diferentes tecidos desempenham wm papel fundamental na recuperacgio
tecidual apés stress ou danos quimicos/fisicos*. Assim. a formacdo de novos vasos
(angiogénese ou vasculogénese ou ambas) pode levar a “perda de identidade tecidual”,
gerando um ambiente mais permissivo a expansdo de clones celulares malignos.

Dada a sua importancia para o crescimento tumoral e eventualmente para a disseminacao
de células fumorais para a formacdo de metastases. a angiogénese tem recebido atencdo
por parte de clinicos ¢ de investigadores, tendo sido uma das areas de investigacdo do
cancro a receber mais destaque nos ultimos 15 anos.

Os mecanismos moleculares que regulam a angiogénese em contexto tumoral séo
amplamente conhecidos. Em tumores sdlidos. foi sugerido que uma expanséo celular com
mais que 1lmm’, ou caso a distancia das células tumorais ao vaso sanguineo mais proximo
seja superior a 100pm., resulta no aparecimento de zonas de hipoxia. que activam um
programa transcricional nas células tumorais (e outras). levando & producdo de factores
pré-angiogénicos. A perda de “equilibrio” entre factores pro- e anti-angiogénicos num
tecido desencadeia o processo de angiogénese, ou angiogenic switch (postulado por
Hanahan e Folkman®) levando assim & expansdo da vasculatura que apoia o tumor em

crescimento.
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1.1 Mecanismos moleculares na angiogénese: factores pro- e anti-angiogénicos

Os principais factores pro-angiogénicos identificados num contexto tumoral sdo o
Vascular Endothelial Growth Factor (VEGF) o Fibroblast Growth Factor (FGF) e o
Transforming Growth Factor-ff (TGF-p).

O VEGEF ¢ produzido pela maioria das ¢élulas tumorais como consequéncia do aumento
dos niveis de hipoxia tecidual (o VEGF € um gene directamente regulado por hipoxia.
contendo no seu promotor um “elemento que responde a hipoxia™, ou hypoxia response
element). Actua de um modo paracrino nas c€lulas endoteliais, através da ligacdo a
Vascular Endothelial Growth Factor Receptors (VEGFR 1. 2 e 3) que s@o receptores
tirosina cinase. Esta ligacdo VEGF e seus receptores provocam uma cascata de eventos
moleculares essenciais no desencadear da angiogénese.’

Os FGFs estimulam a proliferacdo e migracdo das células endoteliais. assim como a
producio de enzimas que degradam a matriz extracelular, sendo assim elementos
essenciais a remodelacdo dos vasos.

O TGF-p foi originalmente caracterizado em fibroblastos tendo sido associado a
diferentes processos fisiologicos como estimulacdo/inibicdo da proliferacdo celular.
mducdo da diferenciacdo celular, regulacido da producdo da matriz extracelular e de
mibidores de proteases e integrinas. Este papel na modelacdo da sintese de componentes
da matriz extracelular e na estabilidade de contactos célula-célula faz com que o TGF-p
tenha um papel importante na formacio de novos vasos.’

Para além de factores que actuam de um modo paracrino existem ainda muitas proteinas
que requerem o contacto célula-célula ou célula-matriz para a promocao da angiogénese.
nomeadamente as integrinas. As integrinas sdo receptores transmembranares que
permitem a adesdo célula-célula e/ou & matriz extracelular. As integrinas oyp; € oyfs . por
exemplo. permitem que as células endoteliais de novos vasos se liguem a proteinas da
matriz no tumor. sendo assim moléculas essenciais para a expansdo da nova vasculatura
tumoral.

Entre os factores anti-angiogénicos “enddgenos™ (isto €. resultantes da expansido tumoral
num determinado tecido) mais importantes destacam-se a Trombospondina-1 (TSP-1). a
endostatina e os inibidores teciduais das matriz-metaloproteinases (Tissue Inhibitors of
Metalloproteinases (TIMPs)). A TSP-1 inibe a proliferacdo e a migracdo das células
endoteliais através da ligacdo ao seu receptor de membrana CD36, levando a activacio

da via FAS e a consequente activacdo de vias de apoptose.
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A endostatina ¢ um fragmento C-terminal de 20KDa derivado da molécula de colagénio
XVIII que tem um potente efeito anti-angiogénico. Foi a primeira molécula derivada da
matriz extracelular com actividade anti-angiogénica. tendo sido descoberta por Judah
Folkman em 1996 juntamente com a angiostatina®.

Os TIMPs sdo. como o proprio nome indica, inibidores de metaloproteinases (MMPs).
Exercem a sua funcao através da formacao de complexos com as MMPs impedindo-as de
exercer o seu papel na degradacéo da matriz extracelular. limitando assim a expansédo da

vasculatura.

1.2 Mecanismos moleculares na angiogénese: destabilizacio vascular

Para que os factores pro-angiogénicos possam desencadear o processo de angiogénese. é
necessario desestabilizar os vasos pré-existentes. Os vasos sanguineos sao compostos por
células endoteliais e por células que garantem a sua estabilidade. nomeadamente os
pericitos e as células vasculares da musculatura lisa (Fascular Smooth Muscle Cells
(VSMC)). presentes em vasos de maior calibre). Os pericitos encontram-se na membrana
basal dos capilares individualmente ou formando uma fina camada a volta das células
endoteliais. fornecendo suporte mecanico. Os pericitos s@o menos abundantes em tumores
do que em tecidos normais devido a constante remodelacio da rede vascular.’

A interaccao pericito-célula endotelial € mediada pelo sistema Angiopoietin
(Ang)/Tyvrosine Kinase Recepctors Tie. A Ang-1 e Ang-2 sdo respectivamente agonista e
antagonista dos receptores Tie. A sinalizacdo Ang-1/Tie2 permite a interaccio pericito-
célula endotelial que leva a inibicdo da proliferacido e aumento da estabilidade dos vasos
recém-formados. Ang-2 € um antagonista deste processo ja que compete com Ang-1 pela
ligagcdo ao receptor Tie2. levando a reducdo da cobertura dos vasos por pericitos e
destabilizacdo da parede vascular, mesmo na presenca de VEGF. Por esta razdo Ang-2 ¢
considerado uma molécula promotora de neo-angiogénese tumoral.’’

De forma sumaria, activacdo da sinalizacao Ang-2 leva a destabilizacéo de capilares prée-
existentes. expondo receptores de factores pro-angiogénicos tais como o VEGF.
permitindo assim o despoletar do mecanismo de angiogénese. A Figura 1 resume os

principais factores envolvidos na angiogénese tumoral.
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1.3 Mecanismos celulares na angiogénese tumoral

A sinalizacdo mediada pelos factores referidos anteriormente resulta na formacido de
novos vasos sanguineos. Ha no entanto especificidades (inecanismos) celulares que foram
demonstradas a nivel celular e que vieram revelar particularidades dos vasos tumorais, o
porqué do seu cardcter “permeavel” e “pouco eficiente”. Os principais mecanismos
celulares envolvidos na angiogénese tumoral sdo a “ramificacao” (sproufing). a “adogao™
(co-option). a “vasculogénese™ e o “mumetismo vascular” (vascular mimicry). O
sprouting consiste na ramificacdo de neo-vasos a partir de capilares pré-existentes. que
envolve a activacdo de receptores nas células endoteliais como resposta a factores pro-
angiogénicos tais como o VEGF. Esta activacdo endotelial resulta na producdo de MMPs
que degradam a membrana basal e permite a migracdo de células (as tip cells) da parede
do vaso em direcgdo aos estimulos pro-angiogénicos. Justapostas as fip cells encontram-
se as stalk cells que alongam e formam o limen do novo vaso pela fusdo da ramificacdo
com o0 vaso preé-existente. A sinalizacdo do receptor Notch. nomeadamente atraves da
ligacdo ao ligando Delta Like 4 (Dll4) tem um importante crucial na determinacdo da
identidade #ip ou stalk.™*

Estudos recentes demonstraram inclusive que bloqueio da via DIl4:Notch resulta numa
vasculatura tumoral extremamente “permeavel” e tortuosa.!> Finalmente, no que diz
respeito a vasculogénese, estudos do nosso grupo demonstraram que o eixo DI14/Notch
esta também envolvido na comumnicacdo entre precursores endoteliais derivados da
medula dssea e células endoteliais dos vasos tumorais. contribuindo para a sua

destabilizacio e consequentemente para a angiogénese tumoral.'*!*

2. Especificidades da angiogénese no melanoma

Os casos de melanoma correspondem apenas a 10% dos casos de cancro da pele. no
entanto sdo responsaveis por 90% das mortes causadas. A taxa de sobrevivéncia a 5 anos
em casos avancados com metastases a longa distancia € de 5 a 10%. Apesar da resseccio
cirirgica do tumor primario oferecer uma grande possibilidade de cura. as células de
melanoma disseminam-se rapidamente tanto por via hematogénea (sanguinea) como
linfatica, levando a formacao de metastases. A sobrevivéncia dos doentes de melanoma
depende da profundidade da invasdo do tumor, segundo os critérios de Clark-Breslow.
Tal como outras neoplasias da pele. o melanoma envolve processos sequenciais de

transformacéao das células nos quais o nevus tem uma primeira fase de crescimento radial

displasica. seguindo-se uma fase de crescimento vertical que requere a formacao de novos
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vasos, facilitando a disseminacdo das células do tumor primario, como demonstra a
Figura 2. Este processo de rapida formacdo de novos vasos durante a fase de crescimento
radial esta associado a producéao e sinalizacdo por VEGF e a activacdo dos mecanismos
de angiogénese. !

Outra caracteristica que distingue o melanoma de outros tipos de tumores € a formacao
de novos vasos através de “mimetismo vascular” (vascular mimicry). Este mecanismo
envolve a formacdo de novos vasos através da “diferenciacdo™ de células tumorais. que
adquirem marcadores e morfologia vasculares e na producao de elementos de matriz
extracelular especificos da membrana basal capilar. resultando numa rede de “neo-vasos”
(canais) muitas vezes acelulares que irrigam eficientemente as lesdes malignas.!’

