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Albert Einstein
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SUMMARY AND RESUMO

Summary

Glioblastoma (GBM) is the most malignant primary tumor of the central nervous
system. Despite all efforts, the median survival time for GBM patients remains
approximately between 12 to 15 months under therapy. GBM is a diffuse astrocytoma,
highly proliferative, angiogenic, and locally invasive, that develops resistance to the
alkylating agents used in chemotherapy, such as temozolomide (TMZ), which is considered
part of the gold standard treatment. This limited success appears to be related with several
mechanisms, namely: 1) the occurrence of gene mutations, that cause permanent activation
and/or inhibition of several molecular signalling pathways involved in tumor growth and
proliferation, such as protein kinase C (PKC) activation, cell survival, tumor suppressor
genes and apoptosis; 2) the presence of a population of cells known to be chemo and
radioresistant, the glioma stem-like cells (GSCs), that are responsible for generating tumor
heterogeneity and recurrence after therapy, and; 3) the inexistence of a recognized specific
therapeutic target for non-GSCs and GSCs that would permit the development of more

specific therapeutic approaches for this neoplasia.

Therefore, in this work we aimed to: 1) study the PKC activation contribution to the
aggressiveness of GBM, emphasizing the importance of combined therapeutic protocols,
including TMZ with PKC inhibitors, namely tamoxifen (TMX); 2) characterize the GSCs
and study their plasticity to understand glioma stem-like cells state and its differentiation
properties, in order to contribute to the prevention of tumor recurrence; and 3) evaluate the
potential of specific cell surface markers as therapeutic targets to non-GSCs and GSCs,
allowing the accessibility of therapeutic agents most exclusively to the tumor niche, by a

liposome-mediated drug delivery approach.

First, using two GBM cell lines, the U87 and U118 cells, we observed that the
combination of TMX and TMZ alters the phosphorylation status of PKC, by western blot.
We found that TMX is an inhibitor of the p-PKC and that this combination is more effective
in the reduction of proliferation and in the increase of apoptosis than each drug alone, by

flow cytometry, which presents a new therapeutic strategy in GBM treatment. We then
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concluded that the combination of TMX and TMZ seems to potentiate the effect of each
other in GBM cell lines.

In order to study the heterogeneity between GBM cells and further understand the
variability in the chemotherapeutic response, we next isolated and characterized a human
GBM cell line, termed GBM11, obtained by surgical biopsy from a patient bearing a
recurrent GBM, and compared the effect of TMX in monotherapy and in combination with
TMZ on this GBM cell line with that observed in U87 and U118 cell lines. We observed
that the effect of TMX plus TMZ or with TMX alone on GBM11 cells proliferation, death
or migration capability, by flow cytometry and scratch assays, was similar, suggesting that,
for recurrent tumors, the best choice of second-line treatment may be TMX alone, which

may also reduce putative side effects of combined treatment with TMZ.

The chemo- and radioresistance of GBM are also due to GSCs which contribute to
tumor growth and relapse, highlighting this cell population as a main focus for GBM
therapeutic research. We considered that the understanding of GBM stem state plasticity is
of utmost importance to identify the mechanisms involved in GSCs resistance to therapy,
which may justify tumor recurrence and so, constitute a step forward to the identification
of new approaches to treat GBM. Our results demonstrated that, in four GBM cell lines and
in the respectively GSC lines, the plasticity of the GBM stem-like cell state is based on the
modulation of specific markers expression associated with this state, such as SOX2 or as
Connexin 46 and 43, through immunofluorescence, western blot and PCR real time assays.
Moreover, by immunohistochemistry analyses, we observed that this dynamic expression
is in accordance with the upregulation of these stem-like cell markers in human samples of
higher glioma grades, namely GBM, compared to lower grades, suggesting a direct
correlation with the poor prognosis of GBM patients.

As so, due to the plasticity of the stem-like cells status, the strategy of targeting both
GSCs and non-GSCs may represent a promising approach in order to overcome tumor
aggressiveness, and eventually to avoid the known chemotherapeutic side effects, which

could improve the survival time and quality of life of GBM patients.

In this regard, we next evaluate the potential of the cell surface nucleolin (NCL),
described as overexpressed in cancer cells, as a target to specifically recognize non-GSCs
and GSCs, taunting a possible therapeutic target for drug delivery in two different GBM

cell lines. For that, we used a previously designed F3-peptide-targeted sterically stabilized

- XXVIII -

v g

UNIVERSIDADE

DE COIMBRA



Molecular Mechanisms Of Glioblastoma Resistance: Glioma Stem-Like And Non-Stem-Like Cells Specific Targets

Inter-University Doctoral Program in Aging and Chronic Diseases HNIVERSIDADE DE Coimnia

pH-sensitive liposome (SLpH), which specifically recognizes nucleolin, as a tool to target
overexpressed-nucleolin cells.

Overall, we showed that NCL overexpression ensures an efficient drug delivery in
both cells with stem-like and non-stem-like phenotypic characteristics, by flow cytometry
assays, which could validate NCL as a potential therapeutic target in GBM.

Altogether, our results showed: 1) a synergistic effect of TMX and TMZ in GBM
cell lines and a more efficient effect of TMX alone in recurrent GBM compared to the
combined therapy; 2) the plasticity of stem-like cell state through the reversibility of stem-
like cell markers expression, and the identification of putative markers associated with this
reversibility, the SOX2 and Cx46 and 43, which constitutes a step closer to the
understanding of stem cell behaviour; and 3) that the success of targeting both non-GSCs
and GSCs, through the nucleolin target, may be the basis for developing a specific treatment

for GBM.

Keywords: Glioblastoma; PKC activation; Cell heterogeneity; Stem-like cells plasticity;
Specific target drug delivery; Resistance; Targeted therapy.
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Resumo

O Glioblastoma (GBM) é o tumor primario mais maligno do sistema nervoso
central. Apesar de todos os esforgos, o tempo médio de sobrevivéncia para doentes com
GBM permanece aproximadamente entre os 12 a 15 meses sob terapia. O GBM € um
astrocitoma difuso, altamente proliferativo, angiogénico e localmente invasivo, que
desenvolve resisténcia aos agentes alquilantes utilizados na quimioterapia, como a
temozolomida (TMZ), que é considerada parte do tratamento padréo. Este sucesso limitado
parece estar relacionado com varios mecanismos, tais como: 1) a ocorréncia de mutacdes
genéticas que causam ativacdo permanente e / ou inibicdo de varias vias de sinalizacdo
molecular envolvidas no crescimento e proliferacdo de tumores, como a ativacdo da
proteina cinase C (PKC), na sobrevivéncia celular, na inibi¢cdo de genes supressores de
tumores e apoptose; 2) a presenca de uma populacdo de células conhecidas como quimio-
e radiorresistentes, as células de glioma do tipo estaminal (GSCs), que sdo responsaveis
pela heterogeneidade tumoral e recorréncia apds a terapia e; 3) a inexisténcia de um alvo
terapéutico reconhecido para ndao-GSCs e GSCs que permita o desenvolvimento de

abordagens terapéuticas mais especificas para esta neoplasia.

Assim, neste trabalho, objetivamos: 1) estudar a contribuicdo da ativacdo da PKC
para a agressividade do GBM, enfatizando a importancia de protocolos terapéuticos
combinados, incluindo a TMZ com inibidores de PKC, nomeadamente o tamoxifeno
(TMX); 2) caraterizar as GSCs e estudar a plasticidade das propriedades destas células
estaminais do GBM, no sentido de compreender o estado estaminal do glioma e,
consequentemente, entender as propriedades de diferenciacdo, que contribuem para a
recorréncia do tumor; e 3) avaliar o potencial de marcadores de superficie celular
especificos, como alvos terapéuticos para as ndo-GSCs e GSCs, a fim de permitir a
acessibilidade de agentes terapéuticos mais exclusivamente ao nicho do tumor, por meio

de uma abordagem de administragdo de farmacos mediada por lipossomas.

Inicialmente, usando duas linhas celulares de GBM, a U87 e a U118, observamos
que a combinacdo de TMX e TMZ altera o estado de fosforilacdo da PKC, por western
blot. Descobrimos que 0 TMX é um inibidor da p-PKC e que esta combinagéo € mais eficaz

na reducdo da proliferacdo e no aumento da apoptose do que cada f&rmaco em monoterapia,
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atraves de ensaios de citometria de fluxo, 0 que pode representar uma nova estratégia

terapéutica no tratamento do GBM. Concluimos, entdo, que a combinacdo de TMX e TMZ
potencializa o efeito entre si nas linhas celulares de GBM.

No sentido de estudar a heterogeneidade entre células de GBM e compreender
melhor a variabilidade da resposta a quimioterapia, isoldmos e caracterizdmos uma linha
celular de GBM humana, denominada GBM11, obtida através de uma biopsia cirargica de
um doente com glioblastoma recorrente, e comparamos o efeito do TMX em monoterapia
e em combinacdo com a TMZ, nesta linha celular, com o observado nas linhas celulares
U87 e U118. Na verdade, observamos que o efeito do TMX e TMZ ou do TMX sozinho
nas células de GBM11 sobre a proliferacdo celular, morte ou capacidade de migracéo,
através de ensaios de citometria de fluxo e migracéo, era semelhante, o que pode sugerir
que, para 0s tumores recorrentes, como o caso do GBM11 previamente tratado com TMZ,
a melhor escolha do tratamento de segunda linha pode ser apenas TMX, a fim de reduzir

os efeitos secundarios putativos do tratamento combinado com TMZ.

A quimio- e a radiorresisténcia do GBM devem-se, também, a existéncia de GSCs,
que contribuem para o crescimento tumoral e recorréncia destacando-se, assim, esta
populacdo celular como o foco principal da investigacdo terapéutica no GBM.
Consideramos que a compreensdo da plasticidade do estado estaminal no GBM € de
extrema importancia para identificar os mecanismos e fatores envolvidos na resisténcia das
GSCs a terapia, 0 que pode justificar a recorréncia do tumor e, portanto, constituir um
progresso na identificacdo de novas abordagens terapéuticas. Os nossos resultados
demonstraram, em quatro linhas celulares de GBM e nas respetivas linhas de GSCs, a
plasticidade do estado estaminal com base na modulacdo da expressdo de marcadores
especificos associados, tais como 0 SOX2 e outros marcadores como a Conexina 46 e 43,
através de ensaios de imunofluorescéncia, western blot e PCR em tempo real. Além disso,
atraves de ensaios de imunohistoquimica, verificAmos que essa expressao dinamica esta de
acordo com a regulacdo positiva destes marcadores celulares em graus superiores de
amostras humanas de glioma, nomeadamente no GBM, comparativamente a graus
inferiores, sugerindo uma correlagdo direta com 0 mau prognostico de doentes com GBM.

Assim, devido a plasticidade do estado estaminal, a estratégia de atingir
designadamente ambas as GSCs e ndo-GSCs pode representar uma abordagem importante

no sentido de diminuir a agressividade do tumor e, eventualmente, evitar os efeitos
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colaterais quimioterapéuticos conhecidos, o que pode melhorar o tempo e a qualidade de
vida de doentes com GBM.

Neste sentido, avaliamos o potencial da nucleolina (NCL) de superficie celular,
descrita como estando sobre-expressa nas células tumorais, como um alvo terapéutico para
0 reconhecimento especifico de ambas as ndo-GSCs e GSCs, contribuindo para a entrega
direcionada de farmacos encapsulados em nanoparticulas, em duas linhas celulares de
GBM. Para isso, utilizamos um lipossoma previamente desenhado, sensivel ao pH e
estericamente estabilizado, contendo na sua constituicio um péptido F3, capaz de
reconhecer especificamente a nucleolina constituindo, assim, uma ferramenta- alvo para as
células com sobre-expressdo de nucleolina. Em suma, demostramos que a sobre-expressdo
de nucleolina per se pode identificar ambas as ndo-GSCs e GSCs, através de ensaios de
citometria de fluxo, mediando a entrega direcionada intracellular de farmacos, o que pode

validar a NCL como um potencial alvo terapéutico no GBM.

Em conclusdo, o presente estudo demonstrou: 1) um efeito sinergistico do TMX e
TMZ em linhas celulares de GBM e um efeito mais eficiente do TMX em monoterapia
numa situacdo de GBM recorrente em comparacdo com a terapia combinada; 2) a
plasticidade do estado estaminal através da reversibilidade da expressdo dos marcadores de
células do tipo estaminal e conduziu a identificacdo de trés marcadores putativos associados
a essa reversibilidade, 0 SOX2 e a Cx46 e 43, constituindo um passo mais proximo na
compreensdo do comportamento das células estaminais; e 3) que 0 sucesso em atingir
especificamente células ndo-GSCs e GSCs, através da sobre-expressao de nucleolina,

podera ser a base de desenvolvimento de um tratamento especifico para o GBM.

Palavras-chave: Glioblastoma; Ativacdo de PKC; Heterogeneidade celular; Plasticidade

de células do tipo estaminal; Entrega especifica do farmaco; Resisténcia; Terapia alvo.
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CHAPTER

Introduction

’

“The beginning of all sciences is the astonishment of things being what they are.’
Aristoteles
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1.1 GENERAL INTRODUCTION?

1.1.1 Glioblastoma Overview

Gliomas are known to be the most common primary malignant tumors of the central
nervous system (CNS) in adults (Ostrom et al., 2014).

Regarding the cell origin of gliomas, it is very important to understand the normal
process of glial cell development. In the central nervous system, neural stem cells (NSCs)
are localized in the ventricular zone of embryonic brains. In the case of adult brains, NSCs
are localized in the subventricular zone and subgranular zone of the dentate gyrus, and give
rise to both neurons and glial cells (Rycaj and Tang, 2015; Zong et al., 2015). In the figure

1.1 is represented the cellular origin of gliomas.

Neural Stem Cell

O

Neural Progenitor Glial Progenitor
Oligodendrocyte
precursor cells
#
Neuron G Astrocyte

Oligodendrocyte

Gliomas

Figure 1.1 Glioma cells origin. Neural stem cells (NSCs) give rise to neurons, astrocytes, and
oligodendrocyte precursor cells (OPCs), that can differentiate into oligodendrocytes.

1 The present 1.1 section of the chapter 1 contains images and tables that are original or presented as

originally published under the respective license of copyright permission. The original images were draw
based on the literature mentioned in each one.
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Oligodendrocyte, OPCs, glial progenitor and astrocytes constitute the cell origin types for
malignant gliomas cells (Image originally draw based on Zong et al., 2015 and Gruber et al., 2017)

The glial cells can be astrocytes and oligodendrocyte precursor cells (OPCs) that,
although it is a stable cell type in the adult brain, can in turn differentiate into
oligodendrocytes. Ultimately, due to genetic and epigenetic mutations, a minor stem cell
subpopulation within these cells, the Cancer Stem Cells (CSCs), can give rise to tumor cells
and originate oligodendrogliomas, oligoastrocytomas, or the astrocytomas (Rycaj and
Tang, 2015; Zong et al., 2015). The CSCs theory will be discussed with more detailed in
the section 1.2 of this chapter.

Similarly to the NSCs and OPCs, astrocytes may also retain some limited capacity
to proliferate, especially regarding brain injuries. This regenerative potential makes the
NSC, OPC, and astrocytes the prime suspects as the cells of origin of gliomas (Zong et al.,
2015).

Among all gliomas, the astrocytomas, oligoastrocytomas and oligodendrogliomas
are the most known. Since this dissertation is focus on glioblastoma, from now on we are

going to direct this overview specifically to this type of gliomas.

Glioblastoma (GBM) is a uniformly fatal primary brain tumor classified by the
World Health Organization as the most malignant astrocytoma (WHO Grade 1V) (Paff et
al., 2014; Ringertz, 1950; Urbanska ef al., 2014).

GBMs are high grade gliomas with predominantly astrocytic differentiation. They
are characterized by nuclear atypia, cellular pleomorphism, mitotic activity, diffuse growth
pattern, microvascular proliferation and/or necrosis.

The high cellular proliferation and the formation of thrombus lead to difficulties in
cell nutrition and to the existence of necrotic foci in the central area of the tumor. These
necrotic foci result from insufficient blood supply and are usually surrounded by
pseudopalisading areas (Urbanska et al., 2014; Wilhelmsson et al., 2003).

These characteristics constitute the main features of GBM and are the result of
genomic instability and deregulation of several molecular signalling pathways that
determine a huge cellular and vascular proliferation and a high resistance to chemotherapy.

Therefore, GBM is considered the most common and aggressive primary brain tumor in
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adults, accounting for more than 50% of all gliomas. Despite aggressive therapies, just 5%

of the patients survive more than 5 years (Ohgaki and Kleihues, 2007; Ostrom et al., 2014).

1.1.2 Glioblastoma Classification

The classification of gliomas started to be based on histopathological features. Next,
genetic and molecular features were also introduced to give rise to a more complex, but
more precise classification of gliomas (Louis ef al., 2016; Stupp et al., 2005). Actually,
the current WHO classification is predicated on the concept of combined phenotypic and
genotypic classification (Louis et al., 2016).

Whereas all astrocytic tumors where previously grouped together, in the new
classification, all diffuse gliomas (astrocytic or not) are grouped together, based not only
on their growth pattern and behavior, but also on their /DH1 and IDH?2 genetic status, which
provides a dynamic classification based on the phenotype and genotype grouping tumors
that share similar prognostic factors (Louis et al., 2016). In this new classification, the
diffuse glioma category includes the grade II and III astrocytic tumors, the grade II and III
oligodendrogliomas, the more rare grade II and III oligoastrocytoma and the grade IV

glioblastomas (Louis ef al., 2016) (Figure 1.2).

1. Histology

CHAPTER 1

Astrocytoma | | Oligoastrocytoma | | Oligodendroglioma | | Glioblastoma

l l i

2. 1DH status
| IDH mutant |

| IDH mutant | [ IDH wild-type | l

| Glioblastoma, IDH mutant ‘

3. 1p/19q and other genetic v

parameters ‘

IDH wild-type

ATRX loss *; TP53 mutation *

| 1p/ 19q codeletion

After exclusion of other enfities:
Diffuse astrocytoma, IDH wild-type
Oligodendroglioma, NOS

Glioblastoma, IDH wild-type

Diffuse astrocytoma, IDH

mutant Oligodendroglioma, IDH mutant

and 1p/ 19q codeleted

* Characteristic but not required for diagnosis

Figure 1.2 Classification of diffuse gliomas accordingly with WHO 2016. This scheme
is a summary of the gliomas classification based on: 1) Histological based classification; 2) IDH
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status; and 3) other genetic parameters of 2016 WHO classification. Regarding the histology, the
gliomas can be classified as astrocytoma, oligoastrocytoma and oligodendroglioma. The IDH status
divide the gliomas as IDH mutant and IDH wild-type, and the genetic parameters, like the 1p/19q,
the TP53 mutation, the ATRX loss, can also distinguish different gliomas (Image originally draw
based on Louis et al., 2016).

The 2016 update of WHO classification of tumors of the central nervous system is
based on a grading scheme called a ‘malignancy scale’ ranging across a wide variety of
neoplasms rather than a strict histological grading system. This grading scheme is similar
to that of the Ringertz (Ringertz, 1950) and of St Anne-Mayo (Daumas-Duport and Varlet,
2003; Dunn et al., 2012; Stupp et al., 2005). However, the differences between WHO and
St Anne-Mayo classification have important contradictions, if we look to the grading of
astrocytomas, or to diffuse and aggressive tumors.

In table 1.1 is represented the histological classification of astrocytic tumors grading

according to 2016 WHO’s classification (Louis et al., 2016).

Table 1.1 Histological grading of astrocytic tumors according to 2016 WHO classification.

' ] Low grade infiltrative
Grade 11 Cytological atypia
astrocytomas

v g
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Cytological atypia; anaplasia and mitotic
Grade I1I . Anaplastic astrocytomas
activity

Cytological atypia; anaplasia; mitotic activity;
Grade IV ) ) ) ) Glioblastomas
microvascular proliferation and/ or necrosis

Since the main focus of this thesis is the GBM we next described the classification
of this particular tumor taking into account the histopathological, genetic and molecular
features.

Histopathologically, GBM is considered an astrocytoma due to the resemblance of
the tumor cells to astrocytes. In addition, it is also possible to identify small polymorphic
cells, anaplasia and significant anisokaryosis, where the term “multiforme” was initially
derived, but no longer used. In a Haematoxylin-Eosin staining (H&E), it is possible to
detect polygonal or spindle-shaped cells with irregular borders and an acidophilic fibrillary
cytoplasm, nuclei atypia, microvascular proliferation with the newly developed vessels,

necrotic areas and brisk mitotic activity, which constitute the main histopathological
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features for diagnosis (Figure 1.3) (Brat and Van Meir, 2004; Kleihues et al, 2002;
Linkous and Yazlovitskaya, 2011; Schultz et al., 2005).

)

sl
D “o?‘:' N

Figure 1.3 Haematoxylin and eosin stain of a human GBM sample. The characteristic of
geographical necrosis (¢), highly anaplastic glial cells (*), pleomorphic nuclear atypia, and
microvascular proliferation with an arrow are observed. Amplification 200x.

Genetic alterations were suggested to be associated with the malignancy of gliomas.
The Cancer Genome Atlas Research Network (Cancer Genome Atlas Research Network,
2008) started with a systematically study regarding the genetic alterations presented in

GBM that were translated in some molecular cell signalling pathways deregulations:

(1) cyclin-dependent kinase inhibitor 2A/2C [CDKN2A/ CDKN2C] deletion that leads
to retinoblastoma (RB) signalling deregulation;

(11) CDKN2A deletion and TP53 mutation that leads to alterations in tumor protein 53
(TP53) signalling;

(iii))  phosphatase and tensin homolog/neurofibromin 1/phosphatidylinositol-4,5-
bisphosphate 3-kinase, catalytic subunit alpha [PTEN/NF1/PIK3CA] mutation and

epidermal growth factor receptor/platelet derived growth factor receptor
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[EGFR/PDGFRA] amplification that leads to receptor tyrosine kinase signalling
deregulation (Ostrom et al., 2014).

These findings, as mentioned previously, incorporate well-stabilized molecular parameters

into the classification of diffuse gliomas, which gives huge importance, not only to the

microscopy parameters, but also incorporates molecular characteristics (Louis et al.,

2016).

As so, in the 2016 CNS WHO tumors classification, GBMs are divided into:

(1)

(i)

(iii)

glioblastoma, IDH-wildtype (about 90% of cases), which corresponds to the
primary or de novo GBM and predominates in patients over 55 years of age. This
type of GBM also includes mutations in TERT (72%), EGFR (35%), TP53 (27%),
and in PTEN (24%). Also includes CDKN2A4/p16 deletion in chromosome 9p and
a loss of heterozygosity on chromosome 10 (Fujisawa et al., 2000; Nonoguchi et
al, 2013).

glioblastoma, IDH-mutant (about 10% of cases), which corresponds to the
secondary GBM with a history of prior lower grade diffuse glioma, that
preferentially arises in younger patients. This type of GBM includes mutations in
TERT (26%), TP53 (81%), and ATRX (71%). Exceptionally, the EGFR and PTEN
mutations can also occur as well as the loss of heterozigoty on chromosome 10
(Fujisawa et al., 2000; Louis et al., 2016; Ohgaki and Kleihues, 2005).
glioblastoma, NOS (not otherwise specified), a diagnosis that is reserved for those
tumors for which full /DH evaluation cannot be performed (Fujisawa et al., 2000;

Louis et al.,, 2016; Nonoguchi ef al., 2013).

The GBM referred in (i) and (i1) are the most common types and the specific

characteristics, published in WHO 2016 classification, are summarized in the table 1.2. The

high relevance of IDHI to the classification of GBMs is based on its relation with DNA

damage. In fact, IDH1 catalyzes the oxidative decarboxylation of isocitrate to alfa-

ketoglutarate, reducing NADP to NADPH and liberating CO». Deficiency in IDHI leads to

an increase of lipid peroxidation, DNA damage, and so a decrease in the survival after

oxidant exposure (Louis et al., 2016).
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Table 1.2 Key characteristics of IDH-wildtype and IDH-mutant glioblastomas based on WHO
2016 classification (based on Louis et al., 2016).

iz

2

GBM IDH1-wildtype IDH1-mutant
Synonym Primary GBM Secondary GBM
Precursor Lesion Je novo Diffuse astrocytoma (WHO II)
Anaplastic astrocytoma (WHO III)
Proportion of GBM ~90% ~10%
Median age at diagnosis ~62 years ~44 years
Median overall survival ~9-15months ~24-31 months
TERT mutations ~72% ~26%
TPS53 mutations ~27% ~81%
ATRX mutations Exceptional ~71%
EGFR amplification ~35% Exceptional
PTEN mutations ~24% Exceptional

The incorporation of the molecular characteristics in the classification of GBM will
contribute to a more precise categorization for epidemiological purposes, to the
introduction for clinical trials and experimental studies, and overall, for a more rigorous

description of these neoplasias (Louis ef al.,, 2016).

1.1.3 Epidemiology

The astrocytomas comprise 48% of all brain tumors (Figure 1.4) (Dolecek et al.,
2012; Ohgaki and Kleihues, 2005; Schwartzbaum et al., 2006). GBM is primarily
diagnosed at older ages with the median age of 62 years, which constitutes the most
powerful prognostic factor of poor prognosis. Although GBMs could manifest at any age,
they are rare at individuals younger than 40 years (Louis ef al., 2016). The epidemiological
data show that incidence of GBM in Europe, North America and in Australia is 3—4 per

100 000 adults each year (Louis et al., 2016). The incidence rate in men in comparison to
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women is about 1.4:1 in the USA and Europe (Louis ef al., 2016). GBM is uncommon in
children accounting only for approximately 3% of all brain tumors in age range from 0 to
19 years old, with a proportion rate in male in comparison to female children of 3.3:1
(Mahvash et al.,, 2011). However, there are no morphological differences between GBM
occurring in children and adults (Ostrom ef al., 2014; Thakkar et al., 2014).

All other Meningioma
14% 1%

Oligodendrogliomas *, a
12%

Astrocytoma *, b
48%

Ependymal
tumors *

6% Embryona

tumors
5%

Germ cell tumors
3%

Figure 1.4 Histological distribution of brain tumors. * All or some of this histology is included
in the Central Brain Tumor Registry of the United States (CBTRUS) definition of gliomas.
Percentages may not add up to 100% due to rounding. a - includes oligodendroglioma and
anaplastic oligodendroglioma; b - includes pylocitic astrocytoma, diffuse astrocytoma, anaplastic
astrocytoma and unique astrocytoma variants (Data based on Dolecek et al., 2012 and Ostrom et
al., 2014).

Regarding ethnicity, white people have the highest incidence rates of GBM,
followed by blacks, Asian/Pacific Islanders and American Indian/Alaska Native (Ostrom
etal., 2014).

Factors associated with GBM risk are still not well identified. However, previous
radiation therapy, decreased susceptibility to allergy, immune factors and related-immune
genes, have been referred as important risk factors (Ohgaki and Kleihues, 2005).

The failure in the identification of the possible risk factors involved in the
development of GBM are related to several reasons, namely: 1) the existence of small sizes
of study groups; 2) the existence of false-positive results; 3) the identification of invalid or
imprecise exposure measures; 4) the inherited or developmental variation in metabolic and

repair pathways; 5) the multiple variables and conditions (such as allergies); 6) the
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differential diffusion of chemicals across the blood—brain barrier; and 7) the metabolic and

repair pathways differentially expressed in the brain (Schwartzbaum et al.,, 2006).

Environmental exposure and risk of GBM development -

High socioeconomic status (SES) is associated with increased risk of GBM
(Kitahara et al., 2012; Ostrom et al., 2014; Thakkar et al., 2014).

There is no substantial evidence of GBM association with life-style characteristics,
such as smoking, alcohol consumption, abuse drugs, or dietary exposure to N-nitric
compounds. Inconsistent results have been also published regarding the risk of GBM and
the use of mobile phones (Deltour ef al., 2012). The only consistently evidence that
established an exogenous environmental cause with GBM development is the exposure to
therapeutic or high-dose radiation to the head and neck. On the other hand, a decreased risk
has been described among individuals with a history of allergies and/or atopic diseases
(Louis et al., 2016; Schwartzbaum et al., 2000).

Besides the difficulties associated to the epidemiologic evaluation, the large range
of studies that have examined environmental risk factors for GBM are considerably large,
and so we cannot place in part the potential influence of environmental factors in GBM

development.

Genetic background and risk of GBM development -

GBM is believed to be a sporadic tumor and not with a hereditary inheritance,
despite the fact that there are a few descriptions of its occurrence in related persons.

As mentioned, a lower risk of GBM development has been associated with allergies
or atopic diseases, mainly asthma, eczema, psoriasis (Brenner et al., 2002; Lachance et al.,
2011; Schwartzbaum et al., 2006). On the other hand, it is referred that short term (< 10
years) use of anti-inflammatory medications is associated with a protective effect against
GBM, especially among individuals with no history of asthma or allergies (Scheurer et al.,
2011). In opposite, increased risk of GBM is associated with inherited genetic variation in
a region containing cyclin-dependent kinase inhibitor 2B (CDKN2B) on chromosome 9p21
and in 2 SNPs in regulator of telomere elongation helicase 1 (one in the 9p21 region, the

rs1412829, near CDKN2B, and the other one in the 20q13.3, the rs6010620, intronic to
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RTELI) (Ostrom et al., 2014; Thakkar ef al., 2014; Wrensch et al., 2009). In spite of
many genes and related pathways are still unknown, a considerable number of potential
candidate genes and their related syndromes have been identified as involved in
gliomagenesis, namely: the neurofibromatosis type 1 and neurofibromatosis type 2 genes
in neurofibromatosis; the tuberous sclerosis I and tuberous sclerosis Il genes mutations in
tuberous sclerosis; P53 and checkpoint kinase 2 (CHECK?2) genes related to retinoblastoma
and Li—Fraumeni syndrome; DNA repair gene mutations involved in Turcot’s syndrome;
and finally mutations in PTEN gene related to the multiple hamartoma syndrome (Ichimura

etal., 2004).