Os mecanismos moleculares que regulam a angiogénese envolvendo “mimetismo
vascular” sdo ainda pouco conhecidos. como sdo pouco conhecidos a relevancia deste

tipo de vasos para a disseminacdo metastatica de células de melanoma e o eventual

envolvimento de células derivadas da medula 6ssea no processo.

2.1 Ensaios clinicos com anti-angiogénicos e terapias assocladas

Historicamente, foi Judah Folkman o primeiro a sugerir que abordagens terapéuticas
dirigidas contra a angiogénese em tumores poderia ser clinicamente relevante. Estudos
nas décadas subsequentes levaram ao desenvolvimento de terapias altamente especificas
tendo como alvos factores pro-angiogeénicos € 0s seus receptores tirosina cinase presentes
nas células endoteliais.'®

Um dos alvos preferenciais para a terapia anti-angiogénica € precisamente o factor pro-
angiogénico VEGF. O Bevacizumab € um anticorpo monoclonal recombinante anti-
VEGF que bloqueia a ligacdo de todas as isoformas do VEGF aos seus receptores. O
efeito terapéutico (expectavel) deste anticorpo sera a normalizacdo dos neo-vasos
tumorais. 0 que potenciaria a entrega mais eficaz da quimioterapia ao tumor. O
Bevacizumab foi ja utilizado sozinho ou em combinagdo com doses baixas de interferdo
alfa-2b num ensaio clinico de fase II em doentes de melanoma. Foi observada uma
percentagem de resposta parcial de 60% dos doentes. o que resultava num aumento da
sobrevida global de 108.5 meses."”

A terapia conjunta de Temozolomide (agente oral de alquilacdo) com o Bevacizumab

demonstrou num ensaio de fase II publicado em 2012 uma resposta parcial de 15%. que

resultou no aumento de 9.6 meses na sobrevida global destes doentes.?
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Alguns anticorpos estdo a ser testados contra o dominio extracelular do VEGFR.
prevenindo assim a ligacdo do VEGF. O Ramucirumab, um anticorpo monoclonal cujo
alvo ¢ o VEGFR2. despertou algum interesse como um potencial terapéutico. ja que um
ensaio de fase I mostrou uma resposta parcial de doentes de melanoma avancado ao longo
de 5 meses.’!

Também a proteina de fusdo entre dominios extracelulares do VEGFR1 e VEGFR2.
Aflibercept. mostrou ter uma maior afinidade do que os inibidores do VEGF. A sua
eficacia esta a ser demonstrada num ensaio de fase IL. cujos primeiros resultados em
melanoma foram publicados recentemente.>

O Sunitinib € um inibidor de tirosina cinases incluindo os receptores de VEGF,
comummente utilizado para tratar casos de cancro do rim (altamente angiogénico e tendo
a producdo de VEGF como mecanismo fundamental na carcinogénese deste tipo de
tumores) mas mostrou. num ensaio de fase IL ter um efeito mais modesto no tratamento
de doentes com melanoma metastatico.”?

A tabela 1 sumariza alguns dos principais ensaios clinicos com anfi-angiogénicos em
combinacido com outras terapias ja estabelecidas no tratamento do melanoma. bem como

os principais outputs clinicos tais como resposta parcial. sobrevida global. entre outros.

Conclusdes e Perspetivas futuras

O melanoma apresenta uma elevada resisténcia as opgdes terapéuticas existentes e nao
existe terapia a nivel sistémico que tenha demonstrado um impacto na sobrevida dos
doentes. nomeadamente num “setting” de doenca metastatica. Do ponto de vista da base
celular e molecular de formacdo de neo-vasos no melanoma (discutidos anteriormente),
nao ¢ claro de qualquer dos estudos (ensaios clinicos) publicados. que as terapias anti-
angiogénicas ataquem de forma eficaz os vasos resultantes do processo de “mimetismo
vascular”. Os ensaios clinicos que utilizaram anti-angiogénicos tém no entanto
demonstrado efeitos clinicos interessantes e relevantes. podendo concluir-se que mais
estudos (moleculares e clinicos) sao necessarios para permitir identificar os doentes que

mais poderiam beneficiar deste tipo de abordagem terapéutica.
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Figura 1 — Esquema representativo dos factores pro- e anti-angiogénicos envolvidos
na angiogénese. VEGF (Vascular Endothelial Growth Factor). PIGF (Placental Growth
Factor), FGF (Fibroblast Growth Factor), TGF-B (Transforming Growth Factor-f).
TIMPs (Tissue Inhibitors of Metalloproteinases). MMPs (metaloproteinases). Angl
(Angiopoietina-1), Ang2 (Angiopoietina-2)
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Figura 2 — Diferentes fases do desenvolvimento de melanoma metastatico. Numa
primeira fase os melanocitos acumulam-se na membrana basal da epiderme. formando o
nevus. Apds alteracdes que levam a malignidade da lesdo. o melanoma passa primeiro
por uma fase de crescimento radial e posteriormente o crescimento vertical potencia a

invasao dos vasos pelas células de melanoma
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ARTIGO ANO TERAPIA FASE Ne % SOBREVIDA
DOENTES  RESPOSTA GLOBAL
PARCIAL (MESES)
Varker” 2007  Bevazimuab = II 32 60 108.5
interferdo o2b
von Moos?® 2012  Temozolomide, I 62 15 9.6
bevacizumab
Spratlin” 2010  Ramucirumab I 37 30 =5
Tarhini®> 2011 Aflibercept II 41 56 16.3
Decoster 2010 Sunitinib I 36 8.3 6.5
Grignol’* 2011  Bevacizumab. II 25 25 17
high dose
interferdo o2b
Egberts® 2011 Pegylated II 55 3.6 9.6
interferdo o2b,
sorafenib
Hainsworth 2010 Bevacizumab. II 57 12 8.6
26 everolimus
Del 2010 Fotemustine, I 20 15 20.5
Vechio?’ bevacizumab
Vihinen”® 2010  Bevacizumab, I 26 15 11.5
dacarbazine,
interferao a2b
ott® 2010 Sorafenib I 36 3 -

Tabela 1 — Ensaios clinicos com melhores resultados das terapias anti-angiogénicas

usadas no tratamento do melanoma
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Abstract

Lipids and cholesterol in particular, have long been associated with breast cancer (BC) onset and progression.
However, the causative effects of elevated lipid levels and breast cancer remain largely undisclosed and were the
subject of the present study.

We took advantage of well-established in vitro and in vivo models of cholesterol enrichment to exploit the mechanism
involved in LDL-cholesterol favouring BC growth and invasiveness. We analyzed its effects in models that mimic different
BC subtypes and stages.

Our data show that LDL-chalesterol (but not HDL-cholesterol) promotes BC cells praliferation, migration and loss of
adhesion, hallmarks of the epithelial to mesenchymal transition. In vivo studies modeling cholesterd levels showed
that breast wumors are consistently larger and more proliferative in hypercholesterclemic mice, which also have
more frequently lung metastases. Microaray analysis revealed an over expression of intermediates of Akt and ERK
pathways suggesting a survival response induced by LDL, confirmed by WB analyses. Gene expression analysis also
evidenced an activation of ErbB2 signaling pathway and decreased expression of adhesion molecules (cadherin-related
family member3, CD226, Claudin 7 and Ocludin) in the cells exposed to LDL.

Together, the present work shows novel mechanistic evidence that high LDL-cholesterol levels promote BC progression.

Keywords: LDL-cholesterol, Breast cancer, Tumor growth

"

These data provide rationale for the clinical control of cholesterol levels in BC patients.

Introduction
Cholesterol is an essential structural component of the
cell membrane [1].

Proliferating cells, such as cancer cells, are believed to
have increased requirements for cholesterol. To over-
come its needs, tumor cells can increase lipid biosyn-
thesis [2], but can also uptake cholesterol from the
bloodstream [3,4]. Abnormal cholesterol accumulation is
a characteristic of some malignancies [5,6] and the inhib-
ition of cholesterol storage machinery, in breast cancer
cell lines was associated with reduced proliferation [7].

The capacity of cancer cell to use exogenous lipids has
been pointed up to explain the link between dyslipid-
emia and high fat diets with cancer [3,7].
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Epidemiological studies tried to demonstrate a causal
relationship between dyslipidemia and cancer but they
have failed [8-12], or found just weak associations [13,14].
However, it should be noted that several of those studies
did not account for the lipoprotein fractions, lipid lowering
drugs use or the different tumor types, which could all in-
fluence the results and their interpretation. Moreover, most
studies to date have sought to find a causal link between
cancer incidence and lipid levels; significantly less studies
tried to explore a possible link in cancer aggressiveness
or progression. Thus, for now, the importance of plasma
cholesterol in cancer progression remains poorly under-
stood and was the subject of the present study.

We asked whether exposure to a host LDL-cholesterol
enriched systemic environment promotes breast cancer
progression by activating key signaling pathways and
modulating cell behavior. To test this hypothesis we
used controlled experimental environments, employing
well established in vitro and in vivo models.
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Methods

Laboratory methods

Cell lines and reagents

The human breast cancer cell line HTB20 and the mouse
breast cancer cell line 4 T1 were purchased from the
American Type Culture Collection. The human breast can-
cer cell lines HTB126, MDA MB 231 were kindly provided
by Instituto Portugués de Oncologia Porto.

The cell lines were cultured in DMEM (Gibco Invitrogen,
Carlsbad, CA, USA) supplemented with 10% heat-
inactivated fetal bovine serum (FBS, Gibco Invitrogen,
Carlsbad, CA, USA) and 1% penicillin-streptomycin
(Invitrogen life Technologies). Fetal bovine serum lipo-
protein free (FBSLF) was purchased from Sigma-Aldrich
(Germany) and human plasma low density (LDL) and
high density (HDL) lipoproteins were obtained from
Calbiochem (Gibbstown, NJ, USA). Mitomycin C was
from Sigma-Aldrich (Germany) and Trypsin from (Gibco
Invitrogen, Carlsbad, CA, USA).

Cell proliferation assay

MDA MB 231, HTB 126, HTB 20 cells (1 x lOEJ"mL)
were seeded into 24-well plate in 250 pl DMEM, 10%
FBS. After overnight incubation, the medium was re-
placed by DMEM, 1%FBSLEF, for 24 h. Then, the medium
was aspirated and cells were incubated with medium
containing HDL (100 pg/mL) or LDL (100 pg/mL), at
37°C in 5%CO,, for 24 h or 48 h. The number of living
cells was determined by hemocytometer counts (at least
4 counts/well, in quadruplicates), after Trypan Blue test
exclusion. The number of cells is expressed as fold
change over the control.

Migration assay

MDA MB 231 cells were seeded on 24-well plate and
grown to confluence in DMEM, 10%FBS. Upon reaching
confluence, the medium was replaced by DMEM, 1%
FBSLE for 24 h. Two-hundred-microliter tips were used
to make a denuded area (“wound”) in the center of the
well. Each well was washed with PBS and treated with
HDL (100 pg/mL) or LDL (100 pg/mL) for 24 h. Mito-
mycin C (0,5 pmol/L, from Sigma) was added to the
medium to block cell proliferation. Serial photographs
were taken at O h, 12 h and 24 h, and cell migration dis-
tance was determined by subtracting the values obtained
at 0 h from 24 h (at least 4 measurements/well, in qua-
druplicates). The migration distances are expressed as
percentage of the wound closure.

Adhesion assay

MDA MB 231 cells (1x 10°/mL) were seeded into 24-
well plate in 250 pl DMEM, 10%FBS, overnight, and
then replaced by DMEM, 1%FBSLE, for 24 h. After 24 h,
cells were left untreated or exposed to LDL (100 pg/mL),
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overnight. Than wells were washed with PBS, and cells re-
moved with trypsin and reseeded into 24-well plates in
250 ul DMEM, 10% FBS, as defined earlier. After 4 h, cells
were washed with PBS and adherent counted. The cells in
the supernatant were also counted. The results are shown
as the number of adherent or supernatant cells/mL.

RNA extraction and microarray analysis

Total RNA was extracted by Trizol method from untreated
or LDL treated breast cancer cells (MDA MB 231) and
used to study changes in gene expression. The samples
were hybridized on an Affymetrix GeneChips at Instituto
Gulbenkian de Ciéncia core facility. The gene expression
results were analyzed using Chipster 2.2.0 software. A cut-
off of 1.5 fold above or below the house keeping gene ex-
pression levels was considered significant. IPA Ingenuity
Systems (Ingenuity Systems, Mountain View, CA) was
used to exploratory analysis of interactive networks and
relevant biological interactions.

Protein extraction and Western Blot analysis

Cells were lysed in 50 mM tris, 5 mM EDTA, 2%
SDS, pH6.8 buffer containing protease inhibitor cock-
tail. Lysates were diluted 1:1 in loading buffer (tris—
glycerol, 2% SDS, 4% b-mercaptoethanol, 100 mM DTT)
and 300 pg proteins were loaded on 10% tris—glycine gels.
Proteins were transferred to 02 IM nitrocellulose mem-
branes (Hybond-C Extra, GE Healthcare Life Sciences,
Roosendaal, Netherlands) and subjected to standard
immunoblotting with the antibodies: ERK, pERK, akt,
pakt, pJNK, B-actin (all from Cell Signaling, Thecnology).
Bands were detected with anti-species HRP conjugate.
Image] software was used to quantify the density of the
bands [15].

Statistical analysis

All results, unless otherwise indicated, are expressed as
the mean + standard error of, at least, triplicates. Data
were analyzed using unpaired two-tailed Student's t test.
P values of <0.05 were considered statistically significant.

In vivo models

All animal experiments were performed after approval
from Ethics Committee of the Instituto Gulbenkian de
Ciéncia. Animals were housed and maintained in a bar-
rier facility at Instituto Gulbenkian de Ciéncia. In each
experiment, 4-6 week old female mice were injected
with breast cancer cells in the right axillary mammary
fat pad. Than the test group was subjected to a high
cholesterol diet (HD,10%fat, 1,25%cholesterol, 0,5%Na
cholate diet, Ssniff, Germany) and the control group fed
the standard (normal) mouse diet (ND), with no differ-
ences in energy up take values. Food and water were given
ad libitum. Elevated cholesterol levels were confirmed by
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standard dosing methods at Clinical Pathology Laboratory
of the Instituto Portugués de Oncologia de Lisboa and
parallel groups were used to control the diet effect on lipid
profile. In order to test different tumor types and different
host backgrounds the following trials were performed:

1) BALB SCID/MDA MB 231 (2 x 10° cells, 4-6 week
old female, n = 8), 10 weeks;

2) BALB SCID/HTB 20 (2 x 10° cells, 4-6 week old
fermale, n=4), 20 weeks;

3) NOD SCID/4 T1 (1 x 10° cells, 4—6 week old female,
n=4), 20 days;

4) BALE C/4 T1 (1 x 10° cells, 4-6 week old female,
n=>5), 20 days.

The animals were sacrificed at different times follow-
ing tumor inoculation, as referred above; mammary tu-
mors, lungs and liver were excised. Tumors were split
into two parts, one frozen in liquid nitrogen and stored
at -80°C and the other, and other organs, were fixed in
10% neutral buffered formalin. Photos of the tumor were
taken and the large diameter measured. Blood was col-
lected, by cardiac puncture, and serum used to deter-
mine lipid profile (total cholesterol (TC), LDL, HDL and
triglycerides). Tumor sizes (large diameter, mm) are pre-
sented as fold change over the control group. Systemic
metastases were searched macroscopically during organs
collection and microscopically in the lungs and liver.

Immunohistochemical staining for Ki 67 was performed
in a Dako Autostainer* (Dako, Glostrup, Denmark) using
standard protocols, followed by counting positive cells in
an automated cellular imaging system (ACIS" 1I, Dako,
Glostrup, Denmark I), at, Department of Pathology at
Instituto Portugués Oncologia de Lisboa.

An additional trial was done, using statins, in order to
test the effect of the reduction of the systemic cholesterol
on the tumor. Using as mice model NOD SCID /4 T1, the
test group was subjected to a high cholesterol diet (as de-
scribed above) and treated with simvastatin (5 mg/Kg in
200 pL PBS, 3 days a week, (by gastric tube). Control
groups were fed with standard (normal) mouse diet and
high cholesterol diet and treated with placebo (200 pL
PBS, 3 days a week, (by gastric tube). The mice were
injected with tumor cells 4 weeks after starting treatment
and treated during 4 weeks more. Animals were sacrificed
as described before.

Statistical analysis

Values are given as the mean + standard error. Compari-
sons between control and test mouse samples were per-
formed using the unpaired two-tailed Student’s t test.
The number of mice used for each experiment is indi-
cated in the Figure. P values of <0.05 were considered
statistically significant.
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Results

LDL-cholesterol stimulation induces breast cancer cell
lines proliferation, migration and reduces cell adhesion
We examined the effect of LDL on breast cancer cells
proliferation and found that the number of viable cells
increased after LDL-cholesterol stimulation in all cell lines,
reaching statistical significance in MDA MB 231 and HTB
20 at 48 h (Figure 1A). Further dissection of LDL induced
phenotype was performed on MDA MB 231 cells. In detail,
we also determined whether LDL could induce the migra-
tion of breast cancer cells in “wound/starch assays”, in the
presence of mitomycin C to inhibit cell proliferation, and
we found that LDL induced migration of MDA MB 231
cells, promoting in vitro wound closure. Importantly, HDL
was used as control and did not promote cell migration
(Figure 1B and C).

Thereafter we tested if cells incubated with LDL changed
their adhesive behavior. As shown in Figure 1D and E,
LDL pre-treated MDA MB 231 cells, lost their adhesion to
the matrix compared to control (untreated) conditions.

Together, these data suggest that LDL exposure of breast
cancer cells affects their adhesive properties, favoring cell
migration and proliferation.

LDL-cholesterol induced gene expression changes
in breast cancer cell lines
Having shown LDL induced phenotypic changes on breast
cancer cells, next we sought to demonstrate a causal mech-
anistic link between these changes and the activation of
signaling intermediates and pathways that could explain
the altered properties. For this purpose we performed Affy-
metrix microarray analysis of untreated versus LDL treated
breast cancer cells. We found an over expression (fold
change =1,5) of 147mapped genes and down regulation of
95 mapped genes, at 48 h. The great majority of these
genes were related to cell survival and proliferation path-
ways (Additional file 1: Table S1). Among altered expres-
sion genes are also, the down regulation of the adhesion
molecules cadherin-related family member3 (-1,53 fold
change), CD226 (-1,52 fold change), Claudin7 (-1,52 fold
change), Ocludin (-1,54 fold change) and integrinf8
(—1,49 fold change). Exploratory analysis of the significant
gene interactions, found an activation of akt, ERK and JNK
networks, all in the dependency of the ErbB2 pathway
(Figure 2).

By western blotting analysis we confirmed the raised
phosphorylation of akt and ERK, but not of JNK (Figure 3).

These data evidence the LDL effect on the breast can-
cer cell promoting survival, proliferation and migration.