1.1.4 Localization, Morphology and Diagnosis

Localization and morphological features -

GBM develops in the brain, in cerebral hemispheres and in subcortical white matter
and deeper grey matter. It’s a tumor widely characterized by an infiltrating growth that
makes able the invasion into the adjacent cortex, through the corpus callosum, into the
contralateral hemisphere (Lakhan ef al., 2009; Louis et al., 2016).

Whereas primary GBM gave a wide-spread anatomical distribution, the secondary
GBM have a striking predilection for the frontal lobe, surrounding the rostral lateral
ventricles (Louis et al., 2016).

As previously described in 1.1.1 section, the most accepted hypothesis is that GBMs
arise from the malignant transformation of either a bipotential precursor cell or a more
primordial cell, the neuro stem cell, which has the capacity of self-renewal, express markers

of development regulation and is tumorigenic in animal models (Louis ef al.,, 2016).

Morphologically, GBM cells are usually small polymorphic with anaplasia and
significant anisokaryosis. Specifically, GBM cells are polygonal to spindle-shaped with
acidophilic cytoplasm and indistinct cellular borders. Their nuclei are oval or elongated
and have coarsely clumped hyperchromatic with multiply distinct nucleoli located centrally
or pericentrally. Overall, GBM cells have increased nuclear to cytoplasmic ratio and show
nuclear pleomorphism. Some cells contain intranuclear inclusions. Besides that, binuclear
and multinucleated cells, lymphocytes, neutrophils, macrophages and necrotic cells can be

also present, whereas better-differentiated neoplastic astrocytes are usually discernible, at

- 46 -

v g

UNIVERSIDADE

DE COIMBRA

CHAPTER 1



Molecular Mechanisms Of Glioblastoma Resistance: Glioma Stem-Like And Non-Stem-Like Cells Specific Targets Y @ <

UNIVERSIDADE DE COIMBRA

Inter-University Doctoral Program in Aging and Chronic Diseases

least locally (Louis et al., 2016; Schultz et al., 2005). Vascularization is another important
feature of GBM (Linkous and Yazlovitskaya, 2011). The newly developed vessels are
usually morphologically similar to renal glomeruli and their endothelial cells are
phenotypically different from normal ones. The surface of these vessels is covered with a
discontinuous layer of pericytes, without any contact with astrocyte processes. GBM shows
vascular thrombi leading to endothelial cell damage and proliferation. Together with the
prominent microvascular proliferation, necrotic foci are also an essential diagnostic feature
for GBM. Necrosis can be seen as large areas within the central area of the tumor, resulting
from insufficient blood supply in all primary glioblastomas. It can be also seen as small
areas with irregularly shaped necrotic foci surrounded by pseudopalisading areas created
by radially oriented glial cells, that can be observed in both, primary and secondary

glioblastomas (Kleihues et al, 2002). The major morphologic characteristics of

glioblastoma cells are represented on figure 1.5.
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Figure 1.5 Morphological hallmarks of glioblastoma. In the image above is visible an ischemic
necrosis area surrounded by palisading tumor cells in the left side, a vascular proliferation with
glomeruloid appearance in red, an increase nuclear to cytoplasmatic ratio and nuclear
pleomorphism (Image from PathologyOutlines with copyright permission of the author Edward C.
Klatt, Professor of Pathology).

The increased aggressiveness of GBMs is accompanied by an increase degree of
atypia, nuclear hyperchromatosis, increased mitotic index, presence of necrotic areas and
atypical blood vessels. It has been hypothesized that the low metastatic potential of GBM
results from several factors, mainly the barrier created by cerebral meninges, the rapid
tumor growth and short course of this disease, and also the fact that the brain is devoid of

lymphatic vessels, so metastases through this pathway are blocked (Robert and Wastie,
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2008). However, glioblastoma present a higher invasive behavior, such that tumor cells can

infiltrate from the primary mass into brain parenchyma. In fact, glioma stem-like cells are

the primary source of invasion and could lead to tumor recurrence (Sayegh ef al., 2014).

Clinical Signs -

GBM has a rapidly development and primarily manifest as focal neurological
deficits. Depending on the localization in the brain area and the increasing intracranial
pressure, the most common signs of GBM include headaches, ataxia, dizziness, vision

disturbances (blurred vision, diplopia), nausea and vomiting (Urbanska ef al.,, 2014).

Complementary diagnostic tests -

Advances in neuroimaging have improved the characterization of the tumors in a
non-invasive manner, leading to a better diagnosis and improving therapy (Kao et al.,
2013).

Computed tomography (CT) may be the first modality employed in a patient
presenting with a brain tumor. However, magnetic resonance imaging (MRI) is the most
important imaging modality for brain tumor diagnosis. In fact, while CT is largely relegated
to emergent imaging in the detection of haemorrhage, herniation and hydrocephalus, MRI
can potentially detect the calcification within brain tumors (Mabray ef al., 2015).

Since MRI does not use ionizing radiation is thus preferred over CT in children and
in patients requiring multiple imaging examinations. Also, MRI has a much greater range
of available soft tissue contrast than CT, which makes possible to depict anatomy in greater
detail, as well as is more sensitive and specific for abnormalities within the brain itself
compared to CT, allowing the evaluation of structures that may be obscured by artefacts
from bone in CT images (Zhou et al., 2011).

Therefore, MRI is crucial for posterior GBM diagnosis by histopathological
analysis and for more than 20 years it has been used in the clinic of gliomas to serve as a
guide for clinical treatment (Li et al., 2012). The determination of the location of the lesion
within the brain, either for treatment or biopsy planning, the evaluation of mass effect, as
well as the ventricular system and vasculature, constitute the primary factors evaluated in
a MRI that would suggest a possible diagnosis. The most common MRI approaches used

to evaluate brain tumors in the clinical setting are: the T2-weighted or fluid-attenuated
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inversion recovery (FLAIR) images, which generally show increased water content in
tumors, and gadolinium (Gd)-enhanced T1-weighted images that indicate blood-brain
barrier disruption (Figure 1.6). These approaches used in combination can determine the

extent of tumor involvement and assess the therapeutic response (Zhou et al., 2011).

Figure 1.6 Glioblastoma imaging in a 65-years old women. Axial T2-weighted (a) and T1-
weighted post-contrast (b), demonstrating a right temporal lesion with surrounding edema and ring-
shaped enhancement. Diffusion weighted images with low signal intensity (c), higher intratumoral
apparent diffusion coefficient (ADC) (d), lower-intratumoral fractional anisotropy (FA) (e) and
high peritumoral residual cancer burden (RCB) (f), which shows tumor infiltration in the
surrounding parenchyma (Image as originally published in Svolos ef al., 2014. License: BioMed
Central Ltd. 2014).

Although it can rarely metastasis, the GBM can frequently disseminate along the
white matter tracts involving the contralateral hemispheres, crossing corpus callosum into
occipital and temporal lobes resulting in a butterfly pattern on MRI imaging (“butterfly
glioma”) (Figure 1.7) (Agrawal, 2009; Urbanska et al., 2014).
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Figure 1.7 Contrast-enhanced T1-weighted image. The image above demonstrates a butterfly
glioblastoma pattern in a MRI image (Image as originally published in Urbanska et al., 2014.
License: Termedia, 2014, Creative Commons Attribution-Noncommercial 3.0 Unported).

The differentiation between recurrent tumor, radionecrosis or scar tissue on the
basis of MRI findings alone may be difficult. As so, Positron Emission Tomography (PET)
scanning is useful in this regard bringing information about tumor hypoxia, necrosis,
proliferative activity or vasculature (Lee et al., 2013).

Despite the more usual imaging techniques used to identify GBM were the ones
described before in more detail, an overview of other imaging techniques in brain tumor

and the general major utility is presented in table 1.3.

Table 1.3. Imaging methods and the major utility in brain tumor diagnosis.

Imaging technique Major utility in brain tumor imaging
CT Mass effect, herniation, hydrocephalus, haemorrhage,
calcifications
Pre and post-contrast T1 Necrosis, extent of the enhancing portion of the tumor
T2/T2 FLAIR Peri-tumoral edema (vasogenic and in infiltrative)

Blood products, calcifications, radiation induced chronic

T2* susceptibility sequence (SWI) micro-haemorrhages

DWI/ADC Reducgd i'n 'highly cellular portions of tumor, post-
operative injury
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DTI Tractography for surgical planning/navigation
Perfusion (generally DSC) Tumor/tissue vascularity
MR spectroscopy Metabolic profile

Pre-operative functional mapping, research into treatment

fMRI
effects

PET/MR Potential new radiotracers

ADC, apparent diffusion coefficient; CT, computed tomography; DSC, dynamic susceptibility contrast-enhanced; DTI,
diffusion tensor imaging; DWI, diffusion weighted imaging; FLAIR, fluid attenuated inversion recovery; fMRI,
functional magnetic resonance imaging; PET, positron emission tomography; SWI, susceptibility weighted imaging

(Table based on Mabray et al., 2015).

After the imaging identification of a solid mass, definitive diagnosis is based,
primarily, on histopathological examination of the removed tumor by surgery, using
traditional histologic methods. In cases that neurosurgical tumor resection is not possible
due to the dangerous localization of the tumor mass, neuronavigation brain biopsy or
stereotaxic biopsy are also performed (Orringer et al., 2012).

Morphological diagnosis is based on criteria defined by the WHO classification, as
previously described, which stage the tumors in the central nervous system according the
grade of malignancy, proliferative index, response to treatment and survival time. Briefly,
grade I includes low malignant tumors; grade II is used for relatively low malignant tumors;
grade III includes tumors of minor grade of malignancy, while grade IV denotes the most

malignant tumors, the glioblastomas (Urbanska et al.,, 2014).

Finally, the confirmation of the primary diagnosis is performed on the basis of
glioma cells immunohistochemistry. In this sense, glioma cells are positive to glial
fibrillary acidic protein (GFAP), the major intermediate filament protein of mature
astrocytes, both in normal and pathological conditions (Messing and Brenner, 2003), even
if it is possible that some GBM cells are not stained by GFAP too. Also, the acid protein
S100 present in glial cells is another specific marker for tumors of the central nervous
system, but its expression cannot constitute a basic criterion in differential diagnosis
(Dohan et al., 1977, Urbanska et al, 2014). The determination of the cytokeratins
expression through the antibody cocktail AEI/AE2 constitutes another marker of GBM.
Nestin is also frequently expressed in GBM and is diagnostically useful to distinguish
glioblastoma from other high-grade gliomas (Louis ef al., 2016). GBMs with missense

TP53 mutations show strong and diffuse immunohistochemical expression of P53 in 21-
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53% of the cases. EGFR expression also occurs in 40-98% of GBMs. Finally, the secondary
GBMs also show present mutations in /DHI expression (R132H) (Liu et al., 2016; Louis
etal., 2016).

1.1.5 Treatment of glioblastoma

The median survival of GBM patients is generally one-two years from the time of
diagnosis. Standard therapy consists firstly of maximal surgical resection of the tumor to
the extent that is safely feasible, and is followed by six weeks of radiotherapy with
concomitant and adjuvant chemotherapy with the gold standard, temozolomide (TMZ), in
a multimodality approach commonly referred as the “Stupp regimen” (Stupp et al., 2005).
Surgical treatment, chemotherapy and radiotherapy prolong the overall survival of GBM

patients only to 12-15 months (Stupp et al., 2009).

Surgery -

The GBM localization on brain affects treatment options and prognosis. Patients
with GBM in frontal lobe are known to survive longer (~ 11.4 months) than those that have
the tumor in the temporal lobe (~ 9.1 months) or in the parietal lobe (~ 9.6 months) after
surgery (Chakroun et al., 2017).

One of the factors actually used to determine if a patient is a good surgical candidate
is the Karnofsky Performance Scale (KPS) index, a baseline parameter and a post-operative
measure, traducing that a KPS index > 90 prolonged the functional outcome of patients. A
KPS index greater than or equal to 70 is generally the minimum for offering surgical
intervention (Young ef al., 2015).

The main surgical goals are to establish a pathological diagnosis, relieve mass
effect, and achieve a gross total resection to facilitate adjuvant therapy (Moiyadi and
Shetty, 2012). In fact, it is known that the removal of 98%, or more, of the tumor mass
identified in MRI conduct to a statistically significant increase in patient survival (Miller
etal., 1988).

To conduct a maximal overall survival, minimize morbidity and maximizing quality
of life, the surgical approach must be individualized for each patient, in a way to maintain
the patient’s pre-operative KPS. As so, a variety of surgical techniques are resumed in table

1.4 (Young et al., 2015).
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Table 1.4. Neurosurgical technique for glioblastoma treatment.

Neurosurgical technique Major utility in brain tumor resection

Performed when a glioma is located near eloquent cortex in
areas that include: the pericentrally gyrus (motor strip),
corticospinal tracts, Broca’s speech area, Wernicke’s speech
area, and the brainstem.

Awake craniotomy

Standard craniotomy approach Standard craniotomy approach with the patient under general

anaesthesia.
Extent of resection (EOR) EOR is associated with longer survival time in GBM patients.
Surgical adjuncts Includes neuronavigation, functional mapping, intraoperative

fluorescent dyes, and intraoperative MRI (iMRI).

Since it is unlikely that all tumor cells can be removed via surgery, leaving potential
for recurrence, the modalities described before are thus far the most efficacious methods

available for accurate and precise tumor resection until nowadays.

Radiotherapy -

Although GBM rarely metastasizes outside the central nervous system, it can
infiltrate throughout the brain making a tumor difficult to treat with radiation. Radiation
Therapy (RT) has been shown to prolong survival in patients with GBM compared to
surgery alone from 3-4 months to 7-12 months (Stupp et al,, 2005). The best results are
obtained when radiotherapy is performed after the surgery (Chang et al., 2007; Combs et
al., 2007). Radiation is responsible for single and double-strand DNA breaks inducing cell
death and reducing proliferation. Although radiation has demonstrated efficacy, the dose,
fractionation and target delineation have been part of an ongoing research for improvement
(Pelloski and Gilbert, 2007). In fact, the full brain radiotherapy maximizes the extent of
cancer cells that can be eradicated but it has the risk of memory loss. On the other hand,
localized radiotherapy is more specific, which justifies the less side effects, but it is not so
efficient in eradicating cancer cells that invade the surrounding areas (Chakroun et al.,

2017).
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There are three primary ways to administer radiation for the treatment of brain
tumors, namely the External Beam Radiation Therapy (EBRT), the Stereotactic Radiation
Therapy (SRT) and the Brachytherapy (Pelloski and Gilbert, 2007):

The EBRT is the conventional technique for administering radiation to the brain.
Nonetheless, SRT and brachytherapy did not show an improvement over conventional
treatment (Pelloski and Gilbert, 2007).

Notwithstanding the slight advantage of the use of radiotherapy, multiple factors
limit the efficacy of radiation. Among them are changes in cell cycle progress, activation
of oncogenes, inactivation of tumor suppressor genes, alteration of molecular signalling
pathways, the existence of a population of glioma stem-like cells (GSCs), and the DNA
repair proficiency (Naidu et al., 2010).

Chemotherapy and limitations -

Chemotherapy is the use of chemical compounds to induce death in malignant cells.
These compounds interact with cellular components, such as the cytoskeleton, cytoplasmic
membrane, molecular signalling pathways and nucleic acids (Sathornsumetee et al., 2007).
However, as they interact with dividing cells they could interact with normal cells leading
to secondary toxicity and side effects.

Temozolomide (TMZ, Temodal™ or Temodar™) is an oral alkylating agent with
good blood-brain barrier (BBB) penetration developed in the 1990s. This drug showed
benefit in GBMs and gaining approval for this kind of tumors by the United States Food
and Drug Administration (FDA) in March 2005 (Theeler et al., 2015; Yung et al., 2000),
after the randomized study performed by Stupp et al., (Stupp et al., 2005). Nowadays,
TMZ is considered the drug gold standard of GBM treatment (Stupp et al., 2005).
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TMZ belongs to the novel family of alkylating agents, the imidazotetrazines.
Besides its excellent bioavailability, TMZ has a small size (194,15 Da) that allows it to be
rapidly absorbed in the digestive tract. Also, its lipophilic properties allow it to cross the
BBB. TMZ does not present significant drug—drug interactions and cumulative
myelotoxicity and remains stable in an acidic environment (Pelloski and Gilbert, 2007).
However, when it interacts with neutral or alkaline conditions, like the environment of
blood, TMZ undergoes hydrolysis, converting itself into the active compound MTIC (5-(3-
dimethyl-1-triazenyl) imidazole-4-carboxamide), which is rapidly broken down to form the
reactive compound, the methyldiazonium ion. In turn, the methyldiazonium ion, obtained
from the degradation of MTIC, methylates guanine residues in DNA molecules, resulting
in the formation of O° and N’-methylguanine (Agarwala and Kirkwood, 2000; Newlands
et al, 1997). In the figure 1.8 is represented the mechanism of O6-methylguanine

formation.
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Figure 1.8 Mechanism of O%-methylguanine formation. Temozolomide (TMZ) when undergoes
hydrolysis converts itself into the active compound 5-(3-methyltriazene-1-yl) imidazole-4-
carboxamide (MTIC), which is rapidly broken down to form the reactive compound, the
methyldiazonium ion (AIC). Next, the AIC methylates guanine residues in DNA molecules,
resulting in the formation of O°- and N”-methylguanine (Image originally draw based on Kaina et
al., 2007).
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The cytotoxicity of TMZ, like many other alkylating agents, is primarily due to the
methylation of the O° position of guanine. Although these DNA adducts represent 9% of
the total DNA methylation events caused by TMZ, O°-methylguanine induces DNA
mismatch repair, which is unable to successfully repair the lesion, resulting in double-
strand breaks that lead the cell to undergo apoptosis. In contrast, N’-methylguanine and N°-
methyladenine, which constitute approximately 80% of the total methylation events, can
be repaired by the base excision repair pathway and are generally not cytotoxic. As so, the
only cellular mechanism capable of repairing these adducts is the enzyme O°-
methylguanine DNA methyltransferase (MGMT). Because the MGMT can reverse
methylation at the O° position of guanine and neutralize the cytotoxic effects of alkylating
agents, MGMT expression in brain tumors represents a key mechanism of resistance toward

alkylating agents (Kaina et al., 2007).

The MGMT expression in tumor cells is often regulated by epigenetic silencing of
the gene via hypermethylation of CpG islands within the MGMT gene promoter. Tumor
cells with a methylated MGMT promoter produce, consequently, less MGMT protein
(Wick et al., 2013).

Prior studies had made a correlation between the expression of the methylguanine-
DNA methyltransferase (MGMT) protein and the outcome with nitrosourea- based
treatment of malignant gliomas. A correlation was also made between methylation of the
promoter region of the MGMT gene and the improved outcome with the TMZ-based
chemoradiation regimen. Determination of the methylation status of the promoter region
of the MGMT gene was successful obtained in 206 tumor samples (EORTC trial). Overall,
there was a statistically significant improvement in both median survival and two-year
survival rate for patients with methylated MGMT, which suggests that MGMT methylation
is a positive prognostic factor (Jaeckle et al., 1998; Stupp et al., 2005).

TMZ effect has been investigated in combination with multiple cytotoxic agents or
alternatively in monotherapy. Despite its relative advantages, the efficacy of TMZ is
constrained by extra-CNS toxicities and biological limits to achieve sustained tumoricidal

tissue concentrations, like most other systemic therapies (Wait et al., 2015).

The size of the molecules, the lipophilicity, the short half-lives, the significant
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hematologic toxicity, and, principally, the existence of a blood brain barrier and efflux

pumps constitute the main limitations of chemotherapeutics. For this reason, novel methods

of intracranial drug delivery after surgery are being developed in a way to avoid the adverse

systemic effects of these medications. These methods will be discussed in more detail on

the section 1.3 of this chapter.

1.1.6 Prognostic factors and clinical decisions

Beyond a vast analysis, age at initial diagnosis, and the time period when the
medical treatment is performed, influenced the overall survival of GBM patients, being the
older age (> 50 years) related to a worse prognosis (Schwartzbaum et al., 2006).

Although age has important implications regarding patient management
(comorbidities), patient age also seems to correlate with differences in tumor biology and
pathogenesis being the first independent prognostic factor. As described above, primary
(de novo) and secondary GBMs have strong associations with age. Typically, older patients
are more likely to have primary GBMs, whereas secondary GBMs are more often
associated with younger patients, who frequently have an established history of lower-
grade gliomas (grade II-III). In this way, secondary GBM is associated with a better
prognosis and increased overall survival when compared with primary GBM (Beyer et al.,
2016; Pelloski and Gilbert, 2007).

The second independent prognostic factor for survival is the time period in which
the patients underwent treatment. Specifically, after the diagnose, which is usually tricky
due to the common clinical signs, this time period under treatment not only depends on the
patient’s ability to tolerate treatment, but also on the extent of tumor burden in the brain
(Beyer et al., 2016).

Thirdly, the molecular alterations, as consequence of genetic abnormalities,
constitute other important prognostic factor in GBM. Mutations in 7P53 gene, a tumor
suppressor gene whose damage can cause genetic instability and compromise apoptosis, is
frequently observed in low-grade astrocytomas and secondary glioblastomas (Louis, 1994).
The EGFR, a member of the ErbB receptor tyrosine kinase family, that has a huge role in
the proliferation, migration, and differentiation of neural progenitors and glial cells, present
an increased amplification in primary glioblastomas (Doetsch ef al., 2002). Also the

MGMT methylation is now well known as the main determinant of resistance to alkylating

-57-

v g

IDADE DE COIMBRA

CHAPTER 1



Molecular Mechanisms Of Glioblastoma Resistance: Glioma Stem-Like And Non-Stem-Like Cells Specific Targets
Inter-University Doctoral Program in Aging and Chronic Discases
agents, as described above (Kaina et al., 2007). The isocitrate dehydrogenase (/DH)
mutations, IDHI and IDH?2, are mutually exclusive and are seen in lower grade gliomas.
IDHI mutation is present in diffuse gliomas grade and diffuse anaplastic (II/ILI,
respectively) and in secondary glioblastoma, and so generally associated with a better
prognosis (Yan et al., 2009). The IDH 1 mutation is mostly seen in younger patients in the
R132 residue and /DH?2 mutation is seen in diffuse gliomas, specifically in the R172 residue
(Parsons et al., 2008). The mutations in alpha-thalassemia/mental retardation syndrome X-
linked (ATRX) gene, situated on chromosome Xq21.1, leads to the loss of expression of
nuclear protein, exclusively in tumor cells, and causes alternative lengthening of telomeres,
resulting in loss of stability of the genome, frequently in secondary GBM (Abedalthagafi
et al., 2013). The telomerase reverse transcriptase (7ERT) gene causes increased
telomerase activity by adding hexamer repeats to the chromosomes, which results in the
preservation of telomeres, and inhibits induction of senescence. TERT promoter mutations,
C228T and C250T, in which transcriptional activity is increased by up to 4 times, results
in tumorigenesis principally in primary GBM (Ranjit ef al., 2015; Reitman et al., 2013).
The gain of chromosome 7p in combination with 10q loss is the most frequent
genetic alteration in GBM, together with the EGFR amplification. Also, the allelic loss of
the chromosomal region containing the PTEN gene occurs in 75- 95% of GBMs and
mutations in PTEN gene are present in 30-44%, although PTEN mutations were not clearly
associated with prognosis (Louis et al., 2016).
Among all, on a molecular level, tumors associated with longer survival often
exhibit two favourable molecular aberrations: MGMT promoter methylation and/ or IDH

mutation (Louis et al., 2016).

Therefore, surveillance and careful follow-up are extremely necessary due to the
fact that high-grade gliomas have a well-known tendency to regrow, which occurs at the
same site where the tumor arose. The indications for recurrent GBM are the surgery,
radiation therapy, and chemotherapy. Second surgery is generally considered in the face of
a life-threatening recurrent mass. Re-irradiation is performed to improve local tumor
control and can take the form of conventional fractionation radiotherapy, fractionated
radiosurgery, or single fraction radiosurgery (Ranjit et al., 2015; Ryu et al., 2014).
Conventional chemotherapy for recurrent disease typically demonstrates a 5—15% response
rate and a 15-25% six-month progression-free survival (PFS), which means that the

responses to treatment are often not durable. However, unlike patients with newly
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diagnosed disease, in the recurrent GBM there is no guide therapy, being the treatment
options and decisions often determined by the specific clinical situation and treatment
availability. Nonetheless, several clinical trials using alternative chemotherapeutics have
been described in recurrent glioblastoma alone and/or in combination with TMZ. The
molecular targets/ pathways more altered in GBM and the respective therapeutic strategies

are presented in the sections 1.2 and 1.3 of this chapter, respectively.
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1.2 CELLULAR AND MOLECULAR
MECHANISMS OF GBM — IMPLICATIONS IN
RESISTENCE?

1.2.1 General Introduction

Several studies have revealed that GBM comprises up to 52% of all gliomas and
also constitutes up to 20% of all intracranial tumors (Stavrovskaya et al., 2016). In spite
of all efforts, the median overall survival of GBM patients remains only about 12 - 15
months under part of the gold standard, temozolomide (TMZ).

The molecular biology underlying GBM is complex, which highlight the need of
specific treatment strategies. Among all these mechanisms, the deregulation of several
molecular signalling pathways is the more important in GBM development. Also the
existence of the blood-brain barrier (BBB), that makes almost all the chemotherapeutic
agents inaccessible to the tumor site and, the existence of a population of stem-like cells
known to be responsible for tumor recurrence after therapy, can contribute to GBM
chemoresistance (Ohgaki and Kleihues, 2007; Ramirez ef al., 2013; Zong et al., 2015).

The population of stem-like cells, described as chemo- and radioresistant as well as
having a self-renewing stem cell-like phenotype, may contribute to tumor recurrence after
conventional treatment, which may represent one of the most important targets in GBM
therapy. The multiple intracellular and intercellular signalling pathways that are
deregulated in GBM tumor cells are behind the uncontrolled cellular proliferation,
propensity for necrosis, angiogenesis, and resistance to apoptosis that characterize the
GBM (Castro et al,, 2011; Khosla, 2016; Piccirillo et al., 2009; Sanchez-Martin, 2008;
Sarkaria et al., 2008; Stupp et al., 2005).

In view of this wide range of possible therapeutic targets, several agents have been
developed and evaluated in clinical trials. However, the results have been modest and still
far from achieving successful in GBM treatment (Haar et al., 2012).

In this regard, it seems critical to understand the reliable factors responsible for the

failure of the most important chemotherapeutic agents, namely regarding the existence of

2 The present 1.2 section of the chapter 1 is based on the review articles and book chapters published under
the scope of this disertation. All images and tables are originally draw based on the literature mentioned in
each one, or presented as originally published under the respective license of copyright permission.
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a BBB; altered molecular and signalling mechanisms underlying GBM malignancy; the

influence of the microenvironment on the maintenance of tumor aggressiveness; and the

mechanisms behind glioma-stem-like cell (GSC) plasticity and modulation. Altogether,

these factors may be critically important to understand tumor relapse and/ or

chemoresistance (Meir et al., 2010).

1.2.2 Blood-Brain Barrier and Glioblastoma

The blood-brain barrier was discovered by Edwin E. Goldmann using intravenous
injections of trypan-blue dye in animals. He observed that trypan blue spread throughout
the body, but did not stain the brain and spinal cord. However, when trypan blue was
injected into the subarachnoid space, the central nervous system was stained, which
confirmed the existence of an unknown barrier between the blood and the CNS structures
(Dubois et al., 2014; Goldmann, 1909).

In fact, the BBB prevents the penetration into the brain of almost all
macromolecules and more than 95% of the small molecules, including anticancer drugs,
which makes it one of the most important factors responsible for chemotherapy failure
(Chakroun et al., 2017). The presence of the BBB in the tumor area, the blood-brain tumor
barrier (BBTB), and the invasiveness of these tumors, are the leading causes responsible
for the low 5-year survival rate in patients with GBM (Chakroun et al., 2017).

Anatomically, the BBB is formed by a neurovascular unit that comprises
endothelial cells reinforced by astrocytes, pericytes and perivascular macrophages, forming
the so-called neurovascular unit. Together with an extensive network of capillaries, the
BBB prevents various substances in the bloodstream from entering the brain. BBB can be
also formed by the choroid plexus (CP), which is a group of thin membranes located inside
the lateral, third and fourth ventricles that produces the cerebrospinal fluid (CSF) in
the ventricles of the brain. The CP is composed of a monolayer of specialized epithelial
cells that are derived from the ependyma that covers the ventricle walls. This group of
membranes is tenfold more extensively vascularized than the brain parenchyma itself,
which makes BBB dysfunction a significant contributor to the pathogenesis of a variety of
brain disorders (Almutairi et al., 2016; Dubois et al.,, 2014; Redzic et al., 2005).

GBMs growth are closely associated with the formation of new vessels, since they
are the most vascularized tumors in humans. Studies have revealed that the vast majority

of gliomas are associated with existing vessels that can displace the astrocytic endfeet from
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the vascular surface. This can cause a loss of endothelial cell tight junctions (TJs), resulting
in the extravasation of blood-borne molecules such as albumin, cadaverine, or Cascade
Blue® tracers into the brain’s parenchyma. Furthermore, the vessels that were occupied by
gliomas, no longer respond to astrocyte-released vasoregulators (Watkins ef al., 2014). As
such, astrocyte proliferation, as well as alterations in the microenvironment, interfere with
the interactions of astrocytes and endothelial cells and, consequently, cause a loss of the
TJs and BBB integrity (Bertossi et al., 1997).