High LDL-cholesterol promotes breast cancer growth

in animal models

HD fed mice showed high levels of TC, LDL and
HDL (Figure 4A). However, there were no statistically
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Figure 1 Proliferation, migration and loss of adhesion induced by LDL in in breast cancer cell lines. A, Number of cells (MDA MB 231, HTB
126, HTB 20) after 24 h and 48 h of LDL (100 pg/mg) exposure is consistently higher than control (non-treated) condition. B and C, Cells (MDA
MB 231) were wounded and then cultured for 24 h, with LDL (100 pg/mL), HOL (100 pa/mL) or control conditions. Cell migration into the wound
was examined by phase-contrast microscopy and migration distance is indicated as the percentage of the wound closure at 24 h. Representative
photos are shown (original magnification 100x C). D and E, Number of cells (MDA MB 231) adherent and no adherent cells, at 4 h after being
removed and reseeded on its primary conditions (control and LDL100 pg/mL) shows that LDL treated cells lose matrix adhesion compared to
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significant differences in triglycerides levels or animal
weight (Figure 4A and B). The values of the mouse lipid
profile in each experiment are shown in Additional file 1:
Table 52. These data validate this high fat diet model as a
good model to specifically address the effects of elevated
cholesterol levels.

HD promoted breast tumor growth in all models
tested, with statistically significant differences in BALB
SCID inoculated with MDA MB 231 and BALB C inocu-
lated with 4 T1 cells (Figure 4C). Tumors of HD fed mice
showed a proliferative ratio that was 20% higher than
tumors from ND fed mice, assessed by immunohysto-
chemistry (for Ki67 positive cells) (Figure 4F and G).

Lung metastases were observed macroscopically and
microscopically in the NOD SCID and BALB C/4 T1
models. No significant differences were registered the first
model, but BALB C/4 T1 hypercholesterolemic mice
showed a higher frequency of lung metastasis, at the end
of the trial, compared to ND fed mice (Figure 4E). No liver
metastases were registered. Two mice of the longest BALB
SCID/HTB 20 trial died, one of each group. No other mice
deaths occurred.

Statins treatment does not reduced systemic LDL level

in mice trial

The treatment with statins did not reduce cholesterol
levels of HD fed mice (Additional file 2: Figure S1A).
Tumor size of HD fed mice treated with statins show no
significant difference from HD fed control mice, in this
trial (P 0,104) (Additional file 2: Figure S1 B and C).

Discussion

Obesity and dyslipidemia, have long been linked with
a possible increase in the likelihood of developing
cancer. This possible causal relationship has gained mo-
mentum in the light of the observed obesity “epidemic”
and the recognized increased incidence of cancer in
western countries [16]. Moreover, the same trend in
obesity, dyslipidemia and cancer incidence has been
seen in Asian with the growing incorporation of western
lifestyles [17,18].

However, few studies have tried to find causal and
mechanistic associations between increased lipid levels
and- not cancer incidence- but cancer behavior. This
was tested in the present study, using well established

Germana Domingues

156



Rodrigues dos Santos et al. Lipids in Health and Disease 2014, 13:16 Page 5 of 9
http:/www lipidworld com/content/13/1/16

TiE

Figure 2 Activated cellular networks, at 48 h, in LDL treated breast cancer cell line. Gene exprassion analysis of breast cancer cells MDA MB231
exposed to LDL (100 pg/mL), for 48 h shows up regulation of molecules involved in activation of ERK, akt and ErbB2 pathways. Grey nodes are genes
overexprassed, white nodes are prediced genes. Smooth lines represent direct interactions. Dashed lines represent indirect interactions.
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in vitro and in vivo models of hypercholesterolemia and  loss of adhesion, hallmarks of the process of epithelial to
breast cancer. mesenchymal transition [19].

In breast cancer cell lines, representative of different Others have demonstrated that in some breast cancer
tumor subtypes and stages, we found that LDL (but not cell lines, HDL induces proliferation [20,21]. We saw a
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growth factor (EGF) stimulation was used as positive control and induced, as expected, indease ERK, akt and JNK phosphondation. B. Representative
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Figure 4 Hypercholesterolemic diet induces a breast cancer phenotype characterized by large and more proliferative tumors. A and B.
HD fed mice have raised levels of total cholesterol (TO), low density lipoprotein (LDL) and high density lipoprotein (HOL). There are no statistical
significant differences in triglycerides level or animal weight, as exemplified to MDA MB 231/BALB SCID trial. (Results of the other experiments are
in supplementary data) Animal in the same diet but without tumor cells inoculation were used as control to lipid profie parameters € and D.

HD fed mice show large tumors when comparad to ND fad mice. The mammary tumor large diameter was measured (as exemplified to 4 T1
/NOD experiment B) and the differences are shown as the fold change over the ND fed mice. E. HD fed mice are more likely to have lung
metastasis (100%) than ND fed mice (33%). F and G. HD fed mice have more proliferative tumors as confirmed by K67 immuno staining. P value
and the number of the experiments are reprasented in the figure. Columns mean; bars+ SEM. Scale bar 100 pm.

(data not shown, not significant), but no influence in mi-
gration or adhesion properties.

Previous studies, also showed that LDL induces prolif-
eration [7,20] and migration [4] of ER negative, but not
ER positive breast cancer cell lines. We used an ER posi-
tive breast cancer cell line HTB 20 (BT 474) and LDL
induced similar phenotype changes. HTB 20 breast can-
cer cells usually express ErbB2 receptor [22].

Our own unpublished data shows that there is an
association between high plasma LDL level and ErbB2
positive breast cancer [23]. Also the exploratory ana-
lysis of gene expression microarrays suggested an up-
stream activation of an epidermal growth factor receptor
(EGFR).

Human epidermal growth factor receptor -2 (Her2-neu/
ErbB2) is a membrane tyrosine kinase and oncogene that
is overexpressed and gene amplified in about 20% of breast
cancers [24].

Independent investigations have demonstrate that cell
cholesterol depletion using Methyl-N-Cyclodextrin, re-
duces fluidity of the membrane and enhances phosphori-
lation and consequent activation of EGFR downstream

cascade [25-28]. Orr et al [27] specifically demonstrated
this effect in ErbB2 receptor. Since EGFR could be acti-
vated in a ligand-independent manner [28], we suggest
that cholesterol mobilization across the cell membrane
may be the responsible for changes in membrane equi-
librium/ disorganization leading to ErbB2 activation, ra-
ther than the absolute cholesterol content itself. But, as
mentioned earlier, this hypothesis remains to be fully
exploited in future studies.

Gene and protein expression analysis of breast cancer
cells stimulated with LDL revealed that the proliferative ef-
fect induced by LDL may be dependent on Akt and ERK
pathways activation. Gene expression analysis also sug-
gested decreased expression of adhesion molecules such as
cadherin-related family member 3, CD226, Claudin 7 and
Ocludin, upon breast cancer cells exposure to LDL. These
findings could explain the loss of adhesion and increased
migration in the functional tests, when cells were exposed
to LDL and represent hallmarks of the epithelial to mesen-
chymal transition, characteristic of tumor progression.

To systemically test the in vitro results, hypercholes-
terolemia, controlling obesity, was induced in mice of
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different background (including NOD SCID mice, which
are non-obese mice) with different cells lines (to mimic
different tumor subtypes) and data consistently showed
greater tumor growth in the high LDL groups. This is in
accordance with the results reported by Llaverias et al,
in breast and prostate genetic mice models [29,30]. Our
xenograft models have the advantage of being more rep-
resentative of breast cancer heterogeneity.

Tumors grown in hypercholesterolemic mice were
characterized by higher proliferative ratios, measured by
Ki67 immunostaining, which is considered a worse prog-
nostic marker [31]. Higher frequency of lung metastasis
was also observed in HD fed mice inoculated with the
4 T1 xenogeneic breast cancer cell line. In models using
human breast cancer cell lines we were not able to de-
tect systemic metastasis, either macro or microscopic-
ally, may be because those cells do not induce metastasis
in mice (reports are very scarce) or because the length
of our experiments was not sufficient.

We tried to reverse the hypercholesterolemic-induced
phenotype by treating mice with lipid lowering drugs.
However we did not achieve systemic LDL levels reduc-
tion with statins, in our model. This is a limitation of
our work but such difficulty was also found by others
[32]. Rats and mice that are commonly used in experi-
mental cancer studies are generally unresponsive to the
hypocholesterolemic effects of statins [32].

In humans, the effect of statins in cancer prevention
and treatment remains controversial. Two large meta-
analyses from 2006 described a neutral effect of satins
in cancer incidence [33,34]. A very recent cohort study
crossing statins prescription/pharmacy dispense and
cancer related-mortality in Denmark National databases
[35], proved that statins use before diagnosis of cancer
reduces cancer-related mortality. Although some limita-
tions are found and pointed by the authors and others
[36], such as lack of follow up and co-morbilities infor-
mation, the association seem to be plausible, in the study
population, suggesting a role for primary prevention.

While assuming that a putative effect of statins is due
to plasma cholesterol levels reduction, the action of sta-
tins in cancer cells is not well known. Statins decrease
intracellular cholesterol synthesis by targeting hidroxi-3-
methyl-glutaril-CoA redutase 3. This may lower the
products of mevalonate pathway involved in cell prolifer-
ation and by this mechanism prevent tumor progression.
Some of these effects have been demonstrated in in vitro
experiments [37]. However, there is poor evidence of direct
effect of statins in cancer cells when taken orally [38].
Therefore, much remains to be learned and developed with
regards to lipid control in breast cancer setting.

Taken together, our findings show that breast cancer
exposed to an LDL-rich host macro environment may
be in survival advantage, which will ultimately result in a
more aggressive breast cancer phenotype (Figure 5). Our
results are supported by functional studies in cell lines
and animal models of breast cancer and are in strong ac-
cordance with clinical data.

The study exposes the importance of controlling
systemic cholesterol levels in breast cancer preven-
tion and treatment and reveals LDL as a biomarker of
aggressiveness.

Additional files

Additional file 1: Table 51. Gene expression of LDL treated vs Control
MDA MB 231, Table 52 . Lipid Profile in mice trails.