Specifically, in GBM the development of vasogenic brain edema increases
dramatically the intracranial pressure (ICP) and induces BBB leakage. The disruption of
the BBB can be detected through magnetic resonance imaging, using a contrast medium
(Sage and Wilson, 1994). The difficulty of some substances in crossing the BBB is due to
the molecular weight, lipid solubility, and polarity (Jue and McDonald, 2016).
Additionally, the presence of multiple transport proteins in the endothelial lining of the
BBB vascular component also inhibits drugs from reaching the tumor tissue (Van Tellingen
et al., 2015). The microvessel density is an important indicator of the prognosis in patients
with GBM (Noell et al., 2012).

Pazopanib, paclitaxel, and doxorubicin are some of the substances that have
enormous difficulty in crossing the BBB. In fact, pazopanib, an oral VEGF inhibitor with
positive results in renal-cell carcinoma, breast and lung cancer, cannot be used in GBM
patients due to the BBB and efflux mechanism, described in more detailed in the next
sections (Mao et al., 2012). The figure 1.9 is a schematic representation of the blood-brain

barrier constitution.
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Figure 1.9 Schematic representation of the Blood-Brain Barrier. The BBB is composed of
several cell types in combination, including highly specialized and polarized endothelial cells, a
basal lamina, pericytes and astrocyte endfeet, which are responsible for establishing communication
with neurons in the so-called neurovascular unit. The neurovascular unit is important to maintain
optimal brain function. In this image are represented the respective cells or structures: receptor-
mediated transcytosis, protein’s transporter, tight junctions, pericytes, endothelial cells, astrocytes,
microglial cells, tumor stem-like cells, tumor cells and tumor vessels (Image originally draw based
on Dubois et al., 2014).

1.2.3 Genetic and Molecular alterations in Glioblastoma

There are indubitably several genetic and other molecular alterations present in
GBM that lead to the deregulation of major signalling pathways, resulting in brain tumor
growth and progression (Crespo et al., 2015).

Glioblastoma IDH-wild-type (about 90% of cases) corresponds, most frequently,
to the clinically defined primary or de novo GBM, and the glioblastoma IDH-mutant (about
10% of cases) corresponds to the secondary GBM, with a history of prior lower grade
diffuse glioma that preferentially arises in younger patients (Fujisawa et al., 2000; Louis
et al., 2016; Nonoguchi et al., 2013). The gene mutations/ alterations that characterize
each GBM type were described in more detailed in the previous section 1.1.

In general, primary GBMs are characterized by several genetic and epigenetic
mutations. The main alterations previously reported are the presence of a mutation of the

epidermal growth factor receptor (EGFR), and/or a mutation on chromosome 7p; the
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homozygous deletion of the cyclin-dependent kinase inhibitor 2A gene (CDKN2A/p16) in
chromosome 9p (with absence of the CDKN2A-p16INK4a and/or the CDKN2A-pl14ARF
b transcripts); deletion of the phosphatase and tensin homolog (PTEN) in chromosome 10;
IDH /2 mutations; and hypermethylation of the MGMT promoter (Carmo et al.,, 2011b;
Crespo et al., 2015), as mentioned. These genetic alterations seem to be critical to the
development of GBM, and may contribute to the heterogeneity that characterizes these
tumors (Popescu et al., 2016). The affected genes are critical to the signalling pathways
that are involved in the control of proliferation and survival of astrocytes, which may
explain the aggressiveness of GBM. An illustration of the genetic and molecular alterations

is shown in figure 1.10 and described in more detail next.
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Figure 1.10 Molecular Signalling Pathways altered in Glioblastoma. A few molecular
alterations have been identified in GBM as the deregulation of protein transporters and channels,
namely Glycoprotein P (PGP), involved in drug efflux; deregulation of signal-transduction
pathways, mainly those downstream of epidermal growth factor receptor (EGFR), such as the RAS/
RAF mitogen-activated protein kinase (MAPK), the Phosphatidylinositol-4,5-bisphosphate 3-
kinase/ Protein kinase B (PI3K/AKT), and the signal transduction and transcription activator
(STAT). Others are the protein kinase C (PKC) pathway, tumor suppressor P53 deregulation, the
retinoblastoma protein (RB) pathway, the vascular endothelial growth factor (VEGF) signalling
and integrin function deregulation. Together, these molecular alterations culminate in the cell-cycle
progression, cell survival and proliferation, and in an increase of cell-migration capability in tumor

cells, particularly in GBM cells (Image originally draw based on Haque et al,, 2011 and Li et al.,
2016).
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Genetic alterations with clinical impact -

Amplification and/or mutation of the EGFR gene (7p11.2) occur in 36% to 60% of
primary GBMs. The most common EGFR mutant type is variant 3 (EGFRvIII), a 801-bp
in-frame deletion of exons 2 to 7. This mutation leads to a constitutively active protein
expression, which, in turn, leads to the increase in cellular proliferation and survival of
mutated cells, since it activates the EGFR — phosphatidylinositol3-kinase (PI3K) pathway
(Popescu et al., 2016). All primary GBMs with EGFR amplification show EGFR
overexpression (Crespo ef al., 2015; Hatanpaa ef al.,, 2010).

The homozygous deletion of the cyclin-dependent kinase inhibitor 2A (CDKN2A4)
gene, which encodes the pl6INK4a and pl4ARF tumor suppressors, is more frequently
observed in primary than in secondary GBMs (Ohgaki and Kleihues, 2007). CDK4 and
CDKG6 phosphorylate the retinoblastoma protein 1(RB1), which induces the release of the
transcription factor E2F, facilitate the cell cycle progression from the G1 to S phase. About
80% of primary GBMs show alterations in the CDKN2A/p16-CDK4/6-RB pathway, for
which CDKN2A4 gene deletion or mutation, CDK4 amplification, and RB/ mutation or
deletion are the main reasons (Goldhoff et al., 2012).

Loss of heterozygosity (LOH) of chromosome 10 is present in up to 70% of primary
GBMs. One of the most commonly deleted chromosomal regions is 10q23-24 (25%), where
the PTEN is localized. Primary GBMs frequently show the loss of chromosome 10 in
association with EGFR signalling, which suggests an important interaction between EGFR
signalling and the suppressor genes localized in chromosome 10 in the aggressive features
of GBM (Carico et al., 2012; Crespo et al., 2015).

Another important genetic alteration in GBM is isocitrate dehydrogenase (/DH)
gene mutations (Yan e al., 2009), as referred. In gliomas, IDH1/2 mutations are associated
with an increased DNA hypermethylation profile. Isocitrate dehydrogenase catalyses the
oxidative decarboxylation of isocitrate to a-ketoglutarate, leading to the production of
NADPH. The IDH1 protein is believed to play a substantial role in cellular control of
oxidative damage, through generation of NADPH; and the IDH2 plays an important role in
intermediary metabolism and energy production. The /DH1/2 mutations are involved in
inactivation of tumor-suppressor genes via hypermethylation of their promoters. Gliomas

with mutated /DH and IDH?2 have a better prognosis than gliomas with wild-type /IDH
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(Cohen et al., 2013). Parsons et al. (2008) revealed the presence of recurrent (12%) point
mutations in the active site of IDHI (Parsons et al., 2008). The IDH mutations in diffuse
gliomas seem to be strongly associated with 7P53 mutation and also with del(1p)/del(19q),
indicating that they may represent an early event (Parsons ef al., 2008). I[DH mutations are
more common in secondary GBM (~ 80%) compared to primary GBM (5%) (Jue and
McDonald, 2016; Lin and Scott, 2012).

Also as previously described, the MGMT gene (coded at chromosome 10q26) is
also an important alteration in GBM, since it is frequently silenced by promoter
hypermethylation, in association, or not, with monosomy of 10/del(10q). Currently, MGMT
methylation promoter status has been established as a strong clinically relevant factor in
GBM patients, although the mandatory testing for this biomarker in routine practice is
highly controversial. Studies have encouraged mandatory testing for MGMT promoter
status in routine practice in elderly GBM patients, due to the observation of a strongly
predictive value of this biomarker and a potent predictor of response to treatment with
alkylating agents, namely temozolomide (TMZ) (Zawlik et al., 2009). In the presence of
TMZ, an alkyl group is added to the O°-position of guanine, inducing a DNA mismatch,
and consequently a DNA double-strand breakage, which culminates in apoptosis of
proliferating cells. The MGMT protein has the opposite effect than the TMZ, by repairing
DNA damage before the next cell cycle. However, when the MGMT promoter is
hypermethylated, transcription is blocked, leading to lack of the MGMT protein, while
enhancing the cytotoxic effects of the alkylating drug(s) (Crespo et al., 2015). The MGMT
promoter is methylated in approximately 50% of newly diagnosed GBMs, and in a higher
percentage (73%) in secondary glioblastomas (Kaina et al., 2007; Lin and Scott, 2012;
Ohgaki and Kleihues, 2007).

Summarizing, in GBM several tumor suppressor genes and oncogenes are
inactivated or activated, respectively. Primary GBMs are characterized by EGFR
amplification, PTEN mutation, and absence of /DH mutations, while secondary GBMs are
characterized by 7P53 mutations, /[DH mutations, and lack of EGFR amplification (Lin and
Scott, 2012). Recently, Jiao ef al., (2012) also described 4 TRX mutations in diffuse glioma,
associated with an alternative lengthening of telomeres in secondary GBM (Jiao et al.,
2012), as previously described in section 1.1. These main genetic alterations culminate in
several molecular alterations, mainly: 1) deregulation of protein transporters and channels
involved in control of cancer progression, owing to their protection by the BBB (Abbott,

2013; Cong et al., 2015); 2) deregulation of signal-transduction pathways, mainly those

-66 -

v g

UNIVERSIDADE

DE COIMBRA

CHAPTER 1



Molecular Mechanisms Of Glioblastoma Resistance: Glioma Stem-Like And Non-Stem-Like Cells Specific Targets
Inter-University Doctoral Program in Aging and Chronic Discases

downstream of EGFR, which become activated in GBM due to autophosphorylation, such
as the RAS/ RAF/ MAPK, the Phosphatidylinositol-4,5-bisphosphate 3-kinase/ Protein
kinase B (PI3K/AKT/mTOR), and the signal transduction and transcription activator
(STAT) and finally, 3) the deregulation of the protein kinase C (PKC) pathway, the P53
and RB pathway, and the integrin function (Arora and Scholar, 2005; Baselga, 2006; Carmo
etal., 2013).

Cell signalling pathways altered in GBM -

EGFR/AKT/ PTEN pathway

The endothelial growth factor receptor (EGFR) is a member of the ERBB family of
receptor tyrosine kinase proteins, which comprises not only the EGFR (termed ERBB1)
(EGFR/HERI), but also the ERBB2 (HER2/neu), ERBB3 (HER3), and ERBB4 (HER4)
(Mellinghoffet al., 2005). In terms of structural composition, these receptors are composed
of an extracellular ligand-binding domain, a transmembrane lipophilic domain, and an
intracellular tyrosine kinase domain. Binding of a specific set of ligands to these receptors,
namely the endothelial growth factor (EGF) and the transforming growth factor-a (TGF-
a), promotes EGFR dimerization and the consequent autophosphorylation of tyrosine
residues (Baselga, 2006). Upon autophosphorylation, several signal-transduction
pathways, downstream of EGFR, become activated: 1) the rat sarcoma (RAS)/rapidly
accelerated fibrosarcoma (RAF)/mitogen-activated protein kinase (MAPK) pathway; 2) the
phosphatidylinositol-3-kinase (PI3K)/protein kinase B (AKT) pathway; 3) the janus kinase
(JAK)/signal transducers and activators of the transcription (STAT) pathway; and 4) the
protein kinase C (PKC) pathway (Arora and Scholar, 2005; Balca-Silva ef al, 2015;
Baselga, 2006; Carmo et al.,, 2013; Huang and Fu, 2015). Taking into consideration that
these signalling pathways control cell growth, regulate cell survival and proliferation, and
also that the overexpression of EGFR has been reported in several epithelial tumors, the
EGFR/AKT/PTEN pathway is considered a potential target for cancer therapy (Baselga,
20006).

As previously mentioned, in GBM, the most common mutation is the EGFRVIII,
which leads to the synthesis of a constitutively active protein that activates PI3K by its
recruitment to the cell membrane (Feldkamp ef al., 1999; Gan et al., 2013; Shinojima et

al., 2003). The phosphorylation of phosphatidynositol-4,5-bisphosphate (PIP2) to the
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respective 3-phosphate originate phosphatidynositol-3,4,5-triphosphate (PIP3) that
activates a range of downstream effector molecules such as AKT (Furnari et al.,, 2007,
Hirose et al., 2005). In turn, the activated AKT regulates the functioning of downstream
signalling proteins involved in cell cycle, proliferation, apoptosis and invasion,
contributing to tumorigenesis. On the other hand, the action of PI3K can be antagonized by
the action of the PTEN gene. PTEN protein removes the third phosphate from the inositol
ring of PIP3, inhibiting the PI3K pathway, which makes PTEN a tumor suppressor gene
(Mellinghoft et al., 2005). In this way, PTEN is also associated with the G1 cell cycle
arrest and apoptosis, along with regulating cell differentiation (D1 Cristofano and Pandolfi,
2000).

AKT is essential for gliomagenesis, although its downstream effectors are still
incompletely identified. However, the serine/threonine kinase mTOR, which forms the
catalytic core of at least two functionally distinct complexes, mMTORC1 and mTORC?2, is
associated with increased cell proliferation, mainly in GBM, enhancing motility and
promoting glioma cell proliferation in vitro (Akhavan et al., 2010). mTOR is responsive
to growth-inhibitory signals, mainly the depletion of glucose, amino acids and ATP,

hypoxia, and lack of growth factors (Wullschleger et al., 2006).

Protein Kinase C pathway

We previously described the importance of Protein Kinase C (PKC) in glioma
proliferation (Balca-Silva et al., 2015). The activation of PKC modulates a wide range of
cellular responses, mainly in gene expression, cell proliferation, survival and migration
(Carmo et al., 2013). PKC is a serine/threonine kinase that belongs to the PKC family, and
was identified as a receptor for diacylglycerol (DAG) (da Rocha et al., 2002; Basu and
Sivaprasad, 2007; Martiny-Baron and Fabbro, 2007; Steinberg, 2008). PKC isoforms are
classified into three groups, according to their activation mechanisms: the classical
isoforms a, BI, BIL, y; the novel PKC isoforms 0, €, 6, n, u; and the atypical PKC isoforms
VA and { (Carmo ef al., 2013). In general, the PKC isoforms are inactive and located in the
cytoplasm. After activation they translocate to the plasma membrane, or the cytoplasmic
organelles and nucleus, which makes possible the modulation of several cellular
mechanisms, mainly cell proliferation, differentiation, cell death, and neuronal activity
(Figure 1.11) (Carmo ef al., 2013). PKC is directly involved in tumorigenesis due to its

capability to regulate molecular signalling pathways involved in tumor-development
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processes, mainly cellular proliferation, survival, migration, or chemoresistance (Griner
and Kazanietz, 2007; Toton ef al.,, 2011). However, the contribution of the PKC family to
the development of GBM is poorly understood. The PKCa is important as a pro-mitotic,
pro-survival, and pro-proliferative effect in glioma cell lines (Brennan ef al., 2009). PKCf
is involved in vascular endothelial growth factor receptor 2 (VEGFR2) signalling, and also
interacts with the phosphatase and tensin homolog (PTEN)/PI3K/AKT pathway, which
makes it important for glioma angiogenesis in a way that contributes to the increase of cell
proliferation and resistance to apoptosis (Graff et al,, 2005). PKC3 acts as a pro- or anti-
apoptotic kinase, depending on the cell type. In glioma cells, PKCo acts as an anti-
apoptotic, protecting cells from cell death induced by TNF- related apoptosis-inducing
ligand (TRAIL) (Okhrimenko et al., 2005). PKCe is considered an important marker of
negative outcome, mainly in anaplastic astrocytoma, GBM, and gliosarcoma. The PKCg
knockdown sensitized glioma cells to apoptosis (Sharif and Sharif, 1999). PKCn is also
related to increased GBM cell proliferation through the activation of the ERK pathway (Uht
et al., 2007).

Figure 1.11 PKC isoforms signalling pathways. The different PKC isoforms modulate several
cellular mechanisms, mainly cell proliferation, differentiation, cell death, and neuronal activity
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(Image as originally published in Carmo et al., 2013 under the copyright permission of Taylor &
Francis journal).

The PKCt isoform contributes to a deregulation of upstream PI3K signalling,
contributing to invasion of GBM cells, cell-cycle progression, and increased proliferation
(Baldwin et al., 2010). Finally, the PKC( isoform is responsible for a mitogenic phenotype
in GBMs, through activation of the PI3K/AKT pathway (Aeder ef al., 2004). The PKC
family is upregulated in high-grade gliomas compared with normal astrocytes, and this
upregulation correlates with greater tumor proliferation, which makes PKC a candidate for

the development of molecularly targeted therapies (Carmo et al., 2013; Lau et al., 2014).

P53 signalling pathway

P53 is known as the “guardian of the genome”. The main function of P53 is to
ensure that DNA is copied correctly, which means that it induces apoptosis during DNA
and cell duplication if there are mutations. This signalling pathway is activated in response
to several stress signals, which culminate in the activation of several mechanisms that
contribute to tumor suppression. The P53 function is intrinsically related to
phosphorylation of Ser15 and Ser20 of the P53 N-terminal. The E3-ligase MDM2 usually
targets P53 for degradation in the proteasome, but after phosphorylation it does not occur,
which results in protein stabilization and accumulation in the nucleus, where it regulates
the potential of several genes that control the cell cycle, apoptosis and DNA repair (do
Carmo et al., 2010). This function makes P53 an extremely important tumor-suppressor
gene, and its loss of function is a feature common to several cancers (Milinkovic ef al.,
2012). P53 gene mutations are present in about 30% of primary GBM and occur more
frequently in secondary GBM (about 65%) (McLendon ef al, 2008). PTEN, a tumor
suppressor enzyme that is frequently mutated in GBM, protects wild-type P53 from
inactivation and degradation through the inhibition of PI3K and inhibition of MDM?2
transcription (Mayo et al., 2002). Since MDM2 regulates the P53 activity, the inhibition
of P53-MDM?2 is considered a potential therapeutic approach (Shangary and Wang, 2009).

Retinoblastoma signalling pathway

Retinoblastoma (RB) is a tumor suppressor gene located at the chromosome 13q14
that inhibits gene transcription by arresting the cell cycle in the G1-S phase, preventing cell

proliferation. The RB pathway includes several proteins, mainly the cyclin-dependent
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kinase inhibitor (CDKN), the cyclin D-dependent protein kinases (CDK4, CDK6), the E2F-
family, and the RB-family (RB, p107, p130) of transcription factors (Knudsen and Wang,
2010; Meir et al, 2010; Scambia et al, 2006). RB activation depends on the
phosphorylation status, which is high in quiescent or differentiated cells (Harbour and
Dean, 2000). Hypophosphorylated (active) RB binds to the E2F family of transcription
factors, blocking cell cycle and proliferation. By acting through E2F, RB alters the proteins
needed for the S-phase (Zeng et al., 2015). The inactivation of RB inhibits the capability
of cells to suppress cell proliferation, which leads to uncontrolled cell division. In GBM,
the RBI gene is mutated in 25% of high-grade gliomas, while the loss of 13q is
characteristic of the transition from low-grade to intermediate-grade gliomas (Zeng et al.,

2015).

Vascular endothelial growth factors

Vascular endothelial growth factors (VEGFs) are produced mainly by endothelial,
hematopoietic and stromal cells, in response to hypoxia or after stimulation with growth
factors, mainly the transforming growth factors (TGFs) or interleukins. VEGFs can bind to
their respective receptors (VEGFRs), which induces its dimerization and subsequent
phosphorylation, leading to the activation of several intracellular signalling molecules:
PI3K, phospholipase Cg (PLCg), PKC, nitric-oxide synthase (NOS), MAPKs, and focal
adhesion kinases (FAKs) (Karkkainen and Petrova, 2000).

The VEGF family and the respective receptors is used in cancer therapy as
regulators of angiogenesis and vascular permeability, thus reducing tumor growth. The
overexpression of VEGFRI in tumor cells leads to cell survival and invasion (Carmo et al.,
2011a; Huang and Fu, 2015). The activation of VEGF/VEGFR is associated with anti-
EGFR drug resistance, through activation of downstream signal pathways via EGFR-
independent mechanisms (Bianco et al, 2008). The most important therapeutic
applications of VEGF in GBM are described in more detail in the next section of this

chapter.

Integrin signalling pathway

The invasiveness capacity of glioma cells is intended as an active translocation of

glioma cells through host cellular and extracellular matrix barriers. Glioma cells invasion
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is based on: 1) loss of adhesion of cells to proteins of the external cellular matrix (ECM);
2) degradation of the ECM components by proteases secreted by glioma cells and 3)
migration of cells into the new space through the ECM (Uhm et al., 1997).

Basically, ECM is composed by proteoglycans, glycoproteins, collagens and
contains fibronectin, laminin, tenascin, hyaluronic acid and vitronectin. ECM modification
mostly originates the loss of contact, which in the case of tumor, allow tumor cells to freely
migrate and invade the surrounding tissues. Therefore, changes in these ECM components
are known to modulate brain tumor growth, proliferation and invasion. In fact, during the
tumor invasion, independent, but coordinated, processes are presented: 1) the tumor mass
detaches from the original location, which implicates downregulation of neural cell
adhesion molecules (NCAMs) and E-cadherin, as well as upregulation of cell surface
glycoprotein (CD44), as an adhesion molecule; 2) the interaction with the extracellular
matrix (ECM), mediated by integrins and tenascin-C, which leads to the degradation and
remodeling of the ECM, including the modulation of the metalloproteinase (MMP) activity.
These proteases are responsible for the breakdown of the basal membrane, creating and
maintaining a microenvironment that facilitates tumor cell survival (Moura-Neto ef al.,

2014).

The most common molecules that allow glioma cells to adhere to the ECM are the
integrins, playing a major role in glioma cell-matrix adhesion (Onishi ef al, 2013).
Integrins form dimers between 18 different a and 8 B subunits, which form 24 known o/
integrin pairs with specificity for different ECM proteins, namely fibronectin, laminin,
vitronectin, thrombospondin, fibrinogen/fibrin, matrix metalloproteinase-2, and fibroblast
growth factor 2, via an arginine- glycine-aspartic acid peptide (Figure 1.12) (Humphries,
2006; Hynes, 2002; Lau ef al,, 2014; Moura-Neto et al., 2014). Elevated expression of
integrin receptors has been detected in GBM tumor samples, mainly the integrins a2p1,
aSB1, a6P1 a9B1, and avP3, in contrast to their expression in normal brain tissue, which
suggests that integrins have important functions during GBM progression, namely in the
activation of several signalling cascades that mediate cellular adhesion, proliferation,
survival and migration, namely PI3K and MAPK. Particularly, the integrin avf3 is thought
to play a central role in glioma invasion, binding to bronectin, vitronectin, and tenascin-c,
and therefore, the overexpression of avf3 integrin signifies a poor prognosis in glioma

(Nakada et al.,, 2013; Riemenschneider et al., 2005; Zeng et al., 2015).
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Figure 1.12 The integrin subfamilies. Integrins are the main receptors for ECM proteins, counter
receptors (intercellular adhesion molecules (ICAMs), and vascular cell adhesion molecule
(VCAM)), and soluble molecules (fibrinogen). There are four different subfamilies: the RGD-
binding integrins (yellow), laminin-binding integrins (green), leukocyte integrins (pink), and
collagen integrins (blue) (Image as originally published in Moura-Neto et al., 2014. License
number: 4012940949469).

Protein Transporters

GBM show alterations in the protein-transport pathways involved in regulating cell-
signalling pathways and in the control of tumor-cell homeostasis and development. Several
studies have revealed that targeting ion transporters and channels, in cancer cells, may open
new prospects for cancer therapy (Cong ef al,, 2015). Changes in transporters are critical
not only when they occur in astrocytes, but also when they occur in endothelial cells.
Among the several components of the BBB previously mentioned, drug transporters are
located in BBB endothelial capillaries, taking part in their defense functions. Drug
transporters are critically involved in the passage of chemotherapeutic agents, exporting
foreign substances from cells (Deeken and Loscher, 2007; Hartz and Bauer, 2011; Miller,
2015; Pardridge, 2003). Among the ion-transporter proteins, the most important are the
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sodium-potassium-chloride co-transporter isoform 1 (NKCC-1) and sodium-hydrogen
exchanger isoform 1 (NHE-1). NKCC-1 belongs to the SLCI2 cation-chloride co-
transporter (CCC) gene family, and transports 1Na’, 1K and 2Cl, through the cell
membrane, maintaining homeostasis of intracellular water and salt, in both astrocytes and
endothelial cells. NHE is a group of membrane proteins that transport one H' from cells in
exchange for one Na' into cells, maintaining the optimal pH of tumor cells. NHEs are
critically important in glioma cell proliferation, migration, invasion, metabolism, and
apoptosis (Cong et al., 2015; Glunde et al., 2002; Reshkin et al., 2000; Russell, 2000; Su
etal., 2002).

Specifically, NKCC-1 plays a key role in regulating the cell-cycle progression and
proliferation, through modulating the cell volume. In human glioma, NKCC-1 protein is
overexpressed and is positively correlated with the tumor grade. Also, NKCC-1 is an
essential ion cotransporter in glioma progression, by counteracting TMZ-induced
apoptosis, and facilitating migration and invasion. Therefore, inhibition of NKCC-1 with
bumetanide may be a feasible therapeutic strategy for glioma treatment, through
augmenting the toxicity of chemo-radiotherapy. Several kinases have been proposed to
regulate NKCC-1 activity through phosphorylation. Among them are the
WNKSs/SPAK/OSRI1 cascade, as well as protein kinase A, protein kinase C, Rho, Janus
kinase 2, and CamKinase Il (Cong et al, 2015). NHE regulates the pH, causing
acidification of the extracellular microenvironment. The increase of NHE-1 activity is
associated with multiple Ser/Thr residue phosphorylation in the C-terminal tail region, and
is overexpressed in brain tumors (Attaphitaya et al., 1999).

Also, the ATP-binding cassette (ABC) transporters move biologically important
substrates across the cell membranes, including amino acids, cholesterol, and hydrophobic
drugs and antibiotics (Glunde et al., 2002; Huang and Fu, 2015; Hubensack et al., 2008;
Reshkin et al.,, 2000; Russell, 2000). The group of ATP-dependent protein transporters,
which transport ATP-dependent proteins through concentration gradients, consists of the
ABC transporter family, which includes P-glycoprotein (PGP), multi-drug-resistance
protein (MRP), and breast cancer-resistance protein (BCRP) (Molnar ef al., 2010). These
proteins are involved in diverse regulation processes that are responsible for efflux of
substances from tumor cells (Haar ef al.,, 2015). Specifically, overexpression of PGP,
encoded by the MDRI gene, confers resistance to a wide variety of antitumor drugs such
as vinblastine, vincristine, and doxorubicin, among others. PGP is located on the plasma

membrane of the more resistant cancer cells, and transports the antitumor drugs in an ATP-

-74 -

v g

UNIVERSIDADE

DE COIMBRA

CHAPTER 1



Molecular Mechanisms Of Glioblastoma Resistance: Glioma Stem-Like And Non-Stem-Like Cells Specific Targets
Inter-University Doctoral Program in Aging and Chronic Discases
dependent manner (de Vries et al., 2012; Hamada and Tsuruo, 1988; Molnar et al., 2010;
Tsuruo et al., 2003). PGP has also been detected in blood vessels that supply human
gliomas and metastatic brain tumors (Haar ez al., 2015).

Since MDR1 mRNA expression in gliomas has proved to be correlated with certain
clinical drug-resistance mechanisms, the MDRI promoter activity in cancers is up-
regulated. This is consistent with the presence of some anticancer drugs, DNA-damaging
agents, heat-shock stimuli, ultraviolet irradiation, or even as a consequence of tumor
progression, through mutation of the tumor suppressor gene P53 and/ or activation of the

RAS oncogene (Tsuruo ef al., 2003).

1.2.4 Cancer stem-like cells in brain tumors

Cancer stem-like cells (CSCs) were first identified in GBM in 2004, as glioma stem-
like cells (GSCs), according to the cell-surface expression of the CD133 protein (Singh et
al., 2004). The CSC model posits that, among all cancerous cells, a few can act as stem
cells that reproduce themselves and sustain the cancer, similarly to normal stem cells that
have the ability to renew and sustain the organs and tissues. However, because not all cells
of the putative CSC population are able to seed tumors, the concept of tumor initiating cells
(TIC) was introduced. These cells can either be a normal adult stem cell, in the case of the
neuronal lineage, the neuronal stem cell (NSC), or a differentiated cell that has gone to
oncogenic processes, thus acquiring a stem-like character. The expansion of these cells by
acquiring mutations during progression may result in the development of the CSC (Fonseca
etal., 2017).

A CSC is responsible for tumorigenesis, as it is capable of self-renewal and
differentiation into the various cellular types that comprise the tumor, contributing to the
heterogeneity and complexity of tumors. Despite being abnormal, these CSC share features
of normal stem cells, namely the self-renewal and differentiation capacity, as mentioned
(Fonseca et al., 2017). As such, GSCs represent a subpopulation of cells within GBM that
is characterized by increased resistance to chemo- and radiotherapy. Residual tumor cells,
mainly GSCs in GBM niches around the tumor niche, lead to recurrence even after
intensive primary treatment, which suggests that GSCs are crucial to GBM resistance (Bao
et al., 2006, Hide et al., 2013; Liebelt et al., 2016). Thus, GSCs are considered an
important target for GBM therapy since they are at the basis of the poor prognosis,

treatment failure, and disease relapse (Seymour et al., 2015).
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Glioma stem-like cell molecular and transcription factors -

Normal stem cells (NSCs) have the ability to self-renew and differentiate. GSCs
and NSCs share several intracellular and extracellular signalling pathways, crucial in GSC
malignancies understanding, and therefore potential targets for anti-GSC therapy (Jhanwar-
Uniyal et al., 2015; Liebelt et al., 2016; Seymour et al., 2015). Regarding membrane-
bound receptor-mediated signalling, the CD133 is one of two members of the pentaspan
transmembrane glycoprotein prominin family and a human homolog of the originally
isolated mouse PROM1 located in stem cells (Weigmann et al,, 1997). However, due to
unresolved problems, there is much contradictory information regarding the potential of
CD133 to be classified as a marker for GSC isolation (Beier et al., 2007; Ogden et al.,
2008). Also, the L1 cell-adhesion molecule (LICAM/ CD171) is a membrane-bound
receptor and a regulator of cell survival, preferentially expressed in CD133+ GSCs,
overexpressed in human gliomas, and related to the invasive phenotype (Bao ef al., 2006;
Izumoto et al., 1996). As described above, receptor tyrosine kinases (RTKs) are also cell-
surface receptors for many growth factors, cytokines, and hormones, and are critical in the
development of many cancers, mainly the amplification of the EGF receptor (EGFR) gene;
targeting EGFR leads to the eradication of GSCs (Inda et al, 2010). The TGF-
superfamily of proteins are membrane-bound receptors that play a critical role in
maintaining the self-renewal and multi-lineage differentiation potential of glioma cell lines,
mainly through the SOX4-mediated SOX2 induction (Ikushima et al., 2009). Another
membrane-bound receptor is NOTCH, which when activated is involved in regulating self-
renewal, cell growth, and clonogenic survival capability of GSCs (Gaiano and Fishell,
2002; Wang and Dai, 2010). Regarding the intercellular signalling pathways that are
responsible for stemness, the IL-6 protein, from the IL-6 family of cytokines, is a ligand
correlated with poor survival of GBM patients, since phosphorylation and nuclear
translocation of STAT3 are associated with histopathologically higher grades of human
gliomas (Weissenberger ef al., 2004). The Sonic hedgehog (SHH) and WNT pathways
play an important role in normal stem-cell regulation and in tumorigenesis. The SHH ligand
is expressed in glioblastoma-derived neurospheres and binds to the Patched-1 (Ptcl)
receptor, resulting on the loss of Ptcl activity and in the consequent activation of
Smoothened (SMO), which leads to the activation of the transcription factors of the GLI

family. In fact, some studies correlate SHH signalling in PTEN-positive GBMs with
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reduced patient survival (Bar et al.,, 2007). The WNT signalling pathway also controls the
size of the NSC population through B-catenin activation. -catenin translocates into the
nucleus and binds to the TCF/LEF. Finally, as described above, integrins also interfere with
the activation of several signalling cascades that culminate in CSC proliferation
(Riemenschneider et al., 2005).

Regarding stem-cell transcription factors that are involved in cell maintenance, the
sex-determining regions Y-Box (SOX2), octamer-binding transcription factor 4 (OCT4),
and Nanog homeobox (NANOG) are critical components in maintaining pluripotency in
embryonic stem cells (ESCs) and somatic stem cells (SSCs) (Seymour et al., 2015). SOX2,
OCT4, and NANOG are highly expressed in subpopulations of GSCs, maintaining self-
renewal and cellular proliferation, which contribute to the multilineage potential and
heterogeneity of GSCs (Gaiano and Fishell, 2002). SOX2 encodes a transcription factor
consisting of 317 amino acids, and contains a high-mobility group DNA-binding domain
(Boyer et al., 2005). OCT4 is a member of the Pit—Oct—Unc transcription family that
activates and represses genes (Karoubi et al., 2010). Finally, NANOG is a homeobox
protein that cooperates with SOX2 and OCT4 in regulating genes that are vital to the early
development of ESCs (Loh ef al., 2006). Growing evidence correlates the expression of
SOX2, OCT4, and NANOG with pathological grades of gliomas, by promoting self-
renewal as well as the multilineage potential within GSCs (Du ef al.,, 2009; Favaro et al.,

2014; Niu et al., 2011) (Figure 1.13).
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Figure 1.13 Glioma stem-like cell signalling pathways. Some alterations in molecular signalling
culminate in deregulation of transcription-factor expression, which characterizes GBM cells,
mainly: the receptor tyrosine kinases (RTKS), through amplification of the EGF receptor (EGFR)
gene that targets EGFR; the transforming growth factor beta (TGF-8) superfamily protein receptor,
through the transcription factor SOX4-mediated SOX2 induction; the L1 cell adhesion molecule
(L1CAM, CD171); the NOTCH receptor; the interleukin IL-6 protein, through phosphorylation and
nuclear translocation of signal transducer and activator of transcription 3 (STAT3); the Sonic
hedgehog (SHH) through the Ptcl receptor; and WNT through the frizzled receptor pathways.
Together they culminate in the deregulation of the expression of SOX2, OCT4, and NANOG
transcription factors, leading to cell renewal, survival, proliferation, and chemoresistance
modulation (Image originally draw based on Matsui, 2016).

Glioma stem-like cell targets linked to therapy resistance -

Glioblastoma stem cells exhibit proliferative and self-renewal properties, and also
show multi-lineage differentiation into astrocytes, neurons, and oligodendrocytes. GSCs
are known to be chemo- and radioresistant. Bao and coworkers demonstrated that GSCs
show greater resistance to radiation than traditional glioblastoma cells, in vivo and in vitro
(Bao et al, 2006). GSCs express a high level of multidrug-resistant proteins and
transporters associated with detoxification, which consequently confers multidrug
resistance; and also show elevated expression of reactive oxygen species (ROS) and DNA
damage response (Bao et al., 2006; Haar et al., 2012).

The elimination of GSCs is mainly focused on the 1) direct ablation of GSCs by
targeting cell surface markers and specific molecular signalling pathways that are required
for maintaining GSC stemness, such as those described above; and 2) modulation of GSCs
interaction with their microenvironment, mainly the angiogenesis process, and their
immune evasive properties (Karoubi et al,, 2010; Liebelt ef al., 2016; Sul and Fine, 2010)

Among the therapeutic targeting of GSCs by surface receptors, the relationship
between the L1 cell adhesion molecule (LICAM/ CD171), a regulator of cell survival
preferentially expressed on CD133+ GSCs, and the maintenance of the stem-cell state, is
well described (Bao et al., 2006).

On the other hand, therapeutic targeting of GSCs by signalling pathways, such as
NOTCH, SHH, WNT, VEGF, and STAT3, are also important for regulating GSC self-
renewal and differentiation. Specifically, inhibition of NOTCH activation by y-secretase
inhibitors (GSIs) resulted in diminished proliferative capability and increased neuronal
differentiation. Also, treating glioblastoma-derived spheres with an SHH inhibitor,

cyclopamine, may reduced the formation of new neurospheres. The STAT3 pathway is also
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required for GSC maintenance through TLR9 upregulation, and silencing TLR9 expression

abrogated GSC development (Herrmann et al., 2014; Liebelt et al., 2016; Pistollato et al.,
2009).

Clinical impact of glioma stem-cell plasticity -

Until recently, the cellular differentiation process has been considered to be
unidirectional, which means that a CSC can differentiate into a non-CSC, a process that
would be accompanied by the variation in the expression of stem-like cell markers. This
mature state was considered to be permanent, and the phenotypes of these cells were
considered to be inelastic (Deheeger ef al., 2014). However, growing evidence from recent
studies contradicts the concept of a unidirectional flow of cellular hierarchy, and instead
suggests a bidirectional process that can be dynamic (Hitomi et al., 2015). In this case,
differentiated cells, under appropriate conditions, can reverse their mature fate and
reacquire the stem-like state by an Epithelial-to-Mesenchymal Transition (EMT) process,
which suggests that the phenotypic plasticity of cancer cells is less random than was first
thought (Chaffer et al., 2013; Tam and Weinberg, 2013).

In fact, CSC interactions with the surrounding microenvironment dictate the
balance between self-renewal and differentiation states via growth factors, extracellular
matrix, and communication with adjacent cells, trough cell-to-cell communication proteins,
as connexins (Hitomi et al., 2015).

Gap junctions (GJ) are formed by six connexin subunits that assemble at the
interface between adjacent cells, allowing direct cell-cell communication for molecules less
than 1 kDa in size. Specifically, the connexin family contains over 20 proteins with tissue-
specific expression and function that are named according to predicted molecular weight,
and play a key role in several processes inherent to cell migration and invasion, namely in
tumor cells (Naus and Giaume, 2016). Connexins may exert both tumor-suppressor and
oncogenic functions, namely connexin 43 (Cx43) and connexin 46 (Cx46) (Orellana et al.,
2012; Soares et al., 2015). In fact, the expression of Cx43 has been correlated with the
distinction between tumor subpopulations, since it is highly expressed in tumor cells that
lack stem-like phenotypic characteristics. Accordingly, Cx43 has been described to be
decreased in GBM compared with lower grade tumors (Soroceanu ef al.,, 2001). On the

other hand, stem-like cells have been described to present high expression of Cx46,
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suggesting that, during cell differentiation, there is a reduction of Cx46 and consequently
an increase of Cx43 (Hitomi ef al.,, 2015).

The elevated cellular density in GBM increases the opportunity for direct cell
communication, and the accumulating evidences suggest that CSCs maintenance also
depends on cell-cell interactions, making the understanding of the connexins function and
expression in GBM of utmost importance (Hitomi ez al.,, 2015).

Overall, since the CSCs are the cell population responsible for tumor recurrence,
understanding the mechanisms underlying the molecular tumor cellular plasticity process,
specifically the molecular signals of de-differentiation into CSC, and their role in
promoting therapeutic resistance, would be of utmost importance for developing effective
therapeutic strategies to improve the prognosis of patients diagnosed with GBM

(Friedmann-Morvinski and Verma, 2014; Jackson et al., 2015; Safa et al., 2015).
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1.3 THERAPEUTIC STRATEGIES IN
GLIOBLASTOMA3

Despite all the evidence gathered to date, the mechanisms underlying gliomagenesis
and those involved in GSCs and in GBM chemoresistance remain unclear. Due to its
heterogeneity, GBM includes different cells of origin and different molecular steps of
differentiation. From the therapeutic point of view, this heterogeneity presents a unique
challenge for GBM treatment. In recent years, the molecular signature of GBMs and the
mechanisms underlying the aggressiveness of these tumors have been studied and
identified, mainly the above-mentioned alterations in several signalling pathways that
control cellular proliferation, as well as the maintenance and plasticity of the stem-like cell
state. Since the tumor microenvironment is essential to maintain GSC stemness, targeting
the microenvironment is also a promising approach for treating glioblastoma.

There is an increasing need to perform combined therapy, adjusted to the genetic
and molecular alterations of each patient and consequently, mitigating the side effects of
treatment. Nanocarriers, which are small lipophilic molecules, have attracted increasing
attention in brain- and tumor-targeted drug-delivery systems, owing to their potential
ability to target cell surface specific molecules and to cross the blood-brain barrier and
deliver the drug specifically to the tumor cells, improving efficacy and thus reducing non-
specific toxicity. Combined therapeutic strategies, targeting both the stem cells and non-
stem cells in the brain tumor, could become the most effective approach to increase the

survival of GBM patients.

1.3.1 Targeted therapy in Glioblastoma

Although current therapy regimens have improved over the past 20 years, overall
patient survival has not yet risen to the levels obtained for other solid tumors. In this sense,
new therapies are currently in clinical trials for use in combination with the current standard
of care in a way to improve treatment efficacy. The identification and characterization of

molecular markers in brain tumors is truly important in a way to identify specific targets

% The images and tables from the present 1.3 section of the chapter 1 are original draw based on the literature
mentioned in each one.
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for treat patients with GBM (Haque et al., 2011). These therapies are also designed for use

in combination with the current standard of care in way to improve treatment efficacy and

circumvent chemoresistance.

Regarding the mechanisms of GBM resistance, MGMT expression represents one
of the most important marker of TMZ resistance in GBM patients. Studies showed that
MGMT methylation is a predictive biomarker for better response to therapy (Spiegl-
Kreinecker et al., 2010). Investigational approaches to suppress MGMT activity include,
for one hand the dose-intense temozolomide regimens, which may deplete the enzyme, and
for the other hand the combination therapy with OS-benzylguanine or other MGMT
inhibitors (Jung et al., 2010; Morandi et al., 2010). However, MGMT inhibitors, namely
the pseudosubstrate O6-BG, are in phase I clinical trials, have had limited efficacy, which
is due, even not exclusively, to the dose-limiting myelosuppression when combined with
cytotoxic chemotherapy. Recently, other approaches utilize RNA. to directly interfere with
MGMT protein expression, the MGMT-siRNAs and a novel liposome, LipoTrust™ EX
Oligo for the siRNA delivery. In these studies the MGMT was efficiently knocked down
in glioma cells lines, GBM-stem like cells, and in vivo glioma tumors (Kato et al.,
2010). Also Bortezomib (BTZ, PS-341), a boronic acid dipeptide, showed to inhibit the
proteasome and markedly reduces the levels of MGMT mRNA and protein (Vlachostergios
et al., 2013). On the other side, overexpression of WTP53 can suppress MGMT activity
and make glioma cells more sensitive to TMZ (Ramirez et al., 2013; Srivenugopal et al.,
2001).

Together with the MGMT, the Mismatch Repair (MMR) loss is also thought to be
linked with TMZ resistance (Ghosal and Chen, 2013). In fact, the DNA repair enzyme
poly(ADP-ribose) polymerase (PARP) may promote chemotherapy resistance in patients
with glioblastoma. In this context, the PARP inhibitors, such as BSI-201 and ABT-888,
may be effective when combined with radiotherapy and chemotherapy (Johannessen et al.,
2008).

Clinical data, together with in vitro studies, suggest that PGP has also an important
role in the acquisition of TMZ resistance, in GBM cells. The efflux transporter MDR1/PGP
is expressed in both low- and high-grade gliomas, suggesting an intrinsic resistance of these
tumors to anticancer drugs. Chemoresistance is caused by the expression of efflux
transporters in brain tumor cells, endothelial cells of both brain tumors and normal brain

capillaries as well. Co-administration of chemotherapy or targeted therapy with inhibitors
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of the active efflux transporters may thus increase drug concentration in the intracellular

space. Tissue samples from patients who exhibited TMZ resistance and tumor recurrence

showed increased levels of PGP (Munoz et al., 2015; Schaich et al., 2009). To avoid drug

efflux transport, some MDR-reversing agents that can inhibit PGP-mediated drug transport

have been used in studies of GBM, namely verapamil, PSC-833, MS-209 or MRK 16, and

a monoclonal antibody against PGP (Naito and Tsuruo, 1989; Sato et al., 1995; Sheehy et
al., 2015; Thiebaut et al., 1987).

Finally, a well known described cause of GBM chemoresistance is also the presence

of CSCs. The GSCs potential, as a truly important target for the therapeutic management

of GBM, was already described in the previous section (1.2) of this chapter.

Regarding the molecular signalling pathways involved in the GBM malignancy,
EGFR is one of the most attractive therapeutic target. In fact, increased EGFR signalling
drives tumor cell proliferation, invasiveness, motility, angiogenesis, and inhibition of
apoptosis. Moreover, blocking EGFR signalling with small molecule inhibitors, or the
expression of dominant-negative EGFR (EGFR-CD533), have been proved to significantly
attenuate the DNA damage response (DDR). In this way, small-molecules that are EGFR
inhibitors, such as Gefitinib and Erlotinib are reported to be well tolerated in patients with
GBM (Hsu and Wakelee, 2009).

In the same signalling pathway, as previously mentioned, also the
PIBK/AKT/mTOR is frequently increased due to the receptor tyrosine kinase overactivity,
mutated oncogenic PI3K subunits, and/or loss of PTEN tumor suppressor activity. Either
way, several mTOR inhibitors such as Sirolimus (rapamycin), Temsirolimus (CCI-779),
Everolimus (RADO0O01), and Ridaforolimus (AP23573) have been tested with minimal
activity against glioblastoma (Dasari et al., 2010; Lee etal., 2012; Li etal., 2016; Reardon
etal., 2010).

Regarding the importance of PKC in GBM proliferation, some PKC inhibitors have
also been described for the treatment of recurrent glioblastoma, namely: Tamoxifen
(TMX), a non-steroidal agent well known in the treatment of estrogen receptor—positive
breast cancer, which inhibits PKC, increasing cellular apoptosis (Balga-Silva et al., 2015;
Millward et al., 1992) and also initially tested in a II phase clinical trial by Couldwell and
coworkers (Couldwell ef al.,, 1994); and Enzastaurin (EZT), a small molecular inhibitor of
PKCB, used to treat a variety of tumors, that are in a Phase III clinical trial in GBM (Wick
et al., 2009).
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Given the utmost importance of the inhibition of angiogenesis in GBM, the new
generation of antiangiogenic drugs, evaluated in clinical trials, uses the anti-VEGF
antibody bevacizumab, which neutralizes VEGF and was approved for used in recurrent
GBM in 2009. Bevacizumab has also been evaluated in phase III clinical trials for newly
diagnosed glioblastoma, with, unfortunately, no improvement in overall survival (Cohen et
al., 2013; Huang and Fu, 2015). Two large, randomized phase III trials, AVAglio and
Radiation Therapy Oncology Group (RTOG) 0825 demonstrated that the combination of
bevacizumab with radiation and temozolomide conferred no benefit in terms of overall
survival in newly diagnosed glioblastoma patients. Still, both studies found that the
progression-free survival (PFS) was prolonged by approximately 3 to 4 months, reaching
statistical significance in the AVAglio study, although not in the RTOG 0825 study. In
clinical trials, the use of bevacizumab has been shown to decrease peritumoral edema,
reducing the need for chronic corticosteroid use in up to 70% of patients and allowing a
reduction of side effects (Soffietti ef al., 2014; Weathers and de Groot, 2015).

Also, cediranib, sunitinib, pazopanib, vandetanib, and sorafinib, VEGFR tyrosine
kinase inhibitors (TKIs) that block the tyrosine kinase activation site of VEGFR, have
undergone evaluation in phase I/II clinical trials. Of these agents, only cediranib has
advanced to a phase III clinical trial, the REGAL trial. Still, the response rate was of 28%
to 38% in the cediranib-containing arms, which is similar to the response rates observed
with bevacizumab in the BRAIN study (28.2% to 37.8%) (Seystahl ef al., 2013; Weathers
and de Groot, 2015).

The poor prognosis of GBM patients is also related to diffuse brain invasion and
interaction of tumor cells with ECM. Among others, cilengitide, an inhibitor of aVf3 and
aVPS integrins, has been used in phase I/II clinical trials (Chamberlain et al, 2012;
Schittenhelm et al., 2013; Zeng et al., 2015). Recent studies also suggested other integrin
inhibitors, namely shikonin, a naphthoquinone with anti-tumor properties, when combined
with TMZ (Matias et al., 2017).

The most frequent chemotherapeutic agents used to circumvent GBM treatment are

summarized in table 1.5.
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Table 1.5. Alternative chemotherapeutic approaches in GBM.

Molecular Targets Chemotherapeutic Agents References
Gefitinib Uhm et al., 2011
EGFR Erlotinib Raizer et al.,, 2010
Cetuximab Combs et al., 2006
PI3K/AKT/mTOR Everolimus Lietal, 2016
Vatalanib Gerstner et al., 2011
VEGF/ VEGFR Bevacizumab Gilbert et al., 2014
PKC Tamoxifen Robins et al., 2006
Enzastaurin Wick et al., 2010
Integrin Antagonists Cilengitide Gilbert et al., 2012
Proteasome inhibitors Bortezomib Phuphanich et al., 2010

EGFR: epidermal growth factor receptor; PKC: protein kinase c; VEGFR: vascular endothelial growth factor receptor;
Ras/ MAPK: mitogen-activated protein kinases.

1.3.2 Novel drug delivery approaches in Glioblastoma

Given the high frequency of brain cancer (primary and secondary) and its
devastating effects, the efforts to identify techniques that would be able to improve the
efficacy of the delivery of drugs to the central nervous system (CNS) remain in the spotlight
(Blakeley, 2008; Karim et al., 2016).

Since brain tumors possess many distinctive characteristics from peripheral tumors
due to their molecular oncogenic pathways and several resistance mechanisms, many
factors must be taken into consideration to overcome effective brain tumor-targeted drug
delivery, such as the barriers included in the whole process, the tumor microenvironment,
and tumor cells (Wei et al., 2014).

In principle, the administration of chemotherapy to brain tumors is local delivery
or systemic delivery. The local administration circumvents the difficulties imposed by the
barriers mentioned before, but it has also limited ability to reach distant infiltrating tumor
cells. On the other hand, systemic delivery should overcome the impediment posed by the
blood-brain barrier (BBB) or the ABC efflux transporters. Overall, systemic delivery relies

on the fact that exists a vascular bed as a delivery vehicle, which provides the deliver of
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the drug to the tumor. In this regard, a compound must start to possess some properties that
aimed to facilitate the delivery, namely the low molecular weight, the lack of ionization at
physiological pH, and lipophilicity (Susan Chang, 2011). Thus, only a small proportion of
systemically administered agents will reach the CNS either oral or intravenously.
Regarding GBM, temozolomide is well known to be able to cross the BBB, as well as
lomustine, procarbazine and tamoxifen. However, there are also a few limitations
associated with the oral administration as the stability in gastric acid, absorption through
the gastric mucosa, inactivation by intestinal enzymes, hepatic metabolism, biliary
excretion and treatment-induced emesis (Susan Chang, 2011).

Almost all recent drug developments in neuro-oncology either try to improve the
technique of drug delivery or fail on this account (Siegal, 2013). In fact, GBM has a
relatively rapid and quiet evolution, at the time of diagnosis, which explains that some
studies indicate that BBB has already some degree of permeability due to the abnormal
structural features in endothelial cells, resulting in enhanced permeability of the BBB when

compared with normal brain tissue (Zhang et al., 2015).

Strategies that rely on local delivery -

There are a few strategies that incorporate the local delivery of drugs to brain
tumors:

1) implantable controlled-release polymer systems (failed phase II clinical trial).
These biodegradable polymers release the drug by a combination of diffusion and
hydrolytic polymer degradation. Actually, the only local chemotherapy approved
by Food and Drug Administration (FDA) is carmustine (BCNU) wafers.
Carmustine, an alkylant agent, has the capacity to induce cancer cells death via
binding to the O° position of guanine in DNA, cross-linking the two strands, and so
preventing DNA replication (Chakroun ef al., 2017). The carmustine wafers are
implanted into the resection cavity of the tumor. However, the therapy is limited to
the subclass of tumors that are resectable with a small volume of residual neoplasm,
since it presents several limitations, namely: it has a half-life of 15 minutes, which
is too short for the active drug to diffuse across large distances before degradation
occurs; can potentially enter in the circulatory system by capillary loss; and the
structure of the wafers does not permit the intimate contact with the tissue (Brem et

al., 1991; Chakroun et al., 2017; Siegal, 2013; Westphal et al., 20006).
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2) various catheter devices for intracavitary drug delivery (few phase II studies).
Craniotomy-based drug delivery approach allows the pharmaceutical molecule to
be delivered directly in the brain tissue via intracerebral implantation or
intracerebral-ventricular injection. However, the release is limited by the diffusion
capacity of the drug. An example is the radioactive ligand attached to antitenascin
antibodies (Buonerba et al., 2011; Pardridge, 2002).

3) convection-enhanced delivery (CED) (failed phase II/ III clinical trails). The CED
is a catheter connected to a syringe pump placed in the tumor tissue, which makes
possible drug administration continuously under positive pressure. This procedure
will allow the local distribution of a significant amount of highly concentrated
therapeutic molecules, reaching very low systemic secondary effects. However, this
strategy is not widely used due to the risk of backflow and possible reduction of the

therapy efficacy (Allard et al., 2009; Lidar ef al.,, 2004).

Altogether, the major limitation of local delivery techniques is their failure to reach
distant infiltrating tumor cells, which in turns constitute a major requirement for the therapy
to achieve a durable effect. Due to the invasive nature of these techniques and the restricted
boundaries of drug distribution, it is not surprising that these procedures largely remain

experimental or have already failed in clinical trials (Siegal, 2013).

Strategies that rely on systemic delivery -

There are a few strategies that incorporate the systemic delivery of drugs to brain

tumors and associated methods that improve this drug transport:

1) the improvement in passive drug transport by manipulation of the drug, thus
increasing the plasma concentration, or by transient opening of the BBB. Drug
manipulation may include chemical modification to improve the drug's capability
to passively cross the barrier, namely through its lipidization, avoiding protein
binding and inducing a prolonged plasma half-life. The lipidization strategy, based
on the chemical modification of the drug to produce a more lipophilic prodrug, can
be used in a way to increase systemic drug delivery. This is possible by modifying
the hydrophilic groups to lipophilic groups, which must be reversible, and after in

the brain, the prodrug should be converted back to the parent compound by a
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chemical or enzymatic process. This is the case of temozolomide (TMZ)
(Gabathuler, 2010). Other alternative strategy for drug manipulation is the design
of prodrugs that are recognized and transport by the influx transporter systems
(Pardridge, 2012).

The increase of drug concentration in the plasma by high-dose chemotherapy
(HD- CTx), intravenous bolus drug injection, and intra-arterial drug injection,
although not yet establish for CNS (Siegal, 2013).

The induction of transient disruption of the BBB to enhance passive drug
transport across the barrier by osmotic BBB disruption (BBBD), biochemical
disruption, and ultrasound-mediated BBBD, next to the natural permeability
associated to tumor inflammation. Among them, the osmotic BBB disruption is the
only one under experimental treatment in brain tumors (Siegal, 2013). Specifically,
the intra-arterially infuse of hyperosmotic agents, such as mannitol, opens the tight
junctions (TJs) of the cerebral endothelial cells enhancing the passage of drugs
across the BBB. Briefly, the resulting high sugar concentration in brain capillaries
takes up water out of the endothelial cells, shrinking them, thus opening TJs. This
effect usually lasts for 20-30 minute, during which time drugs diffuse freely, that
would not normally cross the BBB. However, a considerable number of
disadvantages, namely the physiological stress, transient increase in intracranial
pressure, and unwanted delivery of anticancer agents to normal brain tissues,
distances this approach from the use on humans (Mukhopadhyay et al., 1995).
Conventional radiation therapy used to treat primary and metastatic brain cancer
also increases BBB permeability in both preclinical models and in patients.
Anyway, the biochemical BBBD, using mediators of the inflammatory response,
namely the bradykinin agonist RMP-7, which can cause transient vascular leakage
and increased blood vessels (Borlongan and Emerich, 2003; Ford et al., 1998), as
well as the ultrasound-mediated BBBD, by the intravenous injection of performed
gas bubbles before pulsed ultrasound treatment generating mechanical stresses to
blood vessels, have not gained wide clinical acceptance (Liu ef al., 2010).
Blocking active efflux transporter mechanisms, known to contribute to brain
tumor drug resistance, as previously described in more detailed in the section 1.2.
Besides a variety of PGP inhibitors have been experimented, the results have been
still disappointing due to the toxicity (Kemper ef al., 2003; Siegal, 2013; Sikic et
al., 1997).
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5) The use of drug carriers for drug delivery to brain tumors. Recent advances in

nanotechnology have created exciting opportunities to improve the efficiency of
drug delivery to the CNS. Actually, a drug that is poorly distributed to the brain,
can be loaded onto a nanocarrier system that would interact with the microvascular
endothelium at the BBB, eventually leading to higher drug concentrations in brain
parenchyma. These nanocarriers can be further modified for enhanced CNS
selectivity and permeability with targeting moieties that will preferentially bind to
putative receptors or transporters expressed either in BBB or tumor cells. Among
these nanocarriers are the nanoparticles (including polymeric or solid lipid
nanoparticles, lipid or albumin nanocapsules, micelles and liposomes) and the
nanovesicles (exosomes) (Lakhal and Wood, 2011; Sarin ef al., 2008). There are
several studies regarding drug carriers for drug delivery in the literature. Anyway,
regarding the main focus of this thesis, we are going to center our attention to
liposomes in the further sections. A summary of the local delivery and systemic

delivery techniques and each limitations is presented on figure 1.14.

I Drug Delivery to Brain Tumors |

| l

Local Delivery | Systemic Delivery

'

|

|

Principal Limitations

Drug Therapy

| | Principal Limitations

v

* Limited ability to reach infiltrating

tumor cells
* Invasive brain procedures

* Polymers(carmustine wafers)
« Intracavitary drug delivery
« Convention-enhanced delivery
(CED)

+ Existence of blood-brainbarrier
(BBB)
* Extrusion by ABC transporters

| Drug Transport

L

Passive diffusion mechanism strategies |

|

tumor

Drug carriers for drug delivery to brain

l

l

+ Exosomes

Chemical modification of drugs | |

BBB disruption

| | Blockage of active efflux transporters ‘

* Drug lipidization
* Drugengineering

= Osmotic (mannitol)
+ Biochemical (bradykinin)
¢ Ultrasound-mediated

* Inhibitors of active efflux
transporters

l * Nanoparticles (liposomes)

Figure 1.14 Drug delivery strategies to brain tumors and principal limitations. Local and
systemic delivery are the two main strategies to drug delivery to brain tumors. The use of carmustine
wafers are an example of drug therapy based on local delivery. In turn, drug carriers for drug
delivery, for instance the liposomes, constitute a main strategy for systemic delivery (Image
originally draw based on Siegal, 2013).
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Altogether, all these methods have the same barriers to achieve the tumor sites.
Specifically, the blood-brain barrier (BBB), described in more detailed in the previous 1.2
section, which includes the blood-brain tumor barrier (BBTB); the weak enhanced
permeability and retention effect (EPR); the irregular vasculature of the tumor; increased
interstitial pressure; intratumoral hypoxia; and active efflux transport mechanisms at the
BBB constitute the main limiting factors for penetration of drugs (Siegal, 2013; Wei et al.,
2014). In fact, the BBB, besides the highly selective active interface that regulates the
traffic of various molecules between the systemic circulation and the brain interstitial fluid
to maintain homeostasis in the CNS, presents a variety of efflux transporters, which can
actively pump-out a wide range of drugs including various anti-cancer agents, namely
doxorubicin (DXR), through the cell membrane (Karim et al.,, 2016; Sharom, 2011). The
blood-brain tumor barrier (BBTB), similar to blood—brain barrier (BBB), is located
between brain tumor tissues and microvessels formed by highly specialized endothelial
cells (ECs), limiting the paracellular delivery of most hydrophilic molecules to tumor tissue

(Figure 1.15).