Additional file 2: Figure 51. Tumnor size of hypercholesterolemic diet
fed mice treated with statins show no significant differences from
hypercholesteralernic diet fed control mice. A HD fed mice have raised
levels of total cholesterol (TC) and low density lipoprotein (LDL) and no
significant differences in high density lipoprotein (HDL) and triglycerides
levels compared ND, Treatment with stating 5 mg/dL, 8 weeks, does nat
change lipid profile in the HD fed mice. B and € NOD SICD/ 4 T1 mice
model fed with HD show no significant differences in tumor size
comparad to HD fed mice treated with statins 5 mg/mL. P value and the
nurmber of the experiments are represented in the figure. Columns meary
bars = SEM.
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ANGIOGENESIS

In healthy adults, the vasculature is mostly quiescent (1). In a few situations, however,
endothelial cells (ECs) may experience some proliferation: wound healing (1, 2), skeletal
growth and the female reproductive cycle (3). Some pathophysiological processes may also
encompass the de nove formation of new blood vessel capillaries from an existing vasculature,
as result of the imbalance in the demand and supply of oxygen and nutrients (1, 4). These
diseases include diabetic retinopathy (1), rheumatoid arthritis (5), pathology of the female
reproductive tract and cancer (3). The formation of new capillaries from pre-existing vessels,
by their sprouting or splitting, is called angiogenesis (6-8).

The switch from the normal quiescent vasculature to angiogenesis is the result of a dynamic
and tightly controlled balance between angiogenic activators and inhibitors, released
predominantly by surrounding pericytes and lymphocytes, and ECs themselves, which induce a
number of signal transduction systems that activate ECs (5, 9-11). These angiogenic factors are
increasingly receiving attention, especially in the field of malignant neoplastic vascularization
(12).

Angiogenesis is a complex multi-step process, characterized by a cascade of events: firstly,
vasodilatation of existing vessels and an increase of vascular permeability along with the
localized degradation of the surrounding extracellular matrix (ECM), enabling further
activation of ECs which proliferate and migrate to form tubes; subsequently, these cells
undergo a maturation phase and remodel into capillary structures, and a new ECM is

deposited (5, 11, 12).

TUMOR ANGIOGENESIS

Tumor cells initially lack angiogenic ability (13, 14). In order to sustain survival and to expand in
size, inicipient neoplasias must develop angiogenic ability, which seems to be acquired in a
discrete step during tumor development, via an “angiogenic switch”-Figure 1 (4, 11, 15).
Tumor vessels play an essential role in supplying nutrients, oxygen and immune cells, and also
in the removal of waste products, enabling tumors to grow beyond the limitations of passive
diffusion. In addition, and very importantly, newly formed vessels also afford the possibility of

primary tumor to invade adjacent tissues, and circulate, through bloodstream, to distant sites,
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where they may form secondary tumors, known as metastases (12, 16, 17). Angiogenesis
represents, therefore, a crucial step in cancer progression.

As mentioned above, angiogenic switch is induced by several factors. Such angiogenic factors
(positive regulators) include fibroblast growth factors (FGFs), thymidine phosphorylase (TP),
transforming growth factor B (TGF-B), tumor necrosis factor a (TNF- a), platelet-derived
growth factors (PDGFs), angiopoietins, interleukin-8 (IL-8) and vascular endothelial growth
factors (VEGFs) (3, 12). Among these, VEGFs, particularly VEGFA (VEGF), and their receptors
assume particular relevance, VEGF being the only growth factor observed almost ubiquitously
at sites of angiogenesis and representing a critical rate-limiting step in physiological
angiogenesis, and fundamental in pathophysiological angiogenesis as well (3, 5, 18, 19). In the
field of neoplastic neovascularization, VEGF family and its receptors have received increased

attention (12).

NEOVASCULOGENESIS — ENDOTHELIAL PROGENITOR CELLS

Recent data have disclosed the occurrence of a new mechanism for formation of vessels in
adult, different from angiogenesis, termed postnatal/adult vasculogenesis or
neovasculogenesis. This mechanism differs from angiogenesis by comprising the de novo
formation of a primary vascular plexus from endothelial progenitor cells (EPCs) (6, 7).

The emerging evidence seems, thus, to unsettle the dogma that, for a long time, stated EPCs
would contribute to vessel growth exclusively in the embryo (vasculogenesis), whereas in the
adult that growth would occur only from division of differentiated ECs (angiogenesis) (20).
EPCs are a minor population of mononuclear non-endothelial cells capable to proliferate,
migrate, and differentiate into endothelial lineage cells, but have not yet acquired
characteristics of mature ECs (21-23).

Asahara et al. (24) was the first to isolate putative EPCs for human peripheral blood on the
basis of cell surface expression of CD34 and KDR markers, observing experimentally EPCs
differentiation into ECs. Since then, increasing knowledge on EPCs has emerged. Although
some questions persist regarding the precise panel of cell surface markers defining EPCs, the
combinations of CD133'CD34°KDR’, CD34°KDR®, or CD114°CD34™" are now widely used to
define or select cells expressing properties attributed to EPCs (25-27).

Most circulating EPCs reside in the bone marrow in close association with hematopoietic stem
cells and the stroma. EPCs circulating in the peripheral blood may correspond to cells derived
from the bone marrow, not yet incorporated into the vessel wall (20). Interestingly, increasing

evidence regarding EPCs sources has now introduced monocytes as putative sources of EPCs.
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Peripheral blood mononuclear cells collected from humans were shown to be enriched in EPCs
after addition of VEGF, FGF-2, insulin-like growth factor (IGF) and epidermal growth factor
(EGF) to the culture medium for 7-10 days. Afterwards, these cells contributed to the
formation of new vessels in ischemic limbs in mice (28). Another study showed that EPCs
isolated from peripheral blood mononuclear cell fraction, although unable to proliferate,
contributed to vascularization by secreting angiogenic growth factors (29). Monocytes cultured
under angiogenic conditions also displayed an EPC phenotype with expression of specific
surface markers and even formed cord-like structures (30, 31).

Tumor vascularization seems also to be supported by the mobilization and functional
incorporation of EPCs. A study focusing EPCs revealed the upregulation of tumor endothelial
markers on EPCs, supporting the hypothesis of the involvement of EPCs in cancer (32).
Moreover, increased circulating levels of EPCs have been detected in cancer patients (33-37). A
strong correlation has also been observed between EPCs number and tumor growth and
progression in several neoplastic contexts (38-42). Tumor secretion of VEGF was also found to
be correlated with EPC mobilization (41-43).

The recruitment of EPCs to tumors is a multistep process, involving the arrest and homing of
the circulating EPCs within the vasculogenic microvasculature, transendothelial extravasation
into intersticial space, extravascular formation of cellular clusters, creation of vascular sprouts
and cell networks and, finally, the EPCs incorporation into a functional microvasculature (20).
VEGF appears to be an inducing factor for these events (3, 20, 44, 45).

The rising data on EPCs seem to introduce EPCs as powerful tools for diagnostic and prognostic

purposes, and, additionally, putative targets for interventive therapies.

VASCULAR ENDOTHELIAL GROWTH FACTORS (VEGFs)

The vascular endothelial growth factor family includes placental growth factor (PGF), VEGF-A,
VEGF-B, VEGF-C, VEGF-D and VEGF-E (viral homologue of VEGF-A). VEGF-A, also known as
vascular permeability factor (VPF) or just VEGF, was the first to be discovered and has been
studied most extensively (3, 46).

VEGF is produced by a broad variety of cell types and is a key mitogen for vascular ECs (3, 47-
49). Most tumor types, solid and hematological (tumor cells and stroma), overexpress VEGF,
being this expression directly correlated with regions of angiogenesis and high vascular density
(9, 18, 50-57).

VEGF is encoded by a gene located in chromosome 6p21.3, organized in eight exons, separated

by seven introns. Through alternative splicing, this gene gives rise to several distinct VEGF
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isoforms, which differ in their expression patterns and their biochemical and biological
properties (5, 18, 58). Five human isoforms have been identified, having 121, 145, 165, 189
and 206 aminoacids, respectively VEGFi21, VEGFy4s, VEGFygs, VEGF 55 and VEGFags. Additionally,
minor splice variants have been reported. The different isoforms vary in their ability to bind to
heparin, which affects their diffusion rates and concentration gradients in relation to their
secretor cell. VEGFg¢ exhibits the strongest binding to heparin in contrast to VEGF1,, the most
diffusible isoform (5, 18, 59, 60).

VEGF is a basic, heparin-binding, homodimeric glycoprotein of about 45 kDa. These properties
correspond to those of VEGF,,., the most abundant isoform (18, 59, 60).

VEGF plays several roles, important under both physiological and pathophysiological
conditions. VEGF is a potent mitogen for vascular ECs and also a critical factor for their
proliferation and survival (61-63). During embryonic development, the disruption of a single
VEGF allele lead to embryonic lethality due to impaired vessel formation and function (64, 65).
In vitro, VEGF was shown to prevent apoptosis, by activation of phosphatidylinositol(P1)3
kinase(K)/Akt pathway (66) and induction of the expression of anti-apoptotic proteins Bcl-2
and Al in ECs (67).

VEGF is also able to induce vascular permeability (hence its alternative term VPF), which
appears to be mediated by the formation of vesicular-vacuolar organelles, within the ECs, that
ultimately fuse with the cell membrane, creating the vascular lumen (1, 7, 8, 68, 69).

VEGF is also implicated in the degradation of ECM, required for the proliferation and migration
of ECs, and finally the establishment of new tubes. That event demands the activity of matrix
degrading proteases, such as matrix metalloproteinases (MMPs) and urokinase-type
plasminogen activator (uPA). VEGF acts as one of the main inducers of the expression of these
proteolytic enzymes (1, 18).

The vessel formation seems to be additionally controlled by VEGF on the recruitment of bone
marrow-derived cells and by increasing procoagulant activity and by recruiting pericytes (3, 45,
70). VEGF is still implicated in hematopoiesis, under both normal and neoplastic conditions
(18).