A. Tumor cells without angiogenesis B. Tumor cells with angiogenesis

Neovasculature BBTB High permeable
Neovasculature BBTB

Tumor cells without angiogenesis L Tumor cells with angiogenesis -

Figure 1.15 Stages of the blood-brain tumor barrier formation. A) Tumor cells without
angiogenesis and B) tumor cells with angiogenesis (Image originally draw based on Wei et al.,
2014).

When the tumor cell clusters grow to a certain volume the BBB will be damaged
and the BBTB be formed. Hence, the receptors presented on the BBB/BBTB provide a
chance for gliomas-targeted drug delivery (Wei et al., 2014).
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Among the expectations from drug therapy, the issues related to the strategy used
for delivery to the brain cannot be separated: (1) effectiveness; (2) favorable adverse effects
profile, including systemic and neurotoxicity; (3) easy introduction (assimilation) into
clinical practice; (4) feasible repeated or continuous administration, and (5) the agent and
delivery strategy should be useful for any tumor size and CNS location (Siegal, 2013; Wei
etal., 2014).

In fact, besides the lack of clinical success, temozolomide (TMZ) changed clinical
practice for glioblastoma. Regarding the 5 expectations mentioned above, it becomes clear
that TMZ fulfills all of them (Siegal, 2013).

Anyway, nanocarriers, namely liposomes, are one of the highly potential drug
transport systems that have gained huge attention over the last few decades for provide
specific drug delivery, including to the brain, avoiding a wide range of side effects

(Gabathuler, 2010; Koo et al., 2006).

Liposomes as a drug delivery system

Liposomes are considered to be one of the most biocompatible vesicular drug
carriers with a capacity for accommodating both hydrophilic and hydrophobic compounds.
Since their discovery in the 1960s by Bangham, in vitro studies have indicated that
liposomes are taken into cells via endocytosis, which may increase the efficiency of
intracellular drug delivery. However, after endocytosis by cells, the conventional
liposomes, entrapped in the endosome organelle, are destined to the lysosome, where the
contents may be degraded by enzymes. This pathway may limit the intracellular
concentration of the drug (Bangham and Horne, 1964).

There are a range of different liposomes such as positively-charged liposomes, pH-
sensitive liposomes, ligand or peptide grafted liposomes, virosomes, magnetic liposomes
and gold or silver particle-containing liposomes (Karim et al., 2016). The current
understanding for targeted delivery of nanoparticles in tumors is based on a combination
of several independent concepts, involving events associated with the 1) enhanced
permeability and retention (EPR) effect, 2) nanoparticle properties and design, 3) increased
retention in the circulation due to PEGylation, and 4) ligand- receptor type interactions
(Han Bae and Park, 2011).

It is known that the EPR effect is due to the unique vascular characteristics of the

tumor tissue and the lack of a lymphatic recovery system in the solid tumor. In this sense,
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besides nanoparticles show higher tumor accumulation relative to controls, only a very
small fraction (5%) of the total administered formulation is actually delivered to the
intended target site (Han Bae and Park, 2011; Maeda et al., 1985).
Based on its size and number of bilayers, liposomes can be classified into: small
unilamellar vesicles (SUV); large unilamellar vesicles (LUV) and multilamellar vesicles

(MLV) (Figure 1.16).

A

Figure 1.16 Classification of liposomes on the basis of size and number of bilayers. A) Small
unilamellar vesicles, B) large unilamellar vesicles and C) multilamellar vesicles (Image originally
draw based on Calixto et al., 2014).

In fact, size is an important factor for controlling tumor accumulation kinetics
and for preventing diffusion back into the systemic vascular bed. Some studies have shown
that liposomes (with 90 nm of diameter) extravasate from leaky tumor vessels but do not
diffuse away effectively from the tumor even after a week. As so, smaller particles (in the
range of 50-300 nm) have slower removal from the circulation compared with those having
larger sizes (Yuan et al., 1994).

On the other hand, accumulation of nanoparticles in tumors is based on blood
circulation and extravasation, which means that extending time in the systemic circulation
1s an important strategy taken to increase the fraction of nanoparticles reaching a target
tumor. In this sense, cationic liposomes, positively charged nanocarriers, interact with the
negatively charged serum proteins forming aggregates that usually accumulate in the lungs,
liver and spleen (Gomes-da-Silva et al., 2012a). Poly(ethyleneglycol) (PEG)-grafted
nanocarriers have been used extensively to modify the pharmacokinetics of the drug itself
and/or the nanoparticles. In fact, PEGylated nanoparticles have increased systemic
circulation times, due to its hydrophilic nature that provides an aqueous shield around the
nanoparticle surface, which leads to a decrease of the extent opsonisation, and the
subsequent recognition by the macrophages of the mononuclear phagocytic system, leading

to an increase of a nanoparticle blood residence time (Gomes-da-Silva et al., 2012a).
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Studies revealed a 100% increase in tumor accumulation of nanoparticles following
PEGylation (Litzinger et al., 1994).

Nonetheless, some limitations have been associated with PEG-derivate lipids,
namely the occurrence of an immune response, which may lead to their rapid blood
clearance. In fact, studies revealed that only about 5% of the administered particles remains
in the systemic circulation after 12 h with about 80% of the initial dose being eliminated in
less than a few hours ending up in the liver and spleen, with a lesser extent being in the
lungs and kidneys (Hong et al., 2009).

To overcome these issues several PEG-derivated lipids with different lengths of the
acyl chain anchor presenting were synthesized, such as ceramides (PEG-Cer)'® or
diacylglycerols (PEG-S-DAGS). As so, as the length of the acyl chain increases the PEG
time on the nanoparticle surface also increases (Ambegia ef al., 2005).

More recently, pH-sensitive liposomes (PSL) were established to enhance the
intracellular delivery of drug content to cytosol via a process known as ‘endosome escape’
(Leite et al., 2012; Momekova et al, 2010; Simdes et al., 2004). The pH-sensitive
liposomes rapidly become destabilized in the acidic pH environment of the tumor tissues,
being capable of delivering anti-cancer drugs to specific cancer cells, enhancing cellular

internalization and rapid intracellular drug release (Zhao et al., 2016).

Liposomes in GBM treatment

One of the most attracting characteristics that make liposomes an interesting drug
delivery strategy for GBM is their capability to cross the BBB (Alyautdin ef al,, 2014;
Karim et al,, 2016). In this way, the non-specific side effects of the anti-tumor agents
would expected to be reduced (Liu and Lu, 2012).

In fact, nanoparticle delivery systems present some advantages over conventional
anticancer chemotherapy, namely: protection of drugs from degradation in the body;
enhanced absorption into tumor cells; and decreased interaction of drugs with normal cells.
However, some difficulties related to drug delivery may also occur, such as troublesome
solubility and biological availability, short time in circulation, and inconvenient
biodistribution to the target organ (Bhowmik et al.,, 2015; Cerna et al., 2016).

Specifically, sterically stabilized F3-targeted pH-sensitive liposomes have been
recently designed (Gomes-da-Silva ef al., 2013a). These liposomes were designed to target

a receptor overexpressed in the surface of cancer cells and cells that constitute the tumor
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microenvironment, like endothelial cells from angiogenic blood vessels, specifically,
nucleolin (NCL). In this way, it became possible to develop multi-targeting strategies
toward the tumor microenvironment (Moura et al., 2012).

These F3-targeted pH-sensitive liposomes incorporate in their composition the
fusogenic lipid 1,2-dioleoyl-sn-glycero-3-phosphoethanol-amine (DOPE), which has an
inverted cone-shape, and a stabilizer cholesteryl hemisuccinate (CHEMS). A stable lipid
bilayer is formed at physiological pH. However, under acidic conditions, namely in the
endocytic pathway, CHEMS is protonated, loosing its ability to stabilize the inverted cone-
shape of DOPE, leading to the destabilization of the liposomal membrane. With the
destabilization, it is possible to the liposomes to release the encapsulated siRNA or the drug
into the cell cytoplasm. Also, these F3-targeted pH-sensitive liposomes were stable and
biocompatible with blood and no signs of toxicity were observed upon multiple systemic
administrations (Moura et al.,, 2012). These liposomes have been demonstrated a relevant
increased efficacy against chemo-resistant cells (Fonseca et al., 2015). In fact, authors
observed a significantly increase in cytotoxicity against breast cancer and endothelial cells
from tumor blood vessels relative to the non-targeted sample (Fonseca et al., 2017; Moura
etal., 2012).

Regarding GBM, several preclinical studies have shown an active targeting by
grafting certain endogenous ligands or monoclonal antibodies on liposome surface,
improving GBM targeted drug delivery relatively to passively-targeted nanocarrier,

although no nanodrug is yet approved for brain tumor therapy (Cerna et al., 2016).

Anyway, regarding the preclinical studies, there are a few interesting studies in
GBM, which will be briefly summarized next.

An in vivo study of DXR on subcutaneous mouse glioma model, an interleukin-13
(IL13) grafted liposomal formulation of the drug, significantly improved the cytotoxicity
and tumor accumulation compared to the free DXR. Intraperitoneal injection of the targeted
liposome significantly decreased the tumor size compared to the untargeted liposomes
(Karim et al., 2016).

Liposomes have been also used for human EGFR antisense gene therapy for GBM.
The gene was in a nonviral plasmid, which was encapsulated in PEGylated 1-palmitoyl-2-
oleoyl-sn- glycerol-3-phosphocholine (POPC) liposomes conjugated to 83-14 murine mAb
to the human insulin receptor (HIR). The liposome formulation was tested against U87

glioma cell line and about 70-80% cell growth was inhibited (Zhang et al., 2002).
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Liposomal formulation of oxaliplatin (Lipoxal®), a platinum analogue, which acts
as radiosensitizer and improves the efficacy of radiotherapy, was tested on F98 glioma
model (cells implanted in the right hemisphere) on Fischer rats. The authors observed that
the concentration of oxaliplatin in the tumor was 2.4 times higher for Lipoxal® after 24
hours compared to the free oxaliplatin and the median survival time of the rats was
improved to 29.6 = 1.3 days, compared to 21.0 £ 2.6 days. Additionally, the liposomal
formulation markedly reduced the toxic effects observed with free oxaliplatin (Karim et
al.,, 2016).

Gromnicova et al., found that gold nanoparticles glucose-coated cross brain
endothelium three times faster than the non-brain endothelium (Gromnicova ef al., 2013).
These nanoparticles were selected because the glucose transporter Glut-1 is expressed on
brain endothelium and astrocytes, which make it preferentially taken by brain-endothelium,
selectively cross it, compared to non-brain endothelia, and localize in astrocytes
(Gromnicova et al., 2013).

Also Huwyler et al, investigated daunorubicin-loaded liposomes with anti-
transferrin receptor antibody, using an animal model, and found increased brain
daunorubicin concentration compared with free drug. (Huwyler ef al.,, 1996).

A two-dose regimen of topotecan non- PEGylated liposomes, locally administered
with paramagnetic gadodiamide nanoparticles, increased survival rates in a US7MG
glioblastoma intracranial xenograft model, compared with controls, and the authors

verified that the effect was topotecan dose-dependent (Grahn ef al.,, 2009).

Finally, our group have been verifying that the F3-targeted pH-sensitive liposomes
fulfill the physico-chemical requisites demanded to a nanocarrier for systemic delivery of
siRNA and drugs, like doxorrubicin (DXR), by the specific internalization of F3 peptide
by nucleolin, a cell surface receptor overexpressed in tumor cells, as in breast cancer and

HMEC-1 endothelial cells (Moura et al., 2012).

Regarding the clinical trials in brain tumors, although none was sufficiently
successful to achieve clinical practice, some of them have been considered important steps
in the understanding of the targeted-therapy approach.

A phase I clinical study of paclitaxel-Angiopep-2 peptide-drug conjugate was
shown to bind to the low-density lipoprotein receptor-related protein-1 receptor

(GRN1005) and was carried out in patients with recurrent glioma grade II-IV. Although
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the clinical data show that GRN1005 facilitated the penetration of paclitaxel into tumor
tissue, the interim analysis of the phase II trial did not show therapeutic response (Cerna et
al., 2016; Drappatz et al., 2013; Owonikoko et al., 2014).

Transferrin conjugated with diphteric toxin (Tf~=CRM107) showed low toxicity and
tumor response in patients with recurrent high grade brain tumors in phase I and II clinical
trials. Unfortunately, an early phase III clinical trial using this therapy had terminated due
to disappointing preliminary results (Arko ef al., 2010; Weaver and Laske, 2003).

In a clinical study, Koukourakis ef al., treated several GBM patients, undergoing
radiotherapy, with stealth® liposomal DOX (Caelyx®). Caelyx® is a PEGylated liposome
formulation of DXR hydrochloride. The intratumoral tissue concentration of DXR was 13—
19 folds higher than in normal brain tissue (Koukourakis ef al., 2000). However, a phase
II-trial to evaluate the activity of PEG-DXR and prolonged administration of TMZ, in
addition to standard radio-chemotherapy in the first-line treatment of patients with GBM,
did not show meaningful improvement of the patient's outcome compared to the standard-
of-care established (Koukourakis et al., 2000; Stupp et al., 2009). Although this combined
therapy slightly increased the median overall survival of the total study population to 17.6
months as compared to 14.6 of the standards therapy, this difference did not reach statistical
significance (Koukourakis et al., 2000; Stupp et al., 2005). Later, Hau et al. demonstrated
that pegylated liposomal doxorubicin (Caelyx®) in patients with recurrent high-grade
glioma was efficacious and well tolerated (Hau ef al., 2004), bringing us back to more
promising clinical trials. Similarly, in a clinical study of liposomal doxorubicin (Caelyx®)
in patients with high-grade gliomas, Fabel et al. also found improved overall survival than
in past trials using conventional therapies (Fabel et al., 2001).

In our point of view, although there is still long way to go with regard to the success
of nanocarrier therapy, some of the results described in the literature suggest that this drug
delivery strategy has an interesting potential for the future of oncobiology of the tumor,
namely in therapy of high grade brain tumors, a topic of great potential interest for scientists

and clinicians.
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CHAPTER

Hypothesis and Objectives

‘The task is not so much to see what no one has seen but think what nobody has yet thought about
what everyone sees.’
Arthur Schopenhauer
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2.1 HYPOTHESIS

Since Glioblastoma (GBM) is the most aggressive type of brain tumor with rapid
development, poor prognosis and lower survival, the identification of the mechanisms

underlying the resistance to current therapy remain still a challenge.

Literature has been pointed several factors that are related to the resistance of GBM
to conventional treatment. Among all, the deregulation of important molecular signalling
pathways related with tumor proliferation and migration capability; the existence of a
population of stem-like cells, the glioma stem-like cells (GSCs), known to be chemo and
radioresistant, and so responsible for tumor recurrence after surgery; and the inexistence
of recognized specific molecular markers capable of distinguish tumor cells from healthy
ones, allowing a variety of undesirable side effects, are the most relevant ones (Figure 2.1)
(Allen et al., 2002; Borovski et al., 2011; Mao et al., 2012; Martuscello et al., 2016;
Sarkaria et al., 2008; Seymour et al., 2015).

l Deregulation of molecular signaling pathways |

iz

e

| Inexistence of specific markers to cancer cells

| Glioma stem-like cells (GSCs) |

|

Glioblastoma (GBM)
Chemoresistance

|

Poor prognosis

|

| Low patient survival |

Figure 2.1 Principal factors of glioblastoma chemoresistance. Deregulation of molecular
signalling pathways, the existence of GSCs and the inexistence of recognized specific markers to
target cancer cells lead to GBM chemoresistance, poor prognosis, and ultimately lead to low patient
survival.
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Taking these observations into account, it is of utmost interest to study the principal
molecular mechanisms deregulated in GBM, as well as, understand the stem cell state in
order to provide new insights in the biology of tumor recurrence, and finally identify the
most relevant biomarkers that could be potentially used as a specific target in this tumor.
Altogether, these different approaches, that contribute to the resistance of GBM, could
provide new insights in preventive and personalized strategies that, consequently, could

improve quality of life and clinical care of GBM patients.

In this regard, herein we hypothesized that a specific and personalized approach to
cancer cells, most importantly to glioma stem-like cells, could not only contribute to the
understanding of stem-like cell state plasticity but also to the identification of
overexpressed surface molecular markers, contributing to a better outcome and less side

effects than the conventional therapy (Figure 2.2).

| Specific molecular markers identification ‘

|

Personalized and specific approaches

|

GBM cells target ‘

l specifically

GSCs and non-GSCs \

|

More specific drug delivery

/\

| Less side effects ‘ ‘ Overall survival |

Figure 2.2 Hypothesis. Specific molecular markers identification could lead to identify
personalized and specific approaches to GBM cells, GSCs and non-GSCs, and probably induce
more specific drug delivery, consequently less side effects, and an overall patient survival.
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2.2 OBJECTIVES

The present study aimed to: investigate the effects of the combined therapy in the
regulation of constitutive signalling pathways of utmost importance in the GBM
proliferation, namely p-PKC; study the stem-like cell plasticity in a way to understand the
resistance of glioma stem-like cells that contributes to GBM recurrence and
chemoresistance and, finally, study the potential of a specific marker for tumor cells,

specially to GSCs and non-GSCs, as a target in glioblastoma.

In this regard, we addressed the following four specific objectives:

Study the modulation of important molecular signalling pathways known to be
deregulated in GBM malignancy, specifically PKC, through the combination of Tamoxifen
(TMX), a known PKC inhibitor, with TMZ, the gold standard for GBM treatment —
Chapter 3;

The PKC molecular pathway will be evaluated as a possible target to achieve an
antitumor effect. For that, a well described PKC inhibitor, tamoxifen (TMX), will be used
to modulate PKC expression. We will also evaluate the response to treatment with the
combination of tamoxifen (TMX) with temozolomide (TMZ), in different GBM cell lines,
the U87 and the U118 cells.

Understand the potential success of this combined therapy in an isolated GBM cell

line obtained from a human patient bearing a recurrent GBM — Chapter 4;

A detailed characterization of a GBM cell line, isolated and established in our
laboratory from a human GBM and submitted to TMX and TMZ in combination, in a way
to clarify the potential of the proposed therapeutic approach in a heterogeneous range of
GBM cell lines.

Characterize the stem-like properties of isolated stem-like cells in GBM (GSCs),

and study the mechanisms underlying stem-like cell state plasticity, to clarify the

chemotherapeutic resistance of GBM- Chapter 5;
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Due to their chemo and radioresistance capability, the GSCs are at the source of
tumor recurrence and treatment failure. The understanding of the molecular mechanisms
underlying stem-like cell state plasticity could improve the knowledge about their
resistance and push forward the design of new approaches that could target these more
resistant cells. Moreover, the association of specific markers expression to a more resistant

cell state could lead to better specific strategies and predict tumor response to therapy.

Study the potential of Nucleolin as a target in glioblastoma cells — Chapter 6;

The lack of existence of a recognized specific marker for cancer cells, avoiding
healthy ones, is a huge limitation to the conventional chemotherapy. Since Nucleolin
(NCL) is overexpressed in a variety of cancer cells, we aimed to test the potential of this
protein as a target to identify GBM cells, specifically GSCs and non-GSCs. We used a
developed F3-targeted poly (ethylene glycol) (PEG) sterically stabilized pH-sensitive
liposome, previously developed by our group, that specifically targets NCL. We
investigated whether NCL could serve as a surface bound targeting moiety for GBM
therapy, and constitute a step forward in the development of more specific therapies to

overcome GBM malignancy and the poor response to treatment.
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CHAPTER

Tamoxifen in combination with Temozolomide
induce a synergistic inhibition of PKC-pan in

GBM cell lines

Joana Balca-Silva, Diana Matias, Analia do Carmo, Henrique Girao,
Vivaldo Moura-Neto, Ana Bela Sarmento-Ribeiro,
Maria Celeste Lopes. 2015

Biochim Biophys Acta. 1850 (4), 722-32.
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3.1 ABSTRACT*

BACKGROUND: Glioblastoma (GBM) is a highly proliferative, angiogenic grade 1V
astrocytoma that develops resistance to the alkylating agents used in chemotherapy, such
as temozolomide (TMZ), which is considered part of the gold standard. The mean survival
time for GBM patients is approximately 12 months, increasing to 15 months after TMZ
treatment. The resistance of GBM to chemotherapy seems to be associated to genetic
alterations and to the constitutive activation of several signalling pathways. Therefore, the
combination of different drugs with different mechanisms of action may contribute to
circumvent the chemoresistance of glioma cells. Here we describe the potential synergistic
behavior of the therapeutic combination of tamoxifen (TMX), a known inhibitor of PKC,
and TMZ in GBM. METHODS: We used two GBM cell lines incubated in absence and
presence of TMX and/ or TMZ, and measured cell viability, proliferation, apoptosis, cell
cycle, migration ability, cytoskeletal organization and the phosphorylated amount of the p-
PKC-pan. RESULTS: The combination of low doses of TMX with increasing doses of
TMZ shows an increased antiproliferative and apoptotic effect compared to the effect of
TMX alone. CONCLUSIONS: The combination of TMX and TMZ seems to potentiate the
effect of each other. These alterations seem to be associated to a decrease in the
phosphorylation status of PKC. GENERAL SIGNIFICANCE: We emphasize that TMX is
an inhibitor of the p-PKC-pan and that these combination is more effective in the reduction
of proliferation and in the increase of apoptosis than each drug alone, which presents a new

therapeutic strategy in GBM treatment.

Keywords: Glioblastoma; Temozolomide; Tamoxifen; Chemotherapy; p-PKC;

Synergism.

4 This chapter contains the text and the figures originally published in Joana Bal¢a-Silva, Diana Matias,
Anélia do Carmo, Henrique Girdo, Vivaldo Moura-Neto, Ana Bela Sarmento-Ribeiro, Maria Celeste Lopes.
2015. Biochim Biophys Acta. 1850 (4), 722-32. Copyright permission with the license number:
4007531147202.
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3.2 INTRODUCTION

Glioblastoma (GBM) is the most common and the most aggressive type of primary
brain tumor, comprising almost 50% of all diagnosed glioma (Hadjipanayis and VVan Meir,
2009; Ohgaki and Kleihues, 2005; Schwartzbaum et al., 2006). Glioma cells show a very
high rate of proliferation, are highly resistant to apoptosis and have an increased ability to
migrate, characteristics sustained by the constitutive activation of several signalling
pathways, cytokines and chemokines production (Hattermann and Mentlein, 2013),
catepsin activity (Primon et al., 2013) among others. Local migration of glioma cells turns
impossible the complete resection of the tumor and consequently also contributes to the
reduced mean survival time of GBM patients. Without treatment the mean survival time of
GBM patients is 12 months, which improved when patients began to receive chemotherapy
with temozolomide (TMZ). Since then, the mean survival rate has increased to 15 months,
and the percentage of patients that survive for 2 years has increased by 17% compared to
patients not treated with TMZ (Stupp et al., 2005). TMZ is the leading compound in a new
class of chemotherapeutic alkylating agents that enter the cerebrospinal fluid and do not
require hepatic metabolism for activation (Friedman et al., 2000). This alkylating agent
induces the formation of O®-methylguanine in DNA, which mispairs with thymine during
the DNA replication, leading to activation of the apoptotic pathways. Taking these
characteristics into consideration, it was expected that TMZ would increase very
significantly the survival of GBM patients (do Carmo et al., 2010; Kanzawa et al., 2004;
Patel et al., 2012; Pollack et al., 1990; Zhang et al., 2012). According to previous studies,
the limited success of TMZ in GBM treatment appears to be related to the activity of O°-
methylguanine-DNA methyltransferase (MGMT), and to the occurrence of gene mutations
that cause permanent activation of several survival signalling pathways such as the AKT,
ERK1/2 MAP kinase and also protein kinase C (PKC) (Carmo et al., 2011a; do Carmo et
al., 2010; Pollack et al., 1990).

PKC is a family of serine/threonine-specific protein kinases that are involved in the
development of many tumors, due to their ability to regulate signalling pathways involved
in cellular transformation, proliferation, survival and migration. Nevertheless, some studies
have reported that several PKC isoforms may also act as tumor suppressors since they can
activate pro-apoptotic pathways (Carmo et al., 2013). Because of the variability of cell
functions controlled by PKC isoforms, the contribution of this kinase family to the

development of GBM is poorly understood, and its contribution to glioma cell proliferation,
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apoptosis and migration is not fully elucidated (Carmo et al., 2013; Puchner and Giese,
2000; Robins et al., 2006). One of the PKC inhibitors is tamoxifen (TMX), which has an
anti-angiogenic effect, low toxicity, minimal side effects, low cost, and the capability to
cross the blood-brain barrier (Brandes et al., 1999; da Rocha et al., 1999; Massarweh et
al., 2008; Patel et al., 2012; Scaltriti and Baselga, 2006) . Previous studies reported in
several types of tumor cells that TMX induces apoptosis and reduces tumor cell migration
in a PKC-dependent manner (Alves et al., 2011; Kim et al., 2007; O’Brian et al., 1985).
In glioma cell lines the results with TMX were controversial and the clinical trials reported
that TMX increased the survival of GBM but in a reduced percentage of patients (Cho et
al., 1999; DI Cristofori et al., 2013; Patel et al., 2012; Yung et al., 2000).

Taking into account that the activity of PKC in glioma cells is increased, the effect
of TMX in glioma cells was not fully understood, the effect of TMZ in GBM patients is
reduced, and combination therapies directed to different targets have now become common
(Kahn et al., 2012), we hypothesized that the combination of TMX and TMZ could be a
promising therapeutic approach in the GBM treatment.

Thereby, in this study the main aim was to investigate the therapeutic effect of the
combination of TMX and TMZ in the human GBM cell lines, U87 and U118, through the

evaluation of the effect on the survival, proliferation, apoptosis and migration ability.

3.3. MATERIALS AND METHODS

3.3.1 Reagents

DMEM, fetal bovine serum (FBS) and propidium iodide (Pl) (Borowski et al.,
2005) were supplied by Invitrogen (Paisley, UK). The Hoechst 33258 was purchased from
Invitrogen (Paisley, UK). Protease and phosphatase inhibitors were supplied by Roche
(Indianapolis, IN, USA). Antibodies for Phospho-AKT (p-AKT) and total AKT (t-AKT),
Phospho-ERK1/2 (p-ERK 1/2) and total ERK1/2 (t-ERK 1/2) and p-PKC pan (the antibody
detects endogenous levels of PKC o, B I, B II, 8, €, n and 6 isoforms only when
phosphorylated at a carboxy-terminal residue homologous to serine 660 of PKC [ II) were
purchased from Cell Signalling Technology (Beverly, MA, USA). Mouse anti-actin
antibody was purchased from Boehringer Mannheim (Germany). The phosphatase linked

anti-mouse and anti-rabbit antibodies and the substrate for the phosphatase were obtained
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from GE Healthcare (UK). PVDF membranes were purchased from Millipore (Billerica,
MA, USA). TMZ and TMX and the other chemicals were purchased from Sigma
Chemicals (St. Louis, MO, USA). TMZ and TMX were dissolved in dimethylsulfoxide
(DMSO) at a stock concentration of 0.133M and 3mM, respectively. These stocks were
aliquoted and diluted with culture medium according to the concentration used. The 5-
ethynyl-2’-deoxyuridine (EdU) kit to detect cell proliferation was purchased from
Invitrogen. The Annexin V (AV) was purchased from BD-Pharmingen (BioLegends, San
Diego, California) and the PI/RNAse for cell cycle analysis was purchased from

Immunostep (Salamanca, Spain).

3.3.2 Cell line culture conditions

The U87 and U118 GBM cell lines were purchased from the American Tissue
Culture Collection (ATCC) and maintained in Dulbecco's modified Eagle's medium
(DMEM) supplemented with 3.5 mg/ml glucose, 0.1 mg/ml penicillin, 0.14 mg/ml
streptomycin and 10% inactivated FBS. The cultured cells were maintained at 37°C in an
atmosphere containing 95% air and 5% CO>. Cells were subcultured every 48 h by lifting
them with a cell scraper. The cells were then centrifuged and ressuspended in fresh DMEM.
For the experiments, unsynchronized cells were treated with different concentrations of
TMZ (200, 250 and 350 uM), taking into account the doses of TMZ used in clinical practice
(150 mg/m? once per day for 5 days), and/or with two concentrations below the IC50 of
TMX (5 and 7 uM) for 48 h (Ostermann et al., 2004; Portnow et al., 2009). The curve for
the calculation of the drug concentration necessary to inhibit cell proliferation by 50% was
fitted using GraphPad Prism 5 for Windows (version 5.00; GraphPad Software, Inc., San
Diego, CA, USA).

3.3.3 Cell viability using MTT assay

Metabolically active cells were assessed using the 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyl tetrazolium bromide (MTT) reduction colorimetric assay, as previously
reported (Francisco et al., 2011). Briefly, cells were plated in 6 multi-well plates and were
incubated for 48 h with TMZ and TMX at different concentrations, alone or in combination.
After 48 h of incubation, MTT (5 mg/ml) was added to each well at a final concentration

of 0.5 mg/ml and left for 45 min. The blue formazan crystals were dissolved by adding 200
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uL of acidified isopropanol (0.04 N HCI). The solubilized products were transferred to 96
well plates and the absorbance was read in a microplate reader at 570 nm, using 620 nm as
the reference wavelength. Cytotoxicity was expressed as the percentage of cells surviving
in relation to untreated cells. The drug concentration required to inhibit growth by 50 %
(IC50) was estimated with GraphPad Prism 5 for Windows (version 5.00; GraphPad
Software, Inc., San Diego, CA, USA).