Regarding VEGF role in cancer progression, some functions may be independent of
angiogenesis. VEGF produced by tumor cells engages VEGF receptors on tumor cells (autocrine
signaling), initiating a signaling response that promotes survival, and, thus, providing tumor
cells with a degree of self-sufficiency, and, ultimately facilitating their ability to migrate and
metastasize (48, 49) (see “VEGF autocrine signaling”). Studies related this self-sufficiency to
the activation of Pl3-kinase (PI3K) pathway (48, 71). This self-sufficiency seemed to rely,

additionally, on the capacity of VEGF to mitigate apoptosis, that being mostly induced by the
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expression of the anti-apoptotic protein Bcl-2 (48, 72). Moreover, migration and invasion of
tumor cells have also been related to VEGF signaling, likely due to regulation of the expression

of C-X-C chemokine receptor type 4 (CXCR4) by VEGF (71).

REGULATION MECHANISMS OF VEGF EXPRESSION

The maolecular mechanisms governing VEGF expression in normoxia by extracellular mediators
are poorly understood. A vast body of literature has demonstrated that, in hypoxia, HIF-1 is a
key regulator responsible for the induction of genes that facilitate adaptation and survival of
tumor cells (73). As a heterodimeric complex, HIF-1 consists of a hypoxia inducible subunit HIF-
1a and a constitutively expressed subunit HIF-1p. The overexpression of HIF-1a was found in
various types of human and mouse cancers (73). Song et al. (2009) showed, in ovarian cancer
cells, that lysophosphatidic acid (LPA), a natural phospholipid that is a ligand for protein G
coupled receptors, induce VEGF expression through c-Myc and Sp-1 transcription factors
independently of HIF-1a (74). This mechanism can involve VEGFR-2 since regulation of VEGFR-
2 signal transduction also occurs through the trimeric G proteins Gag/Gall, which was shown
to interact with VEGFR-2 in vitro (75). Furthermore, very recently it was demonstrated that
VEGF produced by ECs is regulated by VEGF signaling through VEGFR-2, this activation taking
place mostly in the cytoplasm (76). It was previously demonstrated, in glioblastoma, the
implication of IL-6 in the regulation of VEGF expression, again through Sp1 transcription factor
as a partner of signal transducer and activator of transcription 3 (STAT3) (77). Sp1 and STAT3,
together with HIF-1a, are also involved in the expression of VEGF when the epidermal growth
factor receptor (EGFR) is stimulated by the proteoglycan decorin in mouse brain ECs (78). In
mouse embryonic fibroblasts NIH3T3 cell line, it was shown that PDGF (platelet-derived
growth factor) pathway was important to activate VEGF expression mediated by 5pl and Sp3
that, in these cells, are constitutively bound to VEGF promoter (79).

The expression of a constitutively active mutated form of PI3-kinase in ovarian cancer cells
results in increased expression of VEGF. PKC zeta, which is the major kinase downstream of
PI3-kinase, regulates VEGF expression in a PDK-1-dependent manner. The inducible expression
of Sp1 mutated in the two phosphorylation sites compromise VEGF expression in response to
ERK stimulation. This finding strongly establishes that ERK phosphorylation of Spl is a major
determinant in VEGF expression in response to RAS activation. Sp3 is also a ubiquitous factor
that is highly homologous to Spl. Under hypoxic conditions, the expression of Sp3 decreases,

whereas Spl is unchanged. A concomitant induction of transcription is observed in the
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absence of HIF-1. In this case, Sp1/Sp3 ratio represents a putative HIF-la independent
regulatory mechanism in hypoxia (80).

In gastric cancer, the overexpression of FoxM1b directly and significantly correlates with
transactivation of VEGF expression and increased angiogenesis (81).

Recent studies have indicated that cells undergoing insufficient oxygen and nutrients supply
experience ER (endoplasmic reticulum) stress. ER needs energy and oxygen for the protein
folding process, thus nutrient depletion and hypoxia caused by insufficient blood supply lead
to inefficient protein folding and ER stress in cells, especially cells that grow and spread rapidly
(82-86), reported that UPR, IRE1a, PERK and ATF6a, mediate transcriptional regulation of VEGF
under ER stress, during normal development of trophoblast cells in the placenta as well as in
cancer cells (87). In ovary, metabolism also plays a role in the regulation of VEGF:VEGFR2
autocrine loop. Some studies showed that glucose can increase the levels of VEGF and
consequently potentiate the autocrine loop, whereas glucose depletion decreases VEGF levels
and increases VEGFR2 degradation with concomitant increase of VEGFR2 mRNA synthesis (88).
This study suggests that initiation and/or progression of ovarian surface epithelial cells
towards a neoplastic phenotype might be modulated by dietary conditions.

More recently, studies have been published revealing the importance of micro-RNAs (miRs) in
the regulation of angiogenesis. Lei et ol. (2009) and Cascio et al. (2010) have shown a
molecular mechanism of regulation of HIF-1a and VEGF, involving miR-20b through which
tumor cells are able to adapt to different oxygen concentrations (89, 90). This way, HIF-1 a is
capable of regulating VEGF expression before and after transcription, since the expression of
miR-20b itself is regulated by HIF-1 a. The downregulation of VEGF mRNA by miR-20b under a
hypoxic environment was associated with reduced levels of nuclear HIF-1a subunit and STAT3.
STAT3 is necessary for CoCl2-mediated HIF-1a nuclear accumulation and recruitment on VEGF
promoter. miR-126 is also downregulated under hypoxic conditions and may halt the hypoxia-
induce neovascularization by suspending cell cycle progression and inhibiting the expression of
VEGF and MMP-9 (91).

It was shown that miR-126 is complementary to VEGF 3’ UTR (untranslated region) and this
interaction may inhibit the overexpression of VEGF in tumaor cells both in vitro and in vivo (92).
More recently, it has been shown that this miR induces angiogenesis by activating VEGF in
patients with oral cancer (93).

In bone marrow ECs, miR-363-5p was the first miR identified. It regulates (directly and
indirectly) the expression and availability of angiocrine and hematopoietic factors. EC with

reduced miR-363-5p promote hematopoietic precursors adhesion and expansion (94).
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VEGF RECEPTORS

The biological functions of VEGF are mediated upon binding to tyrosine kinase receptors (TKRs)
WVEGFR-1 (Flt-1), VEGFR-2 (kinase domain region (KDR)/Flk-1) (3, 19, 95).

Similar to other TKRs, signaling by VEGFRs is initiated upon binding of a covalently linked ligand
dimer to the extracelular receptor domain of the TKR. This interaction promotes receptor
homo-and heterodimerization followed by phosphorylation of specific tyrosine residues
located in the intracellular juxtamembrane domain, the kinase insert domain, and the
carboxyterminal tail of the receptor. A variety of signaling molecules is then recruited to
VEGFR dimers giving rise to the assembly of large molecular complexes that activate different
cellular pathways (96). Some autophosphorylation sites have also been identified in both VEGF
TKRs (97).

VEGF binding sites were initially identified on the cell surface of ECs. VEGF receptors
expression is now recognized to be wider, occurring also on bone marrow-derived cells (3),
including hematopoietic stem cells (27) and circulating endothelial progenitor cells (98),
pericytes (99), dendritic cells (100), monocytes (30, 31, 101, 102), retinal progenitor cells (103)
and several types of tumor cells (47, 104-106).

WVEGFR-1 and VEGFR-2 are 180 and 200 kDa glycoproteins, respectively (3, 19, 95). These TKRs
comprise seven immunoglobulin-like domains in the extracellular domain, a single
transmembrane region and a conserved intracellular tyrosine kinase sequence interrupted by a
kinase-insert domain (3, 107, 108).

Although both are high affinity receptors for VEGF, VEGF binds with higher affinity to VEGFR-1
than to VEGFR-2 (3, 19, 95, 109). Another interesting feature of the two TKRs is their difference
in tyrosine kinase activity in response to ligand binding: VEGFR-2 is a stronger kinase (109,
110). These distinct molecular features may explain their different biological activities (109).
VEGFR-2 is considered to be the predominant VEGF receptor in mediating functional VEGF
signaling in ECs, including mitogenesis, cytoskeleton organization and cell migration, survival,
and vascular permeability (19, 109). VEGFR-2 is also implicated in playing a distinct role in the
activation of PI3K-Akt pathway, a crucial signaling pathway in the process leading to EC survival
induced by VEGF (1, 66). VEGFR-2 is still involved in hematopoiesis (18). These roles were
supported by experiments in which, in VEGFR-2 knockout mice, both hematopoiesis and
vasculogenesis were blocked (111).

WVEGFR-1 function in mediating effective biological responses in ECs is more elusive. In fact, in
ECs, it may function as a negative regulator of VEGFR-2, at least during embryogenesis, serving

a “decoy” purpose, by sequestering VEGF and thus rendering it less available to bind to VEGFR-
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2 (3, 109), as suggested by studies in which VEGFR-1 7" mice displayed overgrowth of ECs and
disorganized vascular channels (112). Moreover, VEGFR-1 signaling may also be involved in
hematopoiesis and EPCs recruitment (113, 114).

Furthermore, synergism between the two VEGR receptors, VEGFR-1 and VEGFR-2, enabling the
meodulation of a variety of VEGFR-dependent signals has been demonstrated (115).
WVEGF-induced biological signaling is still influenced by the interaction with co-receptors, as
neuropilins (NRPs, -1 and -2) and heparan sulphate proteoglycans (HSPGs), integrins and
cadherins.

Neuropilins, broadly expressed transmembrane molecules, traditionally known to be involved
in axonal guidance, have been identified as VEGF-binding proteins and part of the VEGF-VEGFR
signaling complex (5, 95, 116).

These receptors recognize the exon 7-encoded domain of VEGF, binding, therefore, to VEGF s
(mostly) but not VEGF,5,, which misses that domain (95, 116, 117). The lack of this association
has been hypothesized to be related to the lesser potency of this isoform in comparison to
VEGF.¢: (116, 118).

NRP1 and NRP2 are 120 to 130 kDa non-tyrosine kinase receptors that share an identical
structure, both containing a large N-terminal extracellular domain, a short membrane
spanning domain and a small cytoplasmic domain (95, 116, 117). Their wide distribution
includes, besides the developing nervous system, ECs and tumor cells (19, 109, 116).

NRP1 and NRP2 role in mediating VEGF signaling seems to occur mainly through association
with VEGR-2 and VEGFR-1, respectively, stimulating signaling by these TKRs (19).

HSPGs are abundant and highly conserved components in the cell surface and ECM, playing an
important function in the formation and modulation of gradients of heparin-binding growth
factors, as VEGF, and it has been shown to be implicated as modulators of VEGF signaling, by
interaction with VEGFR-1 and VEGFR-2 (95, 119). Besides, these molecules are still involved in
the restoration of function of damaged VEGF,., prolonging its biological activity (5, 120).
Other potential co-receptors for VEGFRs include integrins, as avi3 and a9f1, and cell adhesion

molecules, such as vascular endothelial (VE)-cadherin (19, 97, 121).

REGULATION OF VEGFR-1 EXPRESSION

The mRNA and VEGFR-1 protein are specifically expressed in most of the vascular ECs. As an
exception, VEGFR1 mRNA is expressed in human peripheral blood activated monocytes, which

suggests a role in the function of monocyte/macrophage in vivo (102).
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Isotope-labeled VEGF assays detect its binding sites in most of the blood vessels from embryo
to adult stages. These experiments showed the higher affinity of VEGFR1 for VEGF with more
than half VEGF-binding sites being associated with VEGFR1 (122). However, the kinase activity
of VEGFR1 is one-tenth lower than VEGFR2. VEGFR1 gene produces two proteins, a full length
receptor and a soluble form (sVEGFR1). These facts suggest that VEGFR1 may negatively
regulate angiogenesis under certain conditions (123, 124). The VEGFR2 knockout mice exhibit
a lethal phenotype due to lack vasculogenesis, whereas VEGFR1 knockout mice die at the same
age (E8.5-9.0) due to the overgrowth of ECs and their disorganization in blood vessels (112).
This indicates that during embryogenesis VEGFR2 is a positive signal transducer and VEGFR1 is
a suppressor of VEGFR2 signaling. There are two possible reasons: VEGFR1 tyrosine kinase (TK)
generates a negative signal against angiogenesis or the ligand-binding site of VEGFR1 blocks
VEGF activity by trapping VEGF. A VEGFR1-TK mice was generated by Shibuya et al. with a
normal angiogenic growth, which demonstrates that VEGFR1-negatively regulates
angiogenesis during early embryogenesis by trapping VEGF and decreasing proangiogenic
signals from VEGFR2 (124).

The gene regulation of VEGFR1 is dependent on an Ets-binding motif and on an upstream
CRE/ATF-binding motif (125). In addition, it was reported a hypoxia-response element which
may be responsible for the upregulation of VEGFR1 under hypoxic conditions (126). Zhang et
al. (2010) observed that VEGF induces potent activation of the JNK-c-Jun pathway and that JNK
activity is associated with ubiquitination of VEGFR2 (127). At the opposite, inhibition of the
ubiquitin or proteasome activity is sufficient to enhance the expression of VEGFR1 in primary
ECs. These findings suggest that ECs are continuously producing VEGFR1 and that ubiquitin—
proteasome activity is necessary to maintain its homeostatic levels. Interestingly, the
regulation of VEGFR1 protein levels is dependent on Akt and ERK1/2 phosphorylation and
since these kinases typically inhibit the degradation of proteins by the ubiquitin—proteasome
system, they postulate that VEGF induces phosphorylation of Akt and ERK1/2, which in turn
prevents degradation of VEGFR1 by the ubiquitin—proteasome system. Collectively, these data
suggest that VEGF orchestrates an intricate process mediated by the Akt/ERK and JNK/c-Jun
that protects VEGFR1 while VEGFR2 is degraded, leading to rapid reversal of the protein levels

of these two receptors (127).

REGULATION OF VEGFR-2 EXPRESSION

VEGFR-2 gene promoter does not have a TATA box region, but has several DNA binding sites

for general and tissue-specific transcription factors. This TATA-less gene contains four
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upstream 5pl sites and a single transcription start site that binds multi-functional transcription
factor TFII-l for gene expression (128). In large vessel ECs TFII-l is a transcription factor that
regulates VEGFR2 expression (129) and despite TFIl-l deletions being associated with
cardiovascular defects (130) its function in angiogenesis remains unknown. Spl-dependent
DNA binding within —77 and —60 region of VEGFR-2 promoter seems to be essential for the
regulation of both mRNA and protein in human ECs by Rac-1 (a small Rho-GTPase) (128).
GATA? is another transcription factor that regulates the activity of VEGFR2 promoter (131,
132) and more recently Mammoto et al. (2009) showed that capillary formation in vitro and in
vivo is modulated by p190RhoGAP, a Rho GTPase inhibitor that controls the levels TFII-I and
GATAZ2 antagonistic transcription factors (133).

Epigenetic modulation of transcription factors has been reported upon VEGF signaling, namely
the binding of E2F1 to VEGFR-2, VEGFR-1 and angiopoetin-2 promoters is increased by VEGF
stimulation (134) concomitantly with the acetylation of histones and E2F1. The promoter
methylation is also described in VEGFR2 promoter in cancer cell lines from stomach, colon and
liver (135).

In Human Umbilical Vein ECs (HUVECs), NP-1 si-RNA knockdown causes a marked decrease in
VEGFR2 protein levels and this change is independent of VEGFR2 mRNA expression. Holmes et
al. (2008) concluded from these findings that NP-1 is important for the stability of VEGFR2 in
HUVECs, the loss of NP-1 enhances degradation of VEGFR2 both under basal conditions and
following activation of VEGFR2 by VEGF (136).

Chronic hypoxia is a cause for specific downregulation of VEGFR2 in human coronary artery
endothelial (HCAE) cells due to the decreasing of VEGF stimulation. The VEGF signaling seems
to be affected upstream of eNOS phosphorylation (137). Notch pathway is also responsible for
downregulating VEGFR2 expression in ECs mainly due to the activation of the expression of the
HESR-1 that is a negative regulator of transcription that targets VEGFR2 (138).

Deltad4-Notch signaling has been shown to significantly decrease the expression of VEGFR-2
thus inhibiting the proliferation of angiogenic cells. These two signals have opposite effects,
meaning that if the concentration of one signal increases the other will decrease

proportionally (128).

REGULATION OF NEUROPILINS EXPRESSION

Neuropilins (NRPs) are mediators of neuronal guidance and angiogenesis. They are expressed
is most adult tissues, including in growing blood vessels, for example on the ECs of capillaries,

arteries and veins in the postnatal mouse retina and tumor cells (139). The extracellular NRP1
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domain has distinct VEGF165 and semaphoring binding domains to which these two ligands
bind non-competitively. VEGF165 is the VEGF-A isoform with the strongest affinity for NRP1.
NRP1 and VEGFR2 were 50-60% colocalized even in guiescent mouse primary ECs and
remained 30 min after stimulation by VEGF-A165 (140). The dependence of the NRP1-VEGFR2
association on the binding of the PDZ (Post synaptic density protein (PSD95), Drosophila disc
large tumor suppressor (Dlgl), and Zonula occludens-1 protein (Zo-1)) adaptor protein
synectin suggests that the carboxy-terminus of NRP1 is required for this association. Since
VEGFR2 is not known to bind synectin, it is not clear why synectin would be required for the
association. Lanahan et al. (2010) suggests that APPL (B amyloid protein precursor-like) binds
WVEGFR2, so NRP1 and APPL-bound synectin dimers could cross link the two receptors, thus
explaining the dependence of the NRP1-VEGFR2 association on synectin (141).

Several studies suggest that NRP1 signals are independent of VEGFRs. The contribution of
NRP1 to VEGF signaling would be mediated by the cytoplasmic domain. Since the carboxy-
terminus of the same domain is used by synectin to cross-link NRP1 to myosin VI, the
molecular motor that drives NRP1 trafficking, it is likely that NRP 1-dependent signaling is
tightly coupled to Nrp1 trafficking (142).

In vivo studies showed that neither SEMA3A (semaphaoring-3A) nor semaphorin signaling
through NRP1 and NRP2 are essential for embryonic angiogenesis in the mouse (143, 144).
SEMA3A has been reported to also affect pathophysiological angiogenesis in mice. For
example, SEMA3A prevents vascular regeneration in a mouse model of oxygen-induced
retinopathy and inhibits tumor angiogenesis by eliciting EC apoptosis and normalizing the
pericyte coverage of tumor vessels (145, 146). SEMA3A-induced tumor vessel normalization
might be indirectly caused by SEMA3A-mediated recruitment of a subset of NRP1-expressing

monocytes that secrete several factors involved in vessel maturation (147).

VEGF AUTOCRINE SIGNALING

The complex tumor microenvironment implies that cancer cells receive signals from multiple
sources, which, conversely, will influence the function of other cells. This describes a paracrine
signaling. However, it has become more evident the acquisition by cancer cells of a certain
degree of self-sufficiency — autocrine signaling — that will favor tumor progression (14). In such
autocrine signaling, the secreted growth factors may act on surrounding cells from same type
of producing cells as well as on the secretor cells themselves. These autocrine loops may then

provide a growth advantage to tumor cells, under limiting conditions (18).
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Furthermore, there is still evident that, in certain conditions, signaling pathways, such as VEGF
pathway, may be transduced even without the factor secretion — internal autocrine/intracrine
signaling (18, 148).

Such profitable autocrine signaling loops have been described in both hemataological and solid
neoplastic contexts. Understanding the effector functions of VEGF in malignant neoplasias may
be of great utility for the development of new therapeutic strategies.

In hematological malignancies, the role of VEGF/VEGFR autocrine loops is well established and
coexpression of VEGF with its receptors is frequently found.