3.3.4 Study of protein expression by western blot

Cells were incubated with TMZ and/or TMX for 48 h and centrifuged at 1,500 rpm
for 10 min at 4°C. The supernatant was discarded; the cells were ressuspended in RIPA
buffer (50 mM Tris HCI at pH 8.0, 150 mM NacCl, 1.0% NP-40, 0.5% sodium deoxycholate,
0.1% SDS and 2 mM EDTA, supplemented with protease and phosphatase inhibitors and
DTT), and sonicated. The protein content of each sample was assessed and then the proteins
were denatured. For that, buffer (Tris 0.5 mM, pH 6.8; 50% glycerol, 10% SDS, 10% 2-
mercaptoethanol and blue bromophenol) was added to each sample at a 1:1 ratio (Redjal et
al., 2006). The protein extracts were then boiled at 95°C for 5 min before use. For the
western blotting assay, 30 pug of protein was separated on a 12% SDS-PAGE and then
transferred to a PVDF membrane. The PVDF membrane was incubated with a solution of
5% nonfat milk in TBST for 1 h at room temperature (RTemp) and incubated overnight at
4°C with the primary antibody against p-AKT (1:1000), p-ERK1/2 (1:1000), or p-PKC
(1:1000), diluted in TBST with 1% milk supplemented with azide. Immunocomplexes were
detected with anti-rabbit antibody (1:1000), conjugated with alkaline phosphatase, and an
enhanced chemifluorescence detection reagent was then used. Finally, the protein expres-
sion was quantified using the software Image Quant TL for Windows (version 2005;
Amersham Biosciences, Piscataway, NJ, USA) with the expression of f-actin as a loading
control for p-PKC, as well as total AKT and total ERK1/2 as a loading control for p-AKT,
p-ERK1/2, respectively.

3.3.5 Cell cycle analysis by flow cytometry

The cell cycle analysis was performed by flow cytometry, using the detection kit
PI/RNAse (Immunostep). For that, cells were incubated for 48 h with TMZ and/or TMX

collected and washed with PBS and the pellet was ressuspended in cold 70% ethanol,
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during vortex agitation, being incubated during 30 min on ice. After incubation period,

cells were washed again and ressuspended in PI/RNAse solution. Then, 20.000 events were

acquired and cells were evaluated through CellQuestTM and data analyzed by modfif

LTMM software. The results are expressed by the percentage of cells in each phase of cell

cycle with a mean + SEM of at least three independent experiments.

3.3.6 Cell proliferation using EdU assay

Cells were plated in 6 multi-well plates with different TMZ and/or TMX
concentrations, for 48 h. The effect of TMZ and TMX on the proliferation rate was assayed
using the EdU Kkit. Briefly, at the end of the incubation period, EdU labeling solution was
added to each well at a final concentration of 100 uM. The cells were incubated for 60 min
at 37°C in a humidified atmosphere (5% CO>). The cells were washed with PBS and
incubated for 30 min at 4°C with a fixative solution of ethanol 70% on ice. Finally, the
cells were incubated with Click-it reaction cocktail (PBS, CuSO4, fluorescent dye azide
and reaction buffer additive) working solution for 30 min at 37°C in a humidified
atmosphere (5% CO3). The incorporation of EJU was analyzed by flow cytometry and data

were analyzed with modfif LTMM software.

3.3.7 Cell apoptosis by flow cytometry

Cells were collected after 48 h of incubation with TMZ and/or TMX, washed with
PBS, ressuspended in binding buffer and incubated with AV (BD Pharmingen) and Pl
(BioLegends) for 15 min in the dark. After incubation time, cells were diluted in binding
buffer (0.1M HEPES, pH 7.4; 1.4 M NaCl; 25 mM CaCly) and analyzed using a
FACSCalibur flow cytometer. The experiments were performed in triplicated and the
analysis of the results was performed using the Paint-a-Gate TM program.

3.3.8 Staining with Hoechst 33258 for nuclei morphology evaluation

The Hoechst assay was performed as previously described (Carmo et al., 2011a).
Briefly, the cells were plated in 6 multi-well plates and incubated with TMZ and/ or TMX
for 48 h. Next, the cells were washed in a PBS solution, detached and centrifuged at 1,500

rom for 10 min. Cells were then incubated for 15 min with a 4% solution of
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paraformaldehyde in 1% PBS, centrifuged at 1,500 rpm for 10 min, washed with PBS, and

incubated with 5 ug/ml Hoechst 33258 solution for 5 min at RTemp. Then, the cells were

washed and ressuspended in PBS and mounted on glass slides using anti-fade mounting

medium. The images were captured under a Zeiss LSM 510 Meta confocal microscope at

a magnification of 40 x, and viewed on a Zeiss LSM image browser (Version 4.2.0.121;

Carl Zeiss Inc., Germany).

3.3.9 Evaluation of cell migration ability

Cell migration was studied according to the method described by Liang et al.,
(Liang et al., 2007). Briefly, cells were plated on 12 multi-well plates and when the cultures
were confluent, TMZ and/or TMX were added at different concentrations, for 48 h. Next,
the cell monolayer was scraped in a straight line with a p200 pipette tip, debris were
removed by washing the cells with culture medium, and then new culture medium was
added. The plate was then placed under the phase-contrast microscope and an image from
each well was acquired. Cells were then photographed at 0, 2, 4 and 6 hours after the
addition of drugs. The images in figure 3.7 were obtained before the addition of drugs and
6 h after the scratch. ImageJ software (National Institute of Health, Bethesda, MD, USA)
was used to record the coordinates for each scratch location using a computer-controlled
stage and the mean scratch width at 6 h was calculated to the original scratch width (0 h).

Each experiment was repeated three times.

3.3.10 Analysis of F-actin filament organization

F-actin filament organization was studied according to protocols described by
Romao LF et al., (Roméo et al., 2008). Briefly, U87 and U118 cells were plated on round
coverslips and then incubated with TMZ and/or TMX for 48 h. For detection of actin
filaments, cells were fixed with 2.5% paraformaldehyde/ PBS for 20 min, permeabilized
with 0.1% Triton X-100/ PBS for 3 min, and then incubated for 30 min with the Alexa
Fluor 568 phalloidin staining solution (5 U/ml) in PBS containing 1% BSA. Nuclei were
stained with DAPI for 2 min. The coverslips were mounted on glass slides and inspected
under a Zeiss LSM 510 Meta confocal microscope at a magnification of 40 x, using a filter
set with an excitation filter of 568 nm and a barrier filter of 585 nm, and viewed on a Zeiss

LSM image browser (Version 4.2.0.121; Carl Zeiss Inc., Germany). The circularity
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parameter was analyzed using ImageJ software (National Institute of Health, Bethesda,
MD, USA).

3.3.11 Statistical analysis.

Statistical analysis was performed on GraphPad Prism 5 for Windows (version
5.00; GraphPad Software, Inc., San Diego, CA, USA). All values are expressed as mean +
SEM. After confirmation of the assumption of normality and homogeneity of variance
across groups, the groups were compared by nested design, including analysis of variance
and post-hoc comparison with correction of a error according to Bonferroni probabilities
to compensate for multiple comparisons. Statistical significance within groups was
assessed by a one-way ANOVA and a Dunnet’s test, with a significance threshold of p <
0.05.

3.4. RESULTS

3.4.1 Evaluation of glioma cell viability in the presence of TMX and TMZ

Cell viability was assessed using the MTT assay according to the method described
by Francisco V et al., (Francisco et al., 2011). U87 and U118 cells were incubated for 48
h with increasing TMX (1, 2, 5, 7, 7.5 and 10 uM) and/or TMZ (50, 100, 150, 200, 250,
350, and 500 uM) concentrations. In the U87 cell line, TMZ did not induce a significant
reduction in cells viability. In fact, the highest reduction in cell survival was 29.5% * 6.7
achieved with the concentration of 500 uM, Figure 3.1A. Regarding the effect of TMX in
the U87 cell line, the analysis of the dose-response curve revealed that the IC50 value was
9.1 uM, Figure 3.1A.

In the U118 cell line, TMZ had similar effects to those observed in the U87 cell
line. The highest reduction in survival was 11.6% + 32.2 detected when cells were
incubated with the concentration of 150 uM, Figure 3.1B. The analysis of the dose-response
curve revealed that the IC50 value of TMX was 7.3 uM.
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When U87 (Figure 3.1A) and U118 cells (Figure 3.1B) were treated with the
combination of TMX plus TMZ the maximum survival reduction was 50% + 2.9 and 90%
+ 2.0, respectively. These reductions were obtained when U87 and U118 cells were treated
with TMX 5 uM plus TMZ 350 uM and TMX 7 uM plus TMZ 250 uM, respectively.
Compared with TMX alone, in U87 cell line treated with TMX 7 uM the maximum survival
reduction was 29.6% + 18.7, when in U118 was 48.37% + 12.6. Considering that NCCN
guidelines version 2.2014 recommended for the treatment of central nervous system tumors
the TMZ concentration of 350 uM and that the effect of different TMZ concentrations, on
the reduction of cell survival, is not significantly different, the TMZ concentrations used in
this study were 250 and 350 uM. Since the IC50 for the U118 cell line was 7.3 uM, for the
next studies we used TMX concentrations bellow this value for the two cell lines.
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Figure 3.1 Evaluation of TMX and TMZ effect on cell viability, evaluated through MTT
assay. U87 (A) and U118 (B) cells were exposed to TMX at 1, 2,5, 7, 7.5 and 10 uM, respectively
and were exposed to TMZ at 150, 200, 250, 350 and 500 uM, respectively. After 48 h of incubation,
MTT assays were performed and cell growth and survival were determined by ELISA plate reading
at 570 nm and reference 620 nm. The drug concentration required to inhibit growth by 50% (1C50)
and the statistical analysis were estimated by GraphPad Prism 5 for Windows (version 5.00;
GraphPad Software, Inc., San Diego, CA, USA). Each value represents the mean £ SEM from three
independent experiments, *p < 0.05, **p < 0.01, ***p < 0.001.
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3.4.2 Phosphorylation status of p-PKC-pan in glioma cells

The analysis of the p-PKC-pan expression, by western blot, showed that it was
constitutively expressed in both cell lines. In order to determine the effect of TMX on the
amount of p-PKC-pan, the protein expression in the presence of TMX or in association
with TMZ was evaluated by western blot (Figure 3.2). In U87 cells, the results showed that
at 5 and 7 uM concentrations of TMX, the amount of p-PKC-pan was significantly reduced
by 39.7% + 4.3 and 39.1% =+ 4.2, respectively (p<0.05 for both values), when compared to
control cells (Figure 3.2A). This reduction was increased when cells were incubated with
TMX plus TMZ. With the combination of TMX (7 uM) plus TMZ (350 uM) the amount
of p-PKC-pan decreased 56.9% + 6.1 as compared to control (p <0.05), which represents
an additional decrease of 17.8% compared to TMX alone (Figure 3.2A).

In U118 cells, TMX also induced a significant reduction on the amount of p-PKC-
pan but the decrease was less than that observed in the U87 cell line (Figure 3.2B). In fact,
in cells incubated with 5 and 7 uM concentrations of TMX, there was a reduction of 27.6%
+ 3.4 and of 28.9% =+ 3.6, respectively, in the amount of p-PKC-pan (p <0.05 for both
values) compared to control cells. However, when U118 cells were incubated with TMX
(7 uM) plus TMZ (350 uM) the amount p-PKC-pan was reduced to 55.2% + 6.9 as
compared to that of the control cells, (p <0.05), which represents a decrease of 26.4% as

compared to TMX alone.
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Figure 3.2 Effects of TMX and/or TMZ on p-PKC pan expression. Following the incubation of
U87 and U118 cells with TMX and/ or TMZ for 48 h the protein extracts were prepared and used
for western blot analysis with anti-p-PKC pan antibody. Loading control was performed with an
antibody for B-ACTIN. In U87 (A) cells the p-PKC expression decreased when cells were treated
with TMX at 5 uM and 7 uM about 39.7% =+ 4.3 and 39.1% % 4.2, respectively. Also, p-PKC pan
expression decreased when cells were treated with combination of TMZ at different concentrations
until 56.9% + 6.1 at TMX 7 uM combined with TMZ 350 uM. In U118 (B) cells the p-PKC pan
also decreased when cells were treated with TMX at 5 uM and 7 pM about 27.6% =+ 3.4 and 28.9%
+ 3.6, respectively. Also, p-PKC pan expression decreased when cells were treated with
combination of TMZ at different concentrations until 55.2% + 6.9 at TMX 7uM combined with
TMZ 350 uM. Statistical analysis was performed in GraphPad Prism 5 for Windows (version 5.00;
GraphPad Software, Inc., San Diego, CA, USA). Each value represents the mean = SEM from three
independent experiments, * p <0.05, ** p <0.01, *** p <0.001.

To determine if TMX affects the amount of the p-AKT and p-ERK %2, which are
also involved in the proliferation and survival of glioma cells, the amount of the
phosphorylated kinases was also evaluated by western blot in the presence of TMX and/or
TMZ, (Figure 3.3). The analysis of the blots showed that in both cell lines the amount of
p-AKT and p-ERK Y2 was not altered by these chemotherapeutic drugs (Figure 3.3).
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Figure 3.3 Effects of TMX and TMZ on p-AKT and p-ERK 1/2 expression. Following the
incubation of U87 (A) and U118 (B) cells with TMX and/ or TMZ for 48 h, the protein extracts
were prepared and used for western blot analysis with anti-p-AKT and p-ERK %z antibody. Loading
control was performed with an antibody for total AKT and total ERK %%, respectively. Statistical
analysis was performed in GraphPad Prism 5 for Windows (version 5.00; GraphPad Software, Inc.,
San Diego, CA, USA). Each value represents the mean + SEM from three independent experiments,
p <0.05.

3.4.3 Evaluation of glioma cell cycle in the presence of TMX and TMZ

U87 cells treated with the combination of TMX (7 uM) plus TMZ (350 puM),
showed a decrease of 35.7% + 12.2 of cells in the GO/G1 phase compared to control
(untreated cells) and to TMX alone (p< 0.001). This decreased was accompanied by a
statistically significant increase of the percentage of cells in S and G2/M phases comparing
to control and to TMX alone, p <0.001 (Figure 3.4A).

In the U118 cell line, the percentage of cells in each cycle phase was not affect by
the TMX, or TMZ or by the combination of TMX plus TMZ neither as compared to control
cells or to TMX alone (Figure 3.4B).
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Figure 3.4 Effects of TMX and TMZ on cell cycle analysis by flow cytometry. U87 (A) and
U118 (B) cells were treated with TMZ (200, 250 and 350 uM) and /or TMX (5 and 7 uM) for 48 h.
Cell cycle analysis was determined by gating Sub-G0/G1, S, and G2/ M on the Pl-area signal. A
total of 10,000 events were analyzed for each experiment ina BD FACS Canto Il (BD Biosciences).
Statistical analysis was performed in GraphPad Prism 5 for Windows (version 5.00; GraphPad
Software, Inc., San Diego, CA, USA). Each value represents the mean + SEM from three
independent experiments, *p <0.05, **p <0.01, ***p <0.001.
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3.4.4 Evaluation of glioma cells proliferation in the presence of TMX and
TMZ

The effect of TMX and/or TMZ on glioma cell proliferation was evaluated by flow
cytometry quantification of the incorporated EdU. In U87 cells, the proliferation rate was
not significantly altered by TMX alone or by the combination with TMZ as compared to
the proliferation rate in control cells (Figure 3.5A).

However, in U118 cells (Figure 3.5B) the proliferation rate decreased 2.8% + 0.3
and 7.9% = 1.1 in cells incubated with 5 and 7 uM of TMX, respectively, (p >0.05). This
decrease was greatly pronounced in cells treated with TMX plus TMZ. In fact, in cells
incubated with TMX (5 puM) plus TMZ (350 uM), or incubated with TMX (7 uM) plus
TMZ (250 uM) or even in cells incubated with TMX (7 uM) plus TMZ (350 uM) the
proliferation rate decreased 52.5% + 2.9, 59.2% + 21.0 and 68.3% * 2.3, respectively, when
compared to control (p <0.001 for the three conditions), which also represents a maximum
decrease of 65.4% and 60.3% compared to TMX alone (5 uM and 7 uM, respectively), p
<0.001.
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Figure 3.5 Effects of TMZ and TMX on glioma cell proliferation. U87 (A) and U118 (B) cells
were incubated for 48 h in the presence of different concentrations of TMZ and/ or TMX. The
proliferation rate was evaluated by measuring the incorporation of EdU. Statistical analysis was
performed in GraphPad Prism 5 for Windows (version 5.00; GraphPad Software, Inc., San Diego,
CA, USA). Each value represents the mean + SEM from three independent experiments, ***p
<0.001.
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3.4.5 Evaluation of apoptosis in glioma cells in the presence of TMX and
TMZ

The ability of TMX and TMZ to induce apoptosis was analyzed by flow cytometry
using Annexin V/ propidium iodide incorporation, as shown in Table 3.1. In U87 cells
incubated with TMX alone there was not a significant increase in the percentage of
apoptotic cells. However, when cells were incubated with TMX plus TMZ the percentage
of apoptotic cells significantly increased. This increase reached a maximum of 2.6% * 4.0
in cells incubated with TMX (7 uM) plus TMZ (350 uM) as compared to control cells (p
<0.05) (Table 3.1). The percentage of necrotic cells was not affected by TMX alone, nor
by the combination TMX plus TMZ.

In U118 cells, TMX alone or in combination with TMZ did not significantly alter
the percentage of apoptotic cells. Nevertheless, in U118 cells incubated with TMX plus
TMZ there was a significant reduction of viable cells, which was accompanied by an
increase in the percentage of late apoptotic cells and by a statistically significant increase
in the percentage of the necrotic cells which reached a maximum of 26.7% in cells
incubated with 7 uM TMX and 350 uM TMZ, as compared to control (p <0.001) and 21.9%
compared to TMX 7 uM alone, p <0.05 (Table 3.1).
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Table 3.1 Effects of TMX and TMZ on cell apoptosis by Annexin-V/PI double-staining assay.

us7
Control
TMX5 uM

TMX 7 pM

TMX5 uM + TMZ
350 uM

TMX 7 uM + TMZ
250 uM

TMX 7 uM + TMZ
350 uM

ul11s
Control
TMX 5 pM

TMX 7 uM

TMX5puM + TMZ
350 uM

TMX 7 uM + TMZ
250 uM

TMX 7 uM + TMZ
350 uM

Live Cells
(%)

92.8+0.6
90.1+1.8
90.8+1.1
90.5+0.8
88.1+09*

88.2+19%*

85.8+5.7

81.9+7.8

77.3+116

57.9+6.4*

60.3+9.2*

49.8 +6.6 **

Apoptosis
(%)

14+£0.2

28+0.8

26+05
34+06™
38+061

39+08™

03%0.2
1.7+13
1.4+05
1.3+0.1
1.1+0.0

1.2+0.6

Necrosis
(%)

1.8+04
25+0.38
21+0.1
1.5+0.2
21+04

23+0.3

111+41

112+22

159+7.2
31.8+3.2

*%kq

28.7+4.0™

37.8+5.9

***1; *2

Late Apoptosis

(%)

40%0.5
46+0.9
44+0.6
46+0.7
6.0+0.6™

55+1.0

28+1.7
5.2+ 4.4
5.4+3.9
9.1+3.0
10.5+6.5™"

11.5+3.4™

* p<0.05, ** p<0.01, ***p<0.001.

1 compared to control
2 compared to TMX alone

3.4.6 Evaluation of nuclei morphology in glioma cells in the presence of TMX

and TMZ

In order to study the nuclei morphology of glioma cells incubated with TMX alone

or in combination with TMZ, nuclei from both cells lines was stained with Hoechst 33258.

The results indicated that in both cells lines, after the incubation with the chemotherapy

drugs alone or in combination, there was an increased number of cells with chromatin

condensation, and of pycnotic nuclei with irregular contours (Figure 3.6).
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Figure 3.6 Nuclei morphology by Hoechst 33258 staining. Confocal microscopy analysis of
nuclear morphology by Hoechst 33258 staining of U87 (A) and U118 (B) cells incubated under
different conditions for 48 h. Magnification is 10 x.

3.4.7 Study of cell migration in glioma cells treated with TMZ and/or TMX

To evaluate whether TMZ and/or TMX could regulate the motility of glioma cells,

a scratch assay was used according to the method described by Liang et al., (Liang et al.,
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2007). The results indicated that 6 h after the scratch, the U87 and U118 control cells had
the ability to move and to fill the scratch.

U87 cells incubated with TMX alone or in combination with TMZ showed a
significantly decrease cell motility (Figure 3.7A). The greatest decrease in cells motility
was observed in the presence of 7 uM TMX plus 250 uM TMZ (41.3% + 8.3) compared to
control cells, p <0.01, and to TMX 7 uM alone (12.8%), besides the latest comparation was
not statistically significant (p =0.06).

In U118 cells, there was also a significant reduction of the motility with TMX alone
and in combination with TMZ. We noticed a decreased in the scratch closure capability of
25.8% £ 5.4 in cells treated with 7 uM TMX alone compared to control cells that was
maintained in the combined treatment (p <0.01) (Figure 3.7B).
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Figure 3.7 Effects of TMX and TMZ on cell migration capability. The images represent
photographs of U87 (A) and U118 (B) cells from scratch assay. The scratch closure was measured
at various time points (To, 2, 4 and - Te) after the scratch was made in the culture dish. The figure
represents the results at 0 h (To) and 6 h (Te) for each condition. Confluent monolayers of control
conditions, TMX-treated cells with 7 uM, TMX 5 uM in combination with TMZ 350 uM and TMX
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7 uM in combination with TMZ 250 uM and 350 uM were analyzed. Magnification is 10 x.
Statistical analysis was performed in GraphPad Prism 5 for Windows (version 5.00; GraphPad
Software, Inc., San Diego, CA, USA). Each value represents the mean + SEM from three
independent experiments, *p <0.05, **p <0.01.

3.4.8 Evaluation of F-actin filament organization in the presence of TMX
and/or TMZ

In order to evaluate if glioma cells acquired a phenotype compatible with the
reduction of migration, the effect of TMX and TMZ on the organization of the F-actin
filaments was evaluated. For that, cells were stained using Alexa Fluor 568 phalloidin and
the circularity parameter according the ImageJ Software was determined. Control U87 cells
showed a very irregular organization of F-actin filaments which limited the analysis of the
results in the presence of TMX and TMZ (Figure 3.8A). However, in U118 cells it was
possible to identify several alterations induced by the chemotherapeutic agents. In control
cells, F-actin was condensed in the cell body, and the cells were rounded (Figure 3.8B).
This organization pattern became slightly disrupted in cells treated with TMX alone and
was replaced by a spindle-like pattern (Figure 3.8B). In cells incubated simultaneously with
TMX and TMZ, most of the cells showed a F-actin organized in a spindle-pattern, with

longer and thicker spindles compared to control or to TMX alone conditions, p <0.001.
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Figure 3.8 Effects of TMX and TMZ on the organization of f-actin filaments. U87 (A)
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and U118 (B) cells were incubated for 48 h in the presence of TMZ and/or TMX. Cells were
then fixed and F-actin was stained with Alexa Fluor 555 phalloidin. Nuclei were
counterstained with DAPI. Red represents F-actin staining and blue represents cell nuclei.
Magnification is 10 x. Statistical analysis was performed in GraphPad Prism 5 for Windows
(version 5.00; GraphPad Software, Inc., San Diego, CA, USA). Each value represents the
mean = SEM from three independent experiments, ***p <0.001.

3.5. DISCUSSION

TMZ is considered part of the gold standard in GBM treatment, despite of its
reduced ability to significantly increase the survival of GBM patients. The antitumor
activity of TMZ is based on its ability to introduce DNA adducts and to activate apoptosis.
Previous studies reported that the methylation status of the MGMT promoter has prognostic
value (Hegi et al., 2005; Ueno et al., 2006; Zhang et al., 2012). However, other studies
pointed that the TMZ-chemoresistance was also associated to gene mutations and to the
constitutive activation of signalling pathways that control survival and proliferation, such
as PKC. PKC is one of the most enigmatic signalling pathways since, in tumor cells,
according to the isoform, it may promote or inhibit apoptosis and cell survival (Carmo et
al., 2013; Mochly-Rosen et al., 2012). Previous studies agree that GBMs are characterized
by an increased expression and activity of PKC. However, there is no consensus regarding
the PKC contribution to the aggressiveness of glioma cells. This controversy is associated
to the existence of isoforms that play different roles and also to the difficulty to obtain PKC
inhibitors (Carmo et al., 2013; Cho et al., 1999; da Rocha et al., 1999; O’Brian et al.,
1986). In fact, due to the homology of the different isoforms, the developing of specific
PKC inhibitor has proven to be difficult.

Tamoxifen is one of PKC inhibitors used in in vitro studies with glioma cells and
also in clinical trials with GBM patients. The in vitro effect of TMX was not completely
elucidated and the results of the in vivo studies were disappointing since treatment of
patients with recurrent malignant glioma with low doses of TMX did not significantly
increase the survival rate of the patients (da Rocha et al., 1999; Puchner and Giese, 2000).
However, clinical trials using high doses of tamoxifen alone or in combination with other
cytotoxic agents have yielded better results (Borowski et al., 2005; Hui et al., 2004;
Kamburoglu et al., 2007; O’Brian et al., 1985; Pollack et al., 1990; Zhang et al., 2000).
Since TMX when used in high doses is a non-selective PKC inhibitor, and is associated

with an increased toxicity, in this study it was evaluated the effect of the combination of
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low doses of TMX with TMZ on the proliferation, survival and migration of two different
GBM cell lines (Mochly-Rosen et al., 2012).

In accordance with previous studies, herein we showed that U87 and U118 cells
constitutively express the p-PKC-pan. TMX induced a significantly reduction of the p-
PKC-pan in both cell lines, confirming that TMX is an inhibitor of the p-PKC. The results
also indicated that the expression of p-PKC in U87 cells is more susceptible to TMX, than
the p-PKC in the U118 cells. In fact, in the U87 cell line, TMX 7 uM induced a reduction
of 39.1% in the amount of p-PKC-pan, while in the U118 cells it just induced a reduction
of 28.9%. When cells were incubated with the combination of TMX plus TMZ, the amount
of the phosphorylated p-PKC-pan was reduced to approximately 57 and 55% in U87 and
U118 cell lines, respectively, indicating that the drug combination is more effective than
the drugs alone.

The study of cell viability in the presence of TMX also put in evidence the
distinction in susceptibility of the U87 and U118 cell lines to TMX. In the U118 cell line,
the 1C50 was 7.3 uM and in the U87 cell line the IC50 was 9.1 uM. The differences among
cell susceptibility to TMX and TMZ could be due to genetic and molecular alterations that
characterize glioma cells (Gupta et al., 2006; Zhong et al., 2001). One of the molecular
alterations that may explain the difference of susceptibility of the two cell lines is the
constitutive expression of p-ERK1/2 and of PI3k/AKT which according previous studies
contribute to the proliferation and resistance to apoptosis of glioma cells. Another alteration
that could also contribute to the differences of susceptibility is the expression and activity
of P-glycoprotein (PGP). Previous studies indicated that in GBM there is an overexpression
of PGP coded by the multidrug resistance 1 gene, which may prevent the accumulation of
several chemotherapeutic drugs in glioma cells (Rittierodt and Harada, 2003). Considering
that the increase of PGP expression was correlated with a poor response to TMX treatment
in several types of cells and also that TMZ may downregulate the expression of
glycoprotein P it is possible that the differences among U118 cells and U87 could be due
to PGP (Alves et al., 2011; Rittierodt and Harada, 2003).

Considering that previous studies reported that PKC contributes to the increased
proliferation it was expected that the reduction of p-PKC by TMX was accompanied by a
reduction in cell proliferation. Regarding U118 cells, the proliferation rate was significantly
reduced when TMX was combined with TMZ compared to TMX alone condition.
However, in U87 cells the proliferation rate was not significantly affected by TMX alone

as revealed by the EdU incorporation assay. This observation could be in accordance to a
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previous study from Cameron et al., (2008) who sustained that while the activity of PKC
is not less than a minimum, it acts as a pro-mitogenic signal (Cameron et al., 2008). In
accordance to this hypothesis is the fact that the greatest reduction in U87 cell proliferation
was achieved in the presence of TMX (7 uM) plus TMZ (350 uM), which was also the
condition that induced the greatest reduction in the phosphorylation status of p-PKC-pan.

Considering that TMX alone or in combination with TMZ induced a reduction in
the p-PKC and in cell viability but did not affect the percentage of dividing cells we
evaluated the effect of these drugs in cell cycle. In the U87 cell line, TMX alone did not
alter the percentage of cells in each cell cycle phase. However, when cells were incubated
with TMX and TMZ there was a significantly increase in the percentage of cells in the S
and G2/M phases, indicating that the drug combination induced a cell cycle arrest and is in
agreement with the results from the proliferation assay. Considering that there is an
increased percentage of cells in the S phase, and that in turn the entry of cells in the S phase
is associated to cyclin D, which inhibits mitochondrial function, and that the MTT assay
depends on the activity of mitochondria to reduce MTT, we may hypothesize that the cell
cycle arrest could be associated to a reduction in mitochondrial activity, to a decreased
ability of cells to reduce MTT, and consequently to the reduced cell viability detected in
the MTT assay.

In the U118 cells the percentage of cells in each cell cycle phase was not affected
by TMX or by TMZ. Since the results from the proliferation assay indicated that the
combination of TMX plus TMZ significantly decreased the percentage of the incorporated
EdU, we hypothesize that not all U118 cells have the same susceptibility to TMZ. Some
cells are resistant to TMX and TMZ and maintain the proliferation ability, contributing to
the maintenance of the cell cycle characteristics but other cells die when incubated with
TMX and TMZ explaining the decreased in cell viability detected by MTT. The variability
of susceptibility among cells from a cell line isolated from a human GBM was previously
described, reflects the genetic and molecular alterations that characterize GBM and may
contribute to the development of chemoresistance (Boyer et al., 2005; Lee et al., 2006).
In accordance with this hypothesis the analysis of apoptosis and necrosis revealed that in
the U118 cells the combination of TMX plus TMZ induced a significant increase in the
percentage of necrotic cells.

In the U87 cells, TMX plus TMZ induced a slight increase in the percentage of
apoptotic cells that we hypothesize may result from the cell cycle arrest. Furthermore, since

damage cells activate the DNA repair systems, which could be associated to the synthesis
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of DNA, it is possible that the incorporated EdU is a consequence of the proliferation and
also of the repair systems. Considering that cell cycle arrest in G2, after DNA damage, may
activate a process known as cell-cycle adaptation, in which cells reactivate cyclin-
dependent kinase 2 complexes and proceed with mitosis, despite the presence of unrepaired
damaged DNA, it is possible that U87 cells activate this process justifying the maintenance
of the proliferation rate and of the cell cycle (Shen et al., 2013; Syljuasen, 2007).

Moreover considering that: 1) cell cycle progression is dependent on P21, which
plays a critical role in arresting the cell cycle in G1 and G2 after DNA damage (Abbas and
Dutta, 2009); 2) the PKC activation upregulates the P21 protein (Besson and Yong, 2000);
and that 3) in this study the treatment of U118 cells with TMX plus TMZ significantly
reduced the p-PKC-pan expression, it is possible that the reduction of p-PKC-pan is
involved in down-regulation of P21 expression, and as a result, the cell cycle progresses
normally in some cells.

In addition to the effect of TMX and TMZ on proliferation and cell survival, our
results also showed that these drugs reduced the motility of both cell lines, which was
accompanied by a reorganization of the F-actin filaments well visible on U118 cell line
(Figure 3.8).

Taking altogether, our results emphasize that PKC may play a relevant role in the
proliferation, survival and migration of glioma cells. However, its contribution is dependent
on the characteristics of the glioma cells, which emphasizes the need to establish a
personalized therapy. In fact, the comparison of U118 cell line with U87 cell line showed
that both cells have a basal expression of p-PKC. However, the susceptibility of each cell
line to TMX and TMZ is different. The U118 cells are more susceptible to TMX than U87
cells, suffering a more significant reduction in cell proliferation and a more significant
increase in necrosis when cells were incubated with TMZ plus TMX. On the other hand,
U87 cells showed a more significant increase in the percentage of apoptotic cells and a
more significant reduction in the motility when cells were incubated with TMX plus TMZ.
In conclusion, our results showed that the combination of TMX and TMZ reduces the
amount of the phosphorylated PKC-pan and contributes to the reduction of the aggressive
behavior of the glioma cells. Together, the results show that PKC could be considered a
therapeutic target and emphasize the importance of the combined therapy in the treatment
of GBM.
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CHAPTER

Glioblastoma entities express subtle differences in

molecular composition and response to treatment
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4.1 ABSTRACT?

Glioblastoma (GBM) is a grade IV astrocytoma. GBM patients show resistance to
chemotherapy such as temozolomide (TMZ), part of the gold standard treatment. In order
to simulate the molecular mechanisms behind the different chemotherapeutic responses
between GBM patients we aim to compare the cellular heterogeneity and chemotherapeutic
resistance mechanisms between different GBM cell lines. We isolate and characterize a
human GBM cell line obtained from a recurrent GBM patient, named GBM11. We studied
the GBM11 behavior when treated with Tamoxifen (TMX) that, among other functions, is
a protein kinase C (PKC) inhibitor, alone and in combination with TMZ in comparation
with the responses of U87 and U118 human GBM cell lines. We evaluated cell death, cell
cycle arrest, cell proliferation, mainly through PKC expression, by flow cytometry and
western blot and, ultimately, cell migration capability and F-actin filaments disorganization
by fluorescence microscopy. We demonstrated that the constitutive activation of p-PKC
seems to be one of the main metabolic via implicated on GBM malignancy. Despite of its
higher resistant behavior, perhaps due to the overexpression of P-glycoprotein and stem-
like cell markers, GBM11 cells presented a subtle different chemotherapeutic response
compared to U87 and U118 cells. Our GBM11, U87, U118 cell lines show molecular
differences, which claim to subtle, but clear, learning about the characterization of GBM
heterogeneity, one of the main reasons for tumor resistance. The adding of cellular
heterogeneity in molecular behavior constitutes an utmost step closer in the understanding
of resistant molecular mechanisms behind GBM and can circumvents the eventual impaired

therapy.

Keywords: Glioblastoma; Glioma cancer stem-like cells; Cellular heterogeneity;
Chemotherapeutic resistance; Cell motility.

® This chapter contains the text and the figures originally published in Joana Balca-Silva, Diana Matias,
Anélia do Carmo, Luiz Gustavo Dubois, Ana Cristina Gongalves, Henrique Girdo, Nathalia Silva Canedo,
Ana Helena Correia, Jorge Marcondes de Souza, Ana Bela Sarmento-Ribeiro, Maria Celeste Lopes, Vivaldo
Moura-Neto. 2017. Oncology Reports. 38(3), 1341-1352. Copyright permission of Spandidos Publications
Ltd.
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4.2 INTRODUCTION

Glioblastoma (GBM) is the most common and malignant type of primary brain
tumor (Louis et al., 2016; Stupp et al., 2007). The median survival of GBM patients
remains approximately 15 months under part of the gold standard treatment, temozolomide
(TMZ) (Huse et al., 2013; Limaetal., 2012; Louis etal., 2016; Stupp et al., 2005). GBM
chemoresistance has been linked to several mechanisms. The presence of stem-like cells,
overexpression of efflux proteins, like P-glycoprotein (PGP), the expression of the MGMT
protein and the constitutive activation of proliferative signalling pathways, mainly
phosphorylated protein kinase C (PKC), have been described as some of the main reasons
of GBM chemoresistance, and contribute to the increased proliferation, survival and
motility of GBM cells (Balca-Silva et al., 2015; Carmo et al., 2011a; do Carmo et al.,
2010; Hattermann and Mentlein, 2013; Safa et al., 2015; Stupp et al., 2009; Thirant et al.,
2011; Zhou et al., 2012). We previously reported that the combination of tamoxifen
(TMX), a PKC inhibitor, with TMZ can reduce the amount of phosphorylated PKC-pan
and contribute to the reduction of aggressive behavior of two GBM cell lines, U87 and
U118 (Balca-Silva et al., 2015). In fact, a large spectrum of TMX targets, other than
estrogen receptors, have been defined as key mediators of signal pathways activating cell
proliferation, determining aggressive course of neoplastic disorders or tumor
chemosensitivity, namely in GBM (Bogush et al., 2012). Taking into consideration the
genetic and molecular variability in GBM cell lines, we intended to: 1) isolate and
characterize a human GBM cell line, henceforth termed GBM11; and 2) compare the effect
of TMX and TMZ co-treatment on this GBM cell line with that observed in U87 and U118
cell lines in our previous study (Balca-Silva et al., 2015). The treatment comparison
between our GBM11 cell line and the U87 and U118 cell lines with TMX and TMZ as
chemotherapeutic compounds and their combinations could reveal distinct cytotoxic effects
among GBM cells, indicating an individualized response to therapy.

GBM11 cell line was isolated as previously described from surgical biopsies from
a glial tumor diagnosed as recurrent GBM (Faria et al., 2006; Kahn et al., 2012). Next,
we characterized the GBM11 considering their stem cell properties, i.e. expression of stem-
like cell markers, histopathological features, analysis of GFAP and Nestin expression,
properties found in the other established cell lines. To GBM11, U87 and U118 cell lines
we also analysed PGP expression. We also tested the sensitivity of GBM11 cells to TMZ

treatment alone as a gold standard for GBM treatment. We finally evaluated the effect of
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TMX and TMZ co-treatment on GBM11 cells by comparing with U87 and U118 cell lines,
previously published by our group (Balca-Silva et al., 2015). Principally, our results
showed that our GBM11 cells presented a higher resistance to TMX and/ or TMZ treatment
compared to that obtained with U87 and U118 cells, probably due to the existence of a
stem-like cell population and a higher PGP expression. In fact, the overexpression of PGP
at the blood-brain barrier (BBB) is discussed as a major mechanism of pharmacoresistance
in cancer, namely in GBM (Linn et al., 1995), but some studies also suggested an intrinsic
chemoresistance role of MRP1 expression in GBM tumor cells, independent of the BBB
endothelial transport system (Calatozzolo et al., 2005).

With this study we intended to introduce a new human GBM cell line, GBM11, that
could serve as a patient-specific approach to understand the mechanisms underlying
chemotherapeutic resistance expanding the resources available for preclinical studies in
GBM treatment. We believe that the introduction of this cellular resistant model could
provide a potential testing platform to investigate new therapeutic strategies. We consider
that our new GBM cell line derived from human tumor cells, came to introduce the
variability of a patient-specific response to therapy in a way to reinforce the individually-

designed cancer therapy approach and circumvent the eventual impaired therapy.

4.3 MATERIAL AND METHODS

4.3.1 Material

DMEM and fetal bovine serum (FBS) were supplied by Invitrogen (Paisley, UK).
The anti-mouse and anti-rabbit antibodies were obtained from GE Healthcare (UK).
Protease and phosphatase inhibitors were supplied by Roche (Indianapolis, IN, USA).
Antibody for PKC-pan was purchased from Cell Signalling Technology (Beverly, MA,
USA). Mouse anti-tubulin and mouse anti-actin antibody were purchased from Boehringer
Mannheim (Germany). Temozolomide (TMZ) and Tamoxifen (TMX) were dissolved in
dimethylsulfoxide (DMSO) at a stock concentration of 0.133 M and 3 mM, respectively,
and diluted in culture medium according to the concentrations used. Both TMZ and TMX
were purchased from Sigma Chemicals (St. Louis, MO, USA). 3-(4,5-dimethyl-2-
thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) was purchased from Sigma
Chemicals. Glucose was purchased from Merck (Germany). Fungizone was purchased
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from Bristol-Meyers Squibb (Princeton, NJ, USA). Penicillin/streptomycin was purchased
from Gibco. Rabbit anti-glial fibrillary acidic protein (GFAP) and Nestin clone 10c2 and
PVDF membranes were purchased from Millipore (Billerica, MA, USA). The 5-ethynyl-
2’-deoxyuridine (EdU) kit was purchased from Invitrogen. AnnexinV and propidium
iodide were purchased from BD-Pharmingen (Biolegends, San Diego, CA, USA).
PI/RNase was purchased from Immunostep (Salamanca, Spain). The Phalloidin and the
anti-human PGP (fluorescein isothiocyanate (FITC) mouse anti-human P-glycoprotein)
were purchased from BD-Pharmingen. NZYDNA Ladder VI (NZYTech, Lisbon).
Antibodies for Nanog (#3580), Oct-4A (#2840) and SOX2 (#D6D9), Slug (#9585) were
purchased from Cell Signalling Technology (Beverly, MA, USA). Mouse anti-actin
antibody was purchased from Boehringer (Mannheim, Germany). PVDF membranes were
purchased from Millipore (Billerica, MA, USA). 2x laemmli buffer and 3-mercaptoethanol

were purchased from Bio-Rad (Séo Paulo, Brazil).

4.3.2 Cell line culture conditions

The GBM11 cell line was established and characterized in our laboratory as
previously described to other cell lines (Faria et al., 2006; Kahn et al., 2012) using the
same protocols to U87 and U118 cell cultures. Briefly, GBM11 cells were obtained by
surgical biopsy from a 57-year-old male patient bearing a recurrent glioblastoma previously
treated with TMZ concomitantly with radiotherapy, who had given written consent to the
study. All procedures were in agreement with the Brazilian Ministry of Health Ethics
Committee (CONEP No. 2340). The tumor cells were termed GBM11. The tumor sample
was analysed histologically by the Pathology Service of the Federal University of Rio de
Janeiro Hospital as previously described (Faria et al., 2006). The biopsy was washed in
DMEM medium, mechanically dissociated and then directly plated on a 24 multi-well plate
and/or 25 cm? tissue culture flasks with Dulbecco's modified Eagle's medium (DMEM)
supplemented with 3.5mg/ml glucose, 0.1mg/ml penicillin, 0.14 mg/ml streptomycin and
10% inactivated FBS. Cells were maintained at 37°C in an atmosphere containing 95% air
and 5% CO.. The medium was changed every 3 days until the culture was near confluence,
approximately after 7 days. Then, cell cultures were either fixed and processed for
characterization as described in Faria et al., (Faria et al., 2006). Cells were also frozen in
FBS and 10% DMSO in cryotubes and conserved in liquid N.. For the experiments,

unsynchronized cells were treated with different concentrations of TMX or TMZ. The
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curve for the calculation of each drug concentration necessary to inhibit cell proliferation
by 50% was fitted using GraphPad Prism 5 for Windows (version 5.00; GraphPad
Software, Inc., San Diego, CA, USA).

4.3.3 Cell viability evaluation by MTT assay

Metabolically active cells were assessed using the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl tetrazolium bromide (MTT) reduction colorimetric assay, as described by Balca-
Silvaetal., (Balca-Silva et al., 2015). Briefly, GBM11 cells were plated in 96 multi-well
plates and then were incubated with TMX and/ or TMZ at different concentrations for 48
h. After 48 h of incubation, MTT (5 mg/ml) was added to each well at a final concentration
of 0.5mg/ml and left for 1h. In order to dissolve the blue formazan crystals, 200ulL of
DMSO was added. The absorbance was read in a microplate reader at 570 nm. Cytotoxicity
was evaluated as the percentage of metabolically active cells in relation to untreated cells.
The drug concentration required to reduce the percentage of metabolically active cells by
50% (IC50) was estimated with GraphPad.

4.3.4 Histological analysis and immunofluorescence

Haematoxylin was used to stain and counterstain paraffin tumor sections for
histopathological analysis. Sections were mounted with Permount™. For
immunofluorescence analysis, 10 x 10* cells/ml were plated on 24 multi-well plates, as
described by Khan et al., (Kahn et al., 2012). Briefly, cells were fixed with 4% PFA in
PBS for 15 minutes and then washed with PBS and incubated with 5% BSA/PBS for 30
minutes. Cells were incubated with mouse anti-Nestin (1:200), rabbit anti-GFAP (1:500).
Cells were incubated overnight at 4°C with the primary antibodies and then washed with
PBS and incubated with secondary antibodies conjugated with Alexa Fluor 488 (goat anti-
mouse; 1:250) overnight. The day after, cells were washed with PBS, stained with DAPI,
then washed with PBS again and mounted. Negative controls were performed with non-
immune rabbit or mouse 1gG. Cells were imaged using a DMi8 advanced fluorescence
microscope (Leica Microsystems, Germany) equipped with a 63x oil-immersion objective.

Imaging processing was performed with the software ImageJ 1.49v.
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4.3.5 Analysis of F-actin filament organization

GBM11 cells were incubated with TMZ and/or TMX for 48 h and F-actin filament
organization was studied using Alexa Fluor 568 phalloidin staining solution (5 U/ml) as
described by Balca-Silva et al., (Balca-Silva et al., 2015). Briefly, cells were fixed with
2.5% paraformaldehyde/ PBS for 20 min. Next, cells were permeabilized with 0.1% Triton
X-100/ PBS for 3 min and then incubated for 30 min with the Alexa Fluor 568 phalloidin
staining solution (5 U/ml) in PBS containing 1% BSA. Nuclei were stained with DAPI for
2 min. Finally, the coverslips were mounted on glass slides and inspected under a Zeiss
LSM 510 Meta confocal microscope at a magnification of 40 x, using a filter set with an
excitation filter of 568 nm and a barrier filter of 585 nm. Then, cells were viewed on a Zeiss
LSM image browser (Version 4.2.0.121; Carl Zeiss Inc., Germany).

4.3.6 Western blot analysis of protein expression

The PKC-pan expression was analysed by western blot as described by Balca-Silva
et al., (Balca-Silva et al., 2015). Also, the expressions of SOX2, Oct-4A and NANOG
were also analysed by western blot as originally described by Towbin and adapted by
Balca-Silva et al., and Kahn et al., in both the GBM and GBM-serum free (GBM-SF) cell
lines (Balga-Silva et al., 2015; Kahnetal., 2012; Towbin etal., 1989). Briefly, cells were
centrifuged at 500 xg for 10 min at 4 °C. The supernatants were discarded. Cells were then
resuspended in RIPA buffer (50 mM Tris—HCI at pH 8.0, 150 mM NaCl, 1.0% NP-40,
0.5% sodium deoxycholate, 0.1% SDS and 2 mM EDTA, supplemented with protease and
phosphatase inhibitors and DTT), and finally sonicated. The samples were denatured with
Lammli buffer 2 x added to each sample at a 1:1 ratio. All the protein extracts were boiled
at 95 °C for 5 min before use. 30 pg of protein was run on a 10% SDS-PAGE gel and
transferred to a PVDF membrane. Then, it was incubated with a solution of 5% non-fat
milk in TBST for 1 h at room temperature. The primary antibodies against p-PKC pan
(1:1000), SOX2 (1:1000), Oct-4A (1:1000), and NANOG (1:1000) were diluted in TBST
with 1% non-fat milk supplemented with azide. After the incubation period, the
immunocomplexes were detected with anti-rabbit antibody (1:1000) and conjugated with
horseradish peroxidase. Bands were obtained after exposing the membranes to an X-ray
film, and analysed through densitometry scanning. The protein expression was quantified
using the software ImageJ 1.49v (Wayne Rasband, National Institutes of Health, USA) with
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the expression of B- Actin used as a loading control. Each experiment was repeated three

times separately.

4.3.7 PGP expression by flow cytometry

The expression of PGP in the different GBM cell lines U87, U118 and GBM11 was
assessed by flow cytometry using monoclonal antibodies labelled with fluorochromes. For
each assay, 10° cells were used and data on at least 10,000 events was collected using a
FACSCalibur flow cytometer, and analysed using CellQuest™ software (Becton
Dickinson). Since PGP is a membrane protein, cells were centrifuged at 300 xg and
incubated for 15 min at room temperature with the monoclonal antibodies: anti-human PGP
(fluorescein isothiocyanate (FITC) and mouse anti-human P-glycoprotein (BD
Pharmingen).

4.3.8 MGMT methylation pattern analysis

DNA from GBM cell lines U87, U118 and GBM11 was extracted according to
standard procedures by the GRS Genomic DNA kit. One microgram of genomic DNA was
treated with sodium bisulfite using the EpiTect Bisulfite Kit (Qiagen, Hilden, Germany).
Methylation-specific PCRs of MGMT gene promoters were carried out as described by
Goncalves et al., (Gongcalves et al., 2015) by the EpiTect PCR control DNA kit (Qiagen)
according manufactures instructions. PCR products were resolved on 4% agarose gels,
stained with ethidium bromide, and observed under UV illumination.

4.3.9 Cell apoptosis analysis by flow cytometry

Cells were collected after 48 h of incubation with TMZ and/or TMX, washed with
PBS, resuspended in binding buffer, and incubated with Annexin V (AV) (BD Pharmingen)
and Propidium iodide (PI) (BioLegends) for 15 min in the dark as described by Balca-Silva
et al., (Balga-Silva et al., 2015). Cells were then diluted in binding buffer and analysed
using a FACSCalibur flow cytometer. The experiments were performed in triplicate, and
the results were analysed through CellQuest™ and data analysed by modfif LTMM

software.
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4.2.10 Cell cycle analysis by flow cytometry

The cell cycle analysis was performed by flow cytometry, using the detection kit
PI/RNAse (Immunostep), after the cells were incubated for 48 h with TMZ and/or TMX,
as described by Balca-Silva et al., (Balga-Silva et al., 2015). Briefly, after incubation,
cells were collected and washed with PBS, and the pellet was resuspended in cold 70%
ethanol, during vortex agitation, and finally incubated during 30 min on ice. Cells were
incubated in PI/RNAse solution. 20,000 events were acquired, and cells were evaluated
through CellQuest™ and data analysed by modfif LTMM software. The results are
expressed by the percentage of cells in each phase of cell cycle with a mean + SEM of at
least three independent experiments.

4.3.11 Cell proliferation using EdU assay

Cells were plated in six multi-well plates with different TMZ and/or TMX
concentrations for 48 h, and the effect on the proliferation rate was assayed using the EdU
(5-ethynyl-2’-deoxyuridine) kit, exactly as described by Balca-Silva et al., (Balca-Silva et
al., 2015). In the final step, cells were incubated with click-it reaction cocktail (PBS,
CuSOyg, fluorescent dye azide and reaction buffer additive) working solution for 30 min at
37 °C in a humidified atmosphere (5% CO-). The incorporation of EdU was analysed by

flow cytometry and data were analysed with modfif LTMM software.

4.3.12 Evaluation of cell migration ability

Cell migration was studied according to the method described by Liang et al.,
(Liang et al., 2007). After the cells incubation with TMZ and/or TMX at different
concentrations, for 48 h, and the cell monolayer was scraped in a straight line with a p200
pipette tip, just as described by Balga-Silva et al., (Balca-Silva et al., 2015). The debris
were removed by washing the cells with culture medium and new culture medium was
added. ImageJ software (National Institute of Health, Bethesda, MD, USA) was used to
record the coordinates for each scratch location using a computer-controlled stage. The
mean scratch width at 6 h was compared to the original scratch width (0 h). Each

experiment was repeated three times.
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4.3.13 Statistical analysis

Statistical analysis was performed on GraphPad Prism 5 for Windows, version
5.00. After confirmation of the assumption of normality and homogeneity of variance
across groups, the groups were compared by nested design with analysis of variance and
post-hoc comparison, with correction of a error according to Bonferroni probabilities to

compensate for multiple comparisons. All values were expressed as mean = SEM, p <0.05.

4.4 RESULTS

4.4.1 Establishment and characterization of GBM11 cell line

Surgical biopsy from a glial tumor diagnosed as a recurrent GBM was used in this
study. The diagnose was based on magnetic resonance imaging (MRI), which showed a
typical ring-shaped appearance with a hypodense area due to necrosis, peripheral contrast
enhancement, and edema that indicates a GBM (Figure 4.1A). Haematoxylin and eosin
(H&E) staining revealed hypercellular injury with a fibrillary background and significant
atypia, glomeruloid vessels, and extensive areas of necrosis (Figure 4.1B). Also,
immunohistochemistry analysis showed GFAP-positive cells (Figure 4.1C) and negativity
for cytokeratin pool (AE1 / AE3), TTF-1, chromogranin, synaptophysin, CK7, CK20 and
PSA (data not shown).
After tumor removal, cells were isolated and cultured as previously described for other
GBM cultures established in our laboratory (Faria et al., 2006). The presence of stem-like
cell markers, namely SOX2, OCT-4A and NANOG was also confirmed (Figure 4.1D). We
also evaluated the viability of GBM11 cells in the presence of TMX and TMZ, by MTT
assay. Treatment with TMZ alone did not induce any alteration in cell viability (Figure
4.1E), whereas treatment with TMX alone induce a reduction of cell viability, with an IC50
of 25.6 uM (Figure 4.1F). On the other hand, the combination of TMX (8.8 uM) plus TMZ
(250 uM) induced a reduction of 49.2% in cell viability (Figure 4.1G).
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Figure 4.1 GBM cell line isolation and characterization and evaluation of the effect of the
TMX and TMZ combination on cell viability. (A) Magnetic resonance image of the patient. a
and b: Axial FLAIR are two cuts in different slices, showing the infiltration of brain tissue adjacent
to the lesion; c: sequence termed T2 shows the lesion and the surrounding edema with a cyst in its
interior, which represents a central necrosis. (B) Haematoxylin—eosin staining of GBM11 cells
showing vascular endothelial proliferation, cellular pleomorphism, nuclear atypia and necrosis; left
image 100x, right image, 400x magnification. (C) GFAP-positive staining at the time of the
diagnosis. (D) Positive stem-like cell markers expression: (a) SOX2, (b) OCT4 and (c) NANOG.
The nuclei were counterstained with DAPI. (E) GBM11 cells were treated with TMZ (0 to 500 uM)
or (F) TMX alone (0 to 70 uM) and (G) with the combination of two doses above the IC50 of each
drug individually, e.g. 8.8 uM TMX plus 200 uM TMZ; 8.8 uM TMX plus 250 pM TMZ; 17.5
UM TMX plus 200 pM TMZ; 17.5 uM TMX plus 250 uM TMZ. Dose-response curves represent
the mean = SEM of 3 independent experiments for each concentration tested, ** p <0.01.

4.4.2 Resistance mechanisms evaluation of different GBM cell lines

The U87 and U118 cell lines, previously studied, and the new GBM11 cell line
established in our laboratory revealed a positive staining for Nestin, a neuronal marker; for
GFAP, usually overexpressed in GBM cells; as well as a different F-actin organization by
phalloidin staining (Figure 4.2A), which suggests a similar origin of these three cell lines.
Since the activity of P-glycoprotein (PGP) may prevent the accumulation of several
chemotherapeutic drugs in glioma cells, we evaluated the expression of PGP in all GBM
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cell lines (Borowski et al., 2005; Linn et al., 1995; Rittierodt and Harada, 2003). The
results showed that in GBM11 the PGP expression was 3-fold higher compared with
another GBM cells: U87 and U118 (Figure 4.2B).

It is also well known that methylation of the MGMT promoter can affect the sensitivity of
cells to TMZ (Hegi et al., 2005; Qiu et al., 2014). These findings led us to analyse the
methylation status through a methylation-specific PCR in the three GBM cell lines. In U87
and GBM11 cell lines, the MGMT proved to be completely methylated and in the U118
cell line the MGMT showed to be partially methylated (Figure 4.2C). Regarding the stem-
like cell markers expression we noticed that the U87 cell line present a 61.3% + 11.5 of
SOX2; 6.8% * 3.7 of Oct-4A; and 49.3% + 20.7 of NANOG. The U118 cell line present
57.9% +17.3 of SOX2; 16.01% + 4.2% of OCT4 and 28.0% + 14.4 of NANOG. Finally,
the GBM11 cell line present 76.8% = 25.8 of SOX2; 7.0% + 1.5 of Oct-4A; and 38.8% *
17.4 of NANOG (Figure 4.2D).
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Figure 4.2 Resistance mechanisms evaluation in GBM cell lines. (A) Nestin, Glial fibrillary
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acidic protein (GFAP) and Phalloidin positive-staining were analysed for U87, U118 and GBM11
cell lines. (B) PGP expression was quantified in the three GBM cell lines, U87, U118 and GBM11
by flow cytometry analysis in a BD FACSCalibur system. A total of 10,000 events were collected.
Relative expression was obtained by PGP expression compared to the respective isotype and
corresponds to the % of Gated cells. (C) MGMT methylation pattern was analysed through
Methylation-specific PCRs for U87, U118 and GBML11 cells lines. UC - universal unmethylated
control (bisulfite converted); MC - universal methylated control (bisulfite converted); UNC -
universal not converted unmethylated control (not bisulfite converted); MM — molecular marker of
50 bp. (D) The expression of SOX2, OCT-4A and Nanog in U87, U118 and GBM11 cell lines was
guantified by western blot. Statistical analysis was performed in GraphPad Prism 5 for Windows
(version 5.00; GraphPad Software, Inc., San Diego, CA, USA). Each value represents the mean +
SEM from three independent experiments, * p < 0.05, ** p <0.01.

4.4.3 Evaluation of death and cell cycle in GBM11 cells treated with TMX and
TMZ

To evaluate cell death with the combined therapy compared with monotherapy with
TMZ, we stained the cells with Annexin V (AV), to analyse apoptotic cells, and with
propidium iodide (PI), to analyse necrotic cells, by flow cytometry (Figure 4.3A). TMZ
alone did not induce cell death in GBM11 (Figure 4.3B). However, 17.5 uM of TMX
induced an increase of 7.5% + 0.7 in apoptosis and 37.5% + 21.5 in late apoptosis,
respectively, compared to control cells. Combined treatment with 17.5 uM TMX plus 250
UM TMZ induced an increase of 8.1% + 2.3 in apoptosis and 36.5% + 23.4 in late apoptosis,
p <0.001 (Figure 4.3C). Cell cycle analysis showed an arrest in the G1 phase when TMX
was administered alone, p <0.001 (Figure 4.3D).
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Figure 4.3 Effects of TMX and TMZ combination on cell death and cell cycle of GBM11 cells.
Following the incubation of GBM11 cells with TMX and/or TMZ for 48 h, cells were stained with
Annexin V (AV) and Propidium lodide (PI) and analysed by flow cytometry. (A) Debris were
removed to obtain the viable cells region, R1. The R1 region was used to analyse AV and PI
expression by flow cytometry. The analysis was based on the percentage of gated positive cells. (B)
TMZ alone was added to GBM11 cells in different concentrations. (C) TMX and/or in combination
with TMZ was added to GBM11 cells in different concentrations. The chosen doses were above
the dose that inhibited growth by 50% (IC50) individually. The AV positive cells, P1 positive cells,
AV and PI double-positive cells and the live cells (double-negative) were immediately analysed by
flow cytometry in a BD FACSCalibur system and evaluated in the FL2 and FL1 channel,
respectively. A total of 10,000 events were collected. (D) Cell cycle analysis was determined by
gating GO/ G1, S and G2/ M on Pl-area signal by flow cytometry after the debris were removed to

obtain the R1 region.
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4.4.4 Evaluation of EdU incorporation and p-PKC-pan regulation in GBM11
cells treated with TMX and TMZ

EdU incorporation in 17.5 uM of TMX and in 17.5 pM TMX plus 250 pM TMZ
was reduced by 90.7% + 8.0 and 96.2% = 3.4, respectively, compared to control cells, p
<0.001 (Figure 4.4A).
We verified that GBM11 cells also express p-PKC-pan. The 17.5 uM of TMX induced a
significant reduction of 49.3% + 30.1 in p-PKC-pan regulation, p <0.05. When combined
with TMZ, the reduction of p-PKC-pan was 44.3% + 29.4 with 17.5 pM TMX plus 250
MM TMZ (p <0.01), and 65.2% + 20.3 with 17.5 puM TMX plus 350 pM TMZ (Figure

4.4B).
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Figure 4.4 Effects of TMX and TMZ combination on EdU incorporation and p-PKC
expression of GBM11 cells. (A) The proliferation rate was evaluated by measuring the
incorporation of EdU. Analysis were performed with a BD FACSCalibur system evaluated in the
FL2 and FL1 channel and a total of 10,000 events were collected. (B) The effect of TMX and/ or
TMZ on PKC-pan expression was evaluated by western blot. Loading control was performed with
an antibody for p-Actin. The bands numbered from 1 to 6 were in the same order that they appear
in the graph. Each value represents the mean £ SEM from three independent experiments, * p <

0.05, ** p <0.01, *** p <0.001.
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4.4.5 Study of cell migration and organization of F-actin filaments in GBM11
cells treated with TMX and TMZ

To evaluate the effect of TMX and TMZ co-treatment on GBM11cells, we

CHAPTER 4

performed the scratch assay. After 6 h, control cells moved and filled the scratch (Figure
4.5A). When cells were incubated with 17.5 pM TMX or with TMX 17.5 uM plus 250 uM
TMZ, cell motility was reduced by 80.8% + 29.1 and 73.9% + 13.9 compared to control
cells, respectively, p <0.05 (Figure 4.5B). Phalloidin staining was performed to evaluate

the cytoskeleton organization in the presence of TMX and/or TMZ (Figure 4.5C).
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Figure 4.5 Effects of TMX and TMZ combination on cell migration capability and f-actin
filament organization of GBM11 cells. (A) The images represent photographs of GBM11 cells
from scratch assay. The scratch closure was measured at two time points (TO and T6) after the
scratch was made in the culture dish. Every picture was acquired at the same magnification of 10x
(x10/ 0.25 Ph1 N-Plan) (Scale bar =100 um) with aDMI3000B light microscope (Leica Germany)
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and acquired with Leica Application Suite v 4.3, Switzerland. ImageJ software was used to record
the coordinates for each scratch location. (B) Statistical analysis was performed in GraphPad Prism
5. Each value represents the mean = SEM from three independent experiments, * p <0.05. (C) Cells
were fixed and F-actin was stained with Alexa Fluor 555 phalloidin. Nuclei were counterstained
with DAPI. Observations were made with a Zeiss LSM 510 Meta confocal microscope at a
magnification of 40x, using a filter set with an excitation filter of 568 nm and a barrier filter of 585
nm. Red indicates F-actin staining and blue indicates the nuclei. All the doses chosen were above
the one that inhibited growth by 50% (IC50) individually.

4.5 DISCUSSION

Besides the lack of a successful response, temozolomide (TMZ) is still considered
part of the gold-standard for GBM treatment. Currently, few alternative treatment options
for patients with TMZ resistant GBMs are desperately needed (He et al., 2015). Tamoxifen
(TMX) is an estrogen receptor (ER) modulator commonly used for the treatment of ER-
positive breast cancer recently considered to have many other anti-tumor actions, mainly
in the phosphorylated protein kinase C (PKC) regulation when used in higher
concentrations (Couldwell et al., 1994; He et al., 2015; Hegi et al., 2005; Zhou et al.,
2012). Phosphorylated PKC is one of the most enigmatic signalling pathways that may
promote or inhibit apoptosis and cell survival, as previously described (Balca-Silva et al.,
2015). TMX is well known to be one of the p-PKC inhibitors used in in vitro studies with
glioma cells and also in clinical trials with GBM patients. Besides the in vivo studies were
disappointing since treatment of patients with recurrent malignant glioma with low doses
of TMX did not significantly increase the survival rate of the patients, the clinical trials
using high doses of TMX alone or in combination with other cytotoxic agents, have yielded
better results (Balca-Silva et al., 2015; Hui et al., 2004; Kamburoglu et al., 2007; O’Brian
et al., 1985; Zhang et al., 2000). We recently described the success of TMX and TMZ
combination in two GBM cell lines, U87 and U118. In order to study the heterogeneity
between GBM cells and the variability in the chemotherapeutic response, similarly to that
observed in GBM patients, we established a new GBM cell line in laboratory and compare
the mechanisms underlying chemoresistance and the response to treatment with the two
cell lines previously studied, the U87 and U118 (Balga-Silva et al., 2015).

As so, a tumor sample from GBM was analysed histologically by the Pathology
Service of the Federal University of Rio de Janeiro Hospital, as described by Faria et al.,
(Fariaetal., 2006). Prior to isolation of the GBM cells and at the time of the diagnosis, the

tumor was classified as GBM due to the: 1) magnetic resonance diagnosis (Figure 4.1A);
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2) histopathological characteristics of GBM by staining with HE in paraffin sections
(Figure 4.1B); 3) the positive GFAP immunostaining, which is currently used for diagnosis
of GBM (Figure 4.1C) (Deck et al., 1978); and 4) existence of a previous GBM lesion.
Subsequently, the tumor cells from the biopsy sample of GBM were isolated and
established in culture. GBM is also characterized as an heterogeneous tumor that has a
subpopulation of glioma stem-like cells (GSCs), known to be chemo- and radioresistant,
properties that are responsible for tumor recurrence (Altaner and Altanerova, 2012; Jackson
et al., 2015; Meacham and Morrison, 2013). In fact, our GBM cells also expressed stem-
like cell markers, mainly SOX2, OCT-4A and NANOG (Figure 4.1D), probably because
these tumor stem-like cells have been selected through the previous TMZ treatment.
GBML11 cells could also grow in an in vivo animal model (data not shown), as described
by Garcia et al., (Garcia et al., 2014). This suggests that the glioma stem-like cells are
able to contribute to the tumor growing in vivo and that the previous treatment with TMZ
may have contributed to the recurrence of a tumor endowed with a higher number of cancer
stem-like cells.

Regarding cell cytotoxicity, we noticed an expected resistance of GBM11 to TMZ
treatment (Figure 4.1E), similarly to that observed in the U87 and U118 cell lines as well
(Balc¢a-Silva et al., 2015), which was in accordance with the low survival rate of GBM
patients treated with TMZ (Carmo et al., 2011a; do Carmo et al., 2010; Kahn et al., 2012;
Stupp et al., 2007). Regarding cell cytotoxicity of TMX in GBM11 cells we noticed a
higher IC50, 25.6 UM, compared, respectively, to 9.1 uM and 7.3 uM from U87 and U118,
previously published (Figure 4.1F), which suggests that this new cell line presents a more
resistant behavior when compared to U87 and U118. The combined treatment of GBM11
with TMX and TMZ induce a decrease in cell viability until 49.2% using doses below the
IC50 of each drug alone. A similar cytotoxicity was observed in U87 cells, about 50.0% in
cell viability decrease and a higher one observed in U118 of 90.0% (Figure 4.1G). These
results are in accordance with the higher resistance of GBM11 cells and higher sensitivity
of U118 to TMX alone.

After the analysis of the GFAP and Nestin positive expression and F-actin filaments
staining, confirming a GBM phenotype of all three GBM cells (Figure 4.2A), we analysed
the expression of PGP. PGP is expressed by endothelial cells in the brain and in the newly
formed blood vessels in glioma. PGP recognizes structurally unrelated chemotherapeutic
agents such as Vincristine, Etoposide, Doxorubicin, Taxol and Temozolomide
(Calatozzolo et al., 2005; Cordon-Cardo et al., 1989; Schaich et al., 2009; Sun et al.,
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2003; Toth et al., 1996). In our study we observed that the PGP expression in GBM11 is
significantly higher than compared to U87 and U118. It suggests that PGP expression is
enhanced by previous TMZ treatment and may explain the more aggressive phenotype of
recurrent gliomas. As so, we considered that, together with the higher IC50 of TMX and
lower cell viability of TMX plus TMZ treatment, GBM11 could be used to evaluate the
chemoresistance of different therapeutic agents in future studies (Figure 4.2B).

Regarding the mechanisms of chemoresistance of GBM to TMZ, we evaluated the

expression of O6-methylguanine-DNA methyltransferase (MGMT) (Qiu et al., 2014;
Tomaszowski et al., 2015). Accordingly, analysis of the methylation pattern revealed a
total methylation of the MGMT in GBM11 and U87 cell lines and a partial methylation in
U118 cell line, suggesting that the resistance of TMZ is probably not related with the
MGMT action. In the U118 case, due to a partial methylation pattern of the MGMT we
could expect a higher resistance to TMZ compared with the other cell lines (Figure 4.2C).
Still, MGMT alone is not always correlated with resistance to TMZ in GBM, which was
apparently the case of these three cell lines (Schaich et al., 2009; Tomaszowski et al.,
2015; Téth et al., 1996). Accordingly, since the glioma stem-like cells are known to be
chemo and radioresistant and so responsible for tumor recurrence (Diaz and Leon, 2011;
Ortensi et al., 2013; Seymour et al., 2015; Singh et al., 2004), the stem-like cell markers
expression evaluation confirmed that the GBM11 could be the more resistant cell line since
it presents higher levels of SOX2, which the overexpression has been correlated with poor
prognosis in gliomas, compared to U87 and U118 cell lines (Figure 4.2D). In fact, SOX2
levels must be tightly controlled for proper development of the nervous system.
Specifically, deregulation of SOX2 levels in chick neural stem cells (NSC) has been shown
to disrupt their fate (Cox et al., 2012).
Similarly to the results obtained for the U87 and U118 cell lines, we observed an induction
of cell death (Figure 4.3A, B and C) and an induction of cell cycle arrest (Figure 4.3D) in
GBML11 cells treated with TMX and TMZ, although the TMX alone treatment induce a
similar effect than the combined therapy in this cell line. It may suggest that for recurrent
tumors previously treated with TMZ accordingly to Stupp protocol, the best choice of
second-line treatment may be only TMX to reduce putative side effects of combined
treatment with TMZ. Also, a reduction in cell proliferation (Figure 4.4A) was observed in
GBML11 cells, probably due to the decreased expression of p-PKC-pan (Figure 4.4B).
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We finally observed a reduction of cell migration (Figure 4.5A and B), which could
be explained, not exclusively, but consistently, by the visible disorganization of F-actin
filaments (Figure 4.5C).

Altogether, when treated with TMX, our new GBM11 cell line presented a higher 1C50 of

CHAPTER 4

TMX alone, higher reduction of cell proliferation, probably due to the reduction of p-PKC
expression and cell migration capability, and a higher expression of PGP compared to U87
and U118 cell lines previously described (Table 4.1). The increase of PGP expression has
been correlated with a poor response to therapy, which may justify the higher resistance of
GBML11 cells (Callaghan and Higgins, 1995; Cordon-Cardo et al., 1989; Tomaszowski et
al., 2015; Téth et al., 1996). Also, TMX is known to inhibit drug transport since it interacts
with PGP inhibiting PGP-dependent drug transport (Callaghan and Higgins, 1995).
GBM11 may be more resistant also due to the previous treatment with TMZ. Nonetheless,
the overexpression of PGP and the higher amount of stem-like cells are more likely to be
responsible for the GBML11 resistant profile. In this way, the concentration of TMX
required to induce an effect would be expected to be higher compared to U87 and U118

cell lines, which is also in accordance with our results.

Table 4.1. Comparation of different GBM cell lines response to treatment.

PGP
expression
% relative to
GBMI11)

Cell viability

(uM)
(IC50)

p-PKC reduction EdU incorporation reduction Cellcycle  Cell death Cc::(rirlllﬁli'zgon ﬁllz;:::ﬁlts r::e(t}hMth
(%) (%) arrest (%) ot

(%) disorganization ion

TMX TMZ TMX TMX + TMZ TMX TMX+TMZ

Us7 9.1 - 39.1+89" 569+ 148" - - GO/GL™12 38+0.7"" 413+83™ - M 1.34

(TMX alonc) (TMX + TMZ)

U118 73 - 289+140% 552+£231% - 683 +£2.3"*12 - 37.8+£7.3"""12 25854 T PM 0.11

(TMX + TMZ) (TMX alone)

GBMI1 25.6 - 49343017 443+204"1 00.7+8.0"! 962+ 34" GO/GL*™™ 37.54+21.5" 73.9+£13.9% T M 100

(TMX alone) (TMX alone)

*p <0.05; ** p <0.01; *** p <0.001; ! in comparation to control; 2in comparation to TMX alone; T Increase;
M — Methylated; PM — Partial Methylated; - Without alterations.
Note: The U87 and U118 data were previously published by our group (Balca-Silva et al., 2015).

However, and probably due to the higher resistance of this new GBM cell line, the
combination of TMX and TMZ had not a synergistic effect as observed in U87 and U118

cell lines. In GBM11 the results between combined or monotherapy are the same, which
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could represent action in another receptor site of interaction and would be an alternative
chemotherapeutic approach for GBM. Besides TMX can actually be very important on p-
PKC regulation, and consequently, interfere with proliferation, survival and migration of
glioma cells, the contribution of chemotherapeutic drugs depends on the GBM cells
characteristics. In the current study, we evaluated the effect of TMX on TMZ-resistant
GBM cell lines, which express different levels of PGP expression and similar MGMT
activity. The MGMT is totally methylated in the GBM11 and U87 cell lines, which may
not justify the chemoresistance of these cells to TMZ. However, in the U118 cell line we
could see only a partial methylation of MGMT, which could explain some of the TMZ
resistance behavior but a better response of the combined therapy, since TMX could
sensitize cells to TMZ action in this cell line, which is in accordance with our results (Table
4.1). We found that TMX alone significantly inhibited the viability of TMZ-resistant GBM
cells with higher expression of PGP, and induced apoptosis of glioma cells in vitro. In
GBM11 case we noticed no need to TMZ addiction in the chemotherapeutic approach,
besides this drug combination with TMX presented a huge advantage in U87 and U118
cells. This response suggests that TMX alone can be used as a second-line therapy in
patients bearing recurrent tumors previously treated with TMZ, instead of a combination
of TMZ and TMX (DI Cristofori et al., 2013). It also emphasizes the heterogeneity
response between GBM cells, which reflects the same variability between different GBM,
highlighting the urgent need of the establishment of a personalized therapy (Balca-Silva et
al., 2015; Bogush et al., 2012; Kahn et al., 2012).

Our results propose TMX alone treatment as a successful approach in GBM cells
that have previously been treated according to the Stupp protocol (Stupp et al., 2009).
Since the TMX and TMZ constitutes a beneficial combination for U87 and U118 cells, and
since TMZ is still part of the gold-standard for GBM treatment, the combination constitutes
a therapeutic approach that still reaches a wide range of GBM cells, especially those that
still have not been exposed to TMZ. Furthermore, these results open new avenues to
recognize different cell responses according to tumor heterogeneity that together might

evidence functional differences between gliomas entities.
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CHAPTER

The expression of connexins and SOX2 reflects

the plasticity of glioma stem-like cells
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5.1 ABSTRACT®

Glioblastoma (GBM) is the most malignant primary brain tumor, with an average
survival rate of 15 months. GBM is highly refractory to therapy and such unresponsiveness
is due, primarily, but not exclusively, to the glioma stem-like cells (GSCs). This
subpopulation express stem-like cell markers and is responsible for the heterogeneity of
GBM generating multiple differentiated cell phenotypes. However, how GBM maintain the
balance between stem and non-stem populations is still poorly understood. We investigated
the GBM ability to interconvert between stem and non-stem states through the evaluation
of the expression of specific stem cell markers as well as cell communication proteins. We
evaluated the molecular and phenotypic characteristics of GSCs derived from differentiated
GBM cell lines, by comparing their stem-like cell properties and expression of connexins.
We showed that non-GSCs as well as GSCs can undergo successive cycles of gain and loss
of stem properties, demonstrating a bidirectional cellular plasticity model that is
accompanied by changes on connexins expression. Our findings indicate that the
interconversion between non-GSCs and GSCs can be modulated by extracellular factors
culminating on differential expression of stem-like cell markers and cell-cell
communication proteins. Ultimately, we observed that stem markers are mostly expressed
on GBMs rather than on low-grade astrocytomas, suggesting that the presence of GSCs is
a feature of high-grade gliomas. Together, our data demonstrate the utmost importance of
the understanding of stem cell plasticity properties in a way to a step closer to new strategic

approaches to potentially eliminate GSCs and, hopefully, prevent tumor recurrence.

® This chapter contains the text and the figures originally published in Joana Balca-Silva, Diana Matias, Luiz
Gustavo Dubois, Brenno Carneiro, Anélia do Carmo, Henrique Girdo, Fernanda Ferreira, Valéria Pereira
Ferrer, Leila Chimelli, Paulo Niemeyer-Filho, Herminio Tao, Olinda Rebelo, Marcos Barbosa, Ana Bela,
Sarmento-Ribeiro, Maria Celeste Lopes, Vivaldo Moura-Neto. 2017. Translational Oncology. 10 (4), 555-
569, with the copyright permission under the terms of the Creative Commons Attribution-NonCommercial-
No Derivatives License (CC BY NC ND).
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5.2 INTRODUCTION

In the last decade, cancer cells endowed with self-renewal, differentiation and
tumor-initiating properties have been isolated from several kinds of malignancies,
including central nervous system (CNS) neoplasms. In the brain, glioma stem-like cells
(GSCs) have been isolated from primary glioblastomas (GBMs), the most common and
malignant primary brain tumor in adults (Louis et al., 2016; Oliveira-Nunes et al., 2016;
Singh et al., 2004). On average, patients with GBM survive only about 15 months after
diagnosis, even under treatment with temozolomide (TMZ), which is part of the gold-
standard therapy (Deheeger ef al., 2014; Grossman et al.,, 2010; Huse et al., 2013; Stupp
et al., 2005). This unfavourable prognosis is due to the high proliferation rate, resistance
to apoptosis, increased migratory ability of the cells, deregulation of important signalling
pathways, and the existence of GSCs. In addition to their potential for tumor initiation,
GSCs are responsible for cellular heterogeneity and chemo- and radioresistance, classical
features of GBM (Singh ef al, 2004). This heterogeneity provides several distinct cell
populations that differ from each other not only phenotypically, but also genetically (Ding
et al., 2012; Nik-Zainal et al, 2012; Schuh et al., 2012; Shah et al, 2012) and
physiologically (Garcia ef al., 2014). These distinct cell subpopulations produce a rich
environment with a sufficient number of cells that can bypass selection pressures to evolve
and sustain tumor growth.

The key characteristics of GSCs are suggested to be closely associated with the
expression of pluripotency genes, namely the sex-determining region Y-Box (SOX2)
(Seymour et al., 2015).

Nonetheless, a growing body of evidence indicates that intercellular communication
through gap junctions (ICGJ) could contribute to the coordination of mechanisms involved
in cell differentiation (Evans and Martin, 2002; Naus and Laird, 2010; Saez et al., 2003;
Todorova et al.,, 2008). Gap junctions are formed by proteins of the connexin (Cx) family,
which may exert both tumor-suppressor and oncogenic functions, specifically connexin 43
(Cx43) and connexin 46 (Cx46) (Orellana ef al,, 2012; Soares et al., 2015). Since the
expression of connexins varies according to the differentiation spectrum of GBM cells,
Hitomi and colleagues suggested that Cx expression could be essential for transitions
between stem-like and non-stem-like states (Hitomi et al., 2015). Switching between stem
states allow cells to reprogram their differentiation status, and contribute to the

development of chemoresistance mechanisms (Deheeger ef al., 2014; Hitomi et al., 2015;
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Liu and Lu, 2012; Safa et al., 2015). However, the mechanisms involved in these cellular
transitions and their contributions to GBM chemoresistance, and thus aggressiveness are
poorly understood (Chaffer et al., 2011; Easwaran et al., 2014; Meacham and Morrison,
2013; Tata et al., 2013). Here, we hypothesized that this heterogeneity in GBM tumor mass
could represent the reversibly transit of GBM cells between different states, such as stem-
like and non-stem-like as a demonstration of glioma stem-like cells plasticity.

Therefore, in order to determine if GBM cells are able to switch between stem and
non-stem states, we compared the expression of stem-like markers in GBM cell lines, such
as SOX2 upon different culture conditions. Moreover, we compared Cxs expression in such
conditions. We also investigated whether the differential expression of SOX2 or Cxs can
distinguish glioma grades malignancy, through the analysis of human astrocytoma samples.
We consider of sublime importance the understanding of stem-like cell state plasticity,
which could explain the aggressiveness of GBM and lead us to identify new molecular

markers for its treatment.

5.3 MATERIAL AND METHODS

5.3.1 Material

DMEM/F12 Dulbecco's Modified Eagle Medium: Nutrient Mixture F-12 and NS34
NeuroBasal medium were supplied by Gibco®; HEPES was supplied by Life Technologies
(Sao Paulo, Brazil), and fetal bovine serum (FBS) was supplied by Invitrogen (Paisley,
UK). The growth factors B27, N2 and G5 were obtained from Thermo Scientific (Waltham,
MA, USA). All secondary antibodies conjugated with either Alexa Fluor 488 or Fluor 546
were obtained from Invitrogen-Life Technologies (Carlsbad, CA, USA). Glucose was
purchased from Merck (Darmstadt, Germany). Fungizone was purchased from Bristol-
Myers Squibb (Princeton, NJ, USA). Penicillin/streptomycin was purchased from Gibco,
and rabbit anti-glial fibrillary acidic protein (GFAP) and mouse anti-vimentin clone V9
antibodies were purchased from Dako (Glostrup, Denmark). 4-6-diamino-2-phenylindole
(DAPI) was obtained from Sigma (Natick, MA, USA). Protease and phosphatase inhibitors
were supplied by Roche (Indianapolis, IN, USA). Antibodies for Nanog (#3580), Oct-4A
(#2840) SOX2 (#D6D9) and Slug (#9585) were purchased from Cell Signalling
Technology (Beverly, MA, USA). Mouse GAPDH, Anti-Connexin 43 / GJA1 antibody
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(Connexin 43) (#ab11370) and Anti-GJA3 antibody (Connexin 46) (#ab176394) were
purchased from Abcam. Anti-Vimentin was obtained from Dako (Glostrup, Denmark).
Mouse anti-actin antibody was purchased from Boehringer (Mannheim, Germany). Nestin
clone 10c2 and PVDF membranes were purchased from Millipore (Billerica, MA, USA).
2x laemmli buffer and B-mercaptoethanol were purchased from Bio-Rad (Sao Paulo,

Brazil).

5.3.2 Maintenance of cell line cultures

The U87 cell line was acquired from the American Type Culture Collection (ATCC)
(Manassas, VA, USA). The human tumor cell lines, GBM02 and GBM11 cells, were
established and characterized in our laboratory, and maintained directly in DMEM/F12
supplemented with bovine serum, after collected from a GBM patient biopsy sample, as
previously described (Faria et al., 2006; Kahn et al., 2012). The human cell line OB1 was
established and characterized by the laboratory of Dr. Hervé Chneiweiss, and maintained
in NS34 serum-free medium as described by Thirant et al., (Thirant et al., 2011). Cells
were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 3.5
mg/ml glucose, 0.1 mg/ml penicillin, 0.14 mg/ml streptomycin and 10% inactivated FBS,
maintained at 37°C in an atmosphere containing 95% air and 5% CO; as described by Faria
et al., (Faria et al., 2006). The GSC populations were obtained from U887, GBMO02 and
GBMI11 and maintained in NeuroBasal medium (NS34) supplemented with sodium
pyruvate, glutamine, B27 supplement, EGF, basic FGF, penicillin and streptomycin, as
described by Patru ef al., (Patru et al., 2010) and Thirant et al., (Thirant et al., 2011).
Since these cells were obtained in the absence of serum (serum-free, SF), they were termed
U87-SF, GBMO02-SF, GBM11-SF and OBI-SF. Spheres from U87-SF, GBMO02-SF,
GBM11-SF and OBI1-SF were passed by mechanical dissociation through a p200 pipette
and reseeded into NS34 medium, used for stem-like cells at the same density of 0.5 x 10°

cells/mL to form new spheres.
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5.3.3 Clonogenic assay

To determine the ability of GBM cells to form spheres, a single viable cell was
transferred to each well of a 96-well plate containing 100 pL of NS34 medium. Fresh stem-
cell medium was added every 2 days. Over 4 weeks of culture, by observation under phase

contrast microscope, the sphere-positive wells were counted.

5.3.4 Western Blot

The SOX2, OCT-4A, NANOG, Cx43, Cx46, Slug and vimentin proteins were
analyzed by western blotting as originally described by Towbin and adapted by Balga-Silva
and Kahn in both the GBM and GBM-SF cell lines (Balga-Silva et al., 2015; Kahn et al.,
2012; Towbin et al., 1989). Briefly, cells were centrifuged at 500 xg for 10 min at 4 °C.
The supernatants were discarded. The cells were resuspended in RIPA buffer (50 mM Tris—
HClI at pH 8.0, 150 mM NaCl, 1.0% NP-40, 0.5% sodium deoxycholate, 0.1% SDS and 2
mM EDTA, supplemented with protease and phosphatase inhibitors and DTT), and
sonicated. After that, the samples were denatured with Lammli buffer 2x added to each
sample at a 1:1 ratio. Protein extracts were boiled at 95 °C for 5 min before use. 30 pg of
protein was run on a 10% SDS-PAGE gel and transferred to a PVDF membrane, and then
incubated with a solution of 5% non-fat milk in TBST for 1 h at room temperature. The
primary antibodies against SOX2 (1:1000), OCT-4A (1:1000), NANOG (1:1000), Slug
(1:1000), vimentin (1:1000), Cx43 (1:1000), and Cx46 (1:100) were diluted in TBST with
1% mnon-fat milk supplemented with azide. After the incubation period, the
immunocomplexes were detected with anti-rabbit antibody (1:1000) and conjugated with
horseradish peroxidase. Bands were obtained after exposing the membranes to an X-ray
film, and analysed through densitometry scanning. The protein expression was quantified
using the software ImagelJ 1.49v (Wayne Rasband, National Institutes of Health, USA) with
the expression of tubulin or GAPDH used as a loading control. Each experiment was

repeated three times.
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5.3.5 Immunofluorescence

For immunofluorescence analysis, 10 x 10* cells/ml were plated on coverslips
placed on a 24 multi-well plate, as previously described (Kahn ez al., 2012). Briefly, GSCs
and GBM cells were fixed with 4% PFA in PBS for 15 min. Then, cells were washed with
PBS and permeabilized with Triton 0.1% for 30 min. Cells were the washed with PBS and
incubated with 5% BSA/PBS for 30 min. Cells were incubated with rabbit anti-SOX2
(1:400), rabbit anti-glial fibrillary acidic protein (GFAP) (1:500), rabbit anti-OCT-4A
(1:400), rabbit anti-Nanog (1:400), mouse anti-Nestin (1:200), rabbit anti-Cx43 (1:1000)
and/or rabbit anti-Cx46 (1:100). Cells were incubated overnight at 4°C with the primary
antibodies, then washed again with PBS and incubated overnight with secondary antibodies
conjugated with Alexa Fluor 488 (goat anti-mouse; 1:250) and/or Alexa Fluor 488 (goat
anti-rabbit; 1:250). Cells were then washed with PBS, stained with DAPI, washed with
PBS and mounted in Fluoromount-G®. Negative controls were performed with non-
immune rabbit or mouse IgG. Cells were imaged using a DMi8 advanced fluorescence
microscope (Leica Microsystems, Germany) equipped with a 63x oil-immersion objective
and analysed with Leica LA SAF Lite. Images were processed using the software ImageJ

1.49v (Wayne Rasband, National Institutes of Health, USA).

5.3.6 Real time PCR

Total RNAs were extracted from OB1 and GBMO?2 cells using PureLink RNA Mini
Kit (Thermo Fisher Scientific) following the manufacturer's instructions. One microgram
of the total RNA, oligodT(12-18) primer (Thermo Fisher Scientific) and High-Capacity
cDNA Reverse Transcription Kit (Applied Biosystems) were used to perform the cDNA
synthesis. For quantitative Polymerase Chain Reaction (QPCR) using OB1 cell samples, we
utilized 12 ng per well of cDNA, SOX2 and Cx43 Tagman® Probes (Hs01053049 sl and
Hs00748445 sl, respectively) and GAPDH (Hs02786624 gl) as endogenous gene. To
calculate the relative fold variation in mRNA expression, we performed the 2-AACT
method. For qPCR from GBMO2 cell samples, we designed and used the SOX2 primers
(Forward: 5’-AGGGCTGGGAGAAAGAAGAG-3’; Reverse: 5-
GGAGAATAGTTGGGGGGAAG-3’), the Cx43 primers (Forward: 5-
ATGAGCAGTCTGCCTTTCGT-3’; Reverse: 5’-TCTGCTTCAAGTGCATGTCC-3’) and
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GAPDH (Forward: 5’-GAGTCAACGGATTTGGTCGT-3’; Reverse: 5’-
TTGATTTTGGAGGGATCTCG-3") primers. Here, we employed the Power SybrGreen
Master Mix (Thermo Fisher Scientific) and the Pfaffl method of Pfaffl to calculate the
relative fold variation in mRNA expression. Data were always obtained from three
independent experiments and analyzed using student’s t-test. Thermal cycling was carried

out using the manufacturer’s recommended conditions, in a CFX96 Touch Real-Time PCR

Detector (BioRad) (Pfaffl, 2001).

5.3.7 In vivo mouse GBM model

Swiss mice were obtained from the Biomedical Sciences Institute (Universidade
Federal do Rio de Janeiro — UFRJ, Brazil). This study was approved by the Ethics
Committee of the Center for Health Sciences (Centro de Ciéncias da Satde - CCS, UFRJ)
(Protocol No. DA- HEICB 015) and by the Brazilian Ministry of Health Ethics Committee
(CONEP No. 2340), as described by Kahn ef al., (Kahn et al, 2012). The Guide for the
Care and Use of Laboratory Animals (National Academy