In acute myeloid primary leukemias and cell lines, previous studies have demonstrated that
WVEGF:VEGR-2 autocrine loop operates both internally and externally. It was demonstrated that
VEGFR-2 is constitutively phosphorylated and located in the nucleus of VEGF-producing
leukemia cells. Treatment with anti-VEGF antibody blocked KDR nuclear translocation and
inhibited the NF.B pathway (106). In vivo blocking of VEGFR-2 induced long-term remission of
xenotransplanted human leukaemia (105). In B-cell non-Hodgkin's lymphomas the
overexpression of VEGF and phosphorylated VEGFR-2 has been reported and correlates with
expression of hypoxia inducible factor 1a (HIF1la) (149), the main known regulator of VEGF
expression as it will be explored below. In infantile hemangioma, cell survival seems to be
related to low levels of VEGFR-1 that promotes a constitutive VEGF-dependent activation of
VEGFR-2 and downstream pathways (150). In patients with multiple myeloma it was shown
that bone marrow ECs (MMEC) highly expressed VEGF and VEGFR2 at both mRNA and protein
level. MMEC showed constitutive autophosphorylation in both VEGFR-2 and extracellular
signal-regulated kinase 2 (ERK2). Autophosphorylation, proliferation and capillarogenesis were
prevented by a neutralizing antibody against VEGF and VEGFR-2. These findings suggested the
existence of an autocrine loop of VEGF in MMEC (151). In other study focusing hematological
malignancies, VEGFR-1 expression was detected in the cytoplasm and nuclei of proliferating
multiple myeloma cells. The inhibition of this receptor abrogated those cells proliferation and
motility. The results suggested the contribution of an intracrine VEGF:VEGFR-1 signaling to
multiple myeloma cells growth (152).

In solid tumours the role of VEGF:VEGFR autocrine loop is less clear.

In breast cancer, Weigand and co-workers (2005) detected VEGF levels above the range of
biological activity in cell lines and primary culture media and they also verified that, in some
cases, VEGFR-2 expressed on cell surface was phosphorylated, indicating its activated state .
Conversely, other authors stated that in invasive breast cancer VEGFR-2 was not expressed and
the VEGF receptor responsible for the autocrine loop is NRP1 (48, 49, 71). Intracrine signaling

was also detected in human breast carcinoma cells through VEGF binding to VEGFR-1 (153).
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In colon cancer, a concomitant overexpression of VEGF and VEGFR-1, but not VEGFR-2, was
described by Bates et al., (2003). The same authors showed, by disturbing VEGFR-1 function
with VEGFR-1 blocking antibody and dominant-negative assays, that VEGFR-1 establishes an
autocrine loop with VEGF in order to promote cell survival (47). In contrast, in another study,
in vitro and in vivo colon cancer models displayed overexpression of both VEGFR-2 and VEGF in
cells with an epithelial-to-mesenchymal transition (EMT) phenotype and, by blocking VEGFR-2
in vivo, it was observed that subcutaneous xenograft colon tumors were dramatically smaller
(154). Intracrine VEGF:VEGFR-2 signaling in survival and chemoresistance of human colorectal
cancer cells was also observed (155). Evidence for an autocrine VEGF mitogenic loop was also
pointed out in pancreatic cancer, although in some cases the VEGF receptor involved is VEGFR-
2 whereas in other situations it is VEGFR-1 (104).

In prostate cancer, Jackson et al. (2002) published that stimulation of LNCaP cells with VEGF g5
induces DNA synthesis and recruits quiescent cells into the S-phase of the cell cycle via
signaling through VEGFR-2. These findings suggest that VEGF may regulate both angiogenesis
and tumor cell growth via autocrine and/or paracrine mechanisms in prostate cancer (156).
Before that, other authors described a functional autocrine VEGF loop for cell survival but in
this case signaling was performed through VEGFR-1 (157). In ovarian carcinoma, an autocrine
VEGF:VEGFR-2 loop was described as developing a protective role on cells from anoikis and in
ascites formation (158, 159).

Tumor VEGF:VEGFR-2 autocrine loop signaling was shown to trigger angiogenesis in lung

cancer (160).

VASCULAR MIMICRY

One of the new emerging paradigms is called “vascular mimicry”, which describes the de novo
formation of perfusable, matrix-rich, vasculogenic-like networks by aggressive malignant
tumors. This phenomenon was first characterized in human melanoma where the tumor cells
were shown to co-express endothelial and tumor markers, and formed channels, networks,
and tubular structures rich in laminin, collagens IV and VI, and heparin sulfate proteoglycans
containing plasma and red blood cells. This could be a way of tumor cells to escape from
immune system, which allows a faster pathway for metastasis. The vascular mimicry is
nowadays described in a variety of cancers, namely sarcomas (Ewing, mesothelial, synovial,
osteosarcoma, alveolar rhabdomyosarcoma); carcinomas of the breast, ovary, lung, prostate,
bladder and kidney; laryngeal squamous cell carcinoma, gliomas, glioblastoma, and

astrocytoma (161).
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Recently, EMT has been reported to contribute to the formation of vascular mimicry and the
upregulation of EMT-associated transcription factors has been demonstrated in vascular

mimicry-forming tumor cells (162, 163).

ANTI-ANGIOGENIC THERAPY

In 1971, Judah Folkman was the first to postulate that the anti-angiogenic therapy against
tumor growth could be clinically relevant. Since then, many studies lead to the development of
highly specific therapies with anti-angiogenic factors and their tyrosine kinase receptors as
targets (164).

Anti-angiogenic drugs can block angiogenesis, inhibit recruitment of proangiogenic bone
marrow—derived cells, induce vessel regression, and promote sensitization to radio- and
chemotherapy (165). One of the most well established anti-angiogenic therapies is the use of
VEGF inhibitors. Anti-VEGF, as the main anti-angiogenic molecule that limits tumor growth, has
an essential role in pathophysiological and physiological angiogenesis (166). A lot of preclinical
studies have demonstrated modest tumor-suppression effects in different types of cancers.
VEGF and its receptors inhibitors-based therapies prolong progression-free survival and overall
survival in a fraction of cancer patients — Table 1.

Bevacizumab is an anti-VEGF recombinant monoclonal antibody that blocks the link between
all isoforms of VEGF and its receptors and it is the most used anti-angiogenic therapy. The end
result is the blocking of new blood vessels formation and the subsequent nutrients supply will
stop tumor growth. NMowadays, this drug is used in colorectal, kidney, non-small cell lung
cancer and certain brain tumors (50, 167). Almost at the same time, pegaptanib which is an
aptamer that blocks 165 aminoacid-VEGFA isoform, was approved for the treatment of the
wet form of age-related macular degeneration, with great success (168). Other good examples
of success using anti-VEGF therapy include the treatment of psoriatic mice, which lead to a
reduction in the severity of the disease, and the treatment of hereditary hemorrhagic
telangiectasia (a disease characterized by widespread hemangiomas formation) with
thalidomidem, which has shown to normalize vessels and reduce episodes of epistaxis (169).
Bevacizumab and multi-targeted tyrosine kinase inhibitors (e.g., imatinib, sorafenib, sunitinib
or pazopanib), which block signaling pathways such as VEGF pathway, were approved for
clinical use in wvarious types of cancers including metastatic non-small cell lung cancer,
metastatic breast cancer, recurrent glioblastoma, metastatic renal cell carcinoma and

melanoma. A number of studies have reported their therapeutic efficacy — Table I.
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Unfortunately, clinical trials of anti-VEGF monotherapy in patients with solid tumaors have been
disappointing. But the combination of anti-VEGF therapy with conventional chemotherapy has
improved survival in cancer patients compared with chemotherapy alone. These opposite
results could be explained by a normalization of tumor neovasculature by anti-VEGF therapy.
Preclinical studies have shown that anti-VEGF therapy changes tumor vasculature towards a
more mature/normal phenotype (170). So, several questions need to be answered, namely
why the preclinical models showed a good efficacy of most anti-angiogenic drugs but the
clinical data has a modest response, showing an increase in the overall survival just in a few
months? A possible explanation could be that several proangiogenic molecules become
upregulated under selective pressure by these drug inhibitors, which can explain the poor
results in overall survival.

Overall, the evidence demonstrates that antiangiogenic therapy has remarkable therapeutic
effects in various types of human cancers. However, the molecular bases of cancer type-
dependent resistance mechanisms against VEGF blockade, especially VEGF-independent pro-
angiogenic mechanisms, need to be clarified. Targeting these mechanisms would enhance the
effects and minimize the required doses of VEGF blockers. There is no doubt that further
efforts in this area will yield opportunities to greatly improve anti-angiogenic treatment (171).
Some promising recent studies demonstrate that the combination of anti-angiogenic therapies

and anti-inflammatory or immunotherapy could improve the overall response (172, 173).
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Figure 1- Normal and tumeor vascularization: The main intervenients in the process of blood
vessels formation.

Germana Domingues

176



Table | — Anti-angiogenic drugs used in therapy against cancer: mode of action, type of cancer where it is used, progression free survival (PF3) statistics and

associated limitations.

E
8
i
a
b
§5
!

Aflibercept Cchimeric VEGF/PIGF Colorectal, pancreatic, non- Improswements in colorectal, smiall or no OF improvement an Cutsemn, 2012; Rapisarda,
neutralizing receptor small cell lung, melanoma nan-small cell lung and 2012; Ramilaw, 2012, Tarhini,

Renal, stromal gastrointestinal, Improvements in maost studies HNo 05 improsements in the Rapisarda, 2012; Motzer, 2009;
breast, hepatooellular, majority of studies Goodman, 2007; Raymond,
colorectal, pancreatic 2011; Decoster, 2010

nmrnﬂuhu'ne, non-small c2ll

|

Vandetanib WEGFR TKI Hm—srlﬂmllhrgmﬂila‘gr Inmm'lsll miedullary Mo 05 improvernents Rapisarda, 2012; Herbst, 2010;
Cancer Wwells, 2012

Ramucrurnzahb WEGFR TEI Gastric, non-small cell lung, Improvements in maost studies Litthe or no O35 improvernents Shah, 2014; Garon, 2012;
melanoma Spratlin, 2010
PFS [progression free survival) O5 [overall sunival) Adapted from Welti, 2013 [165)
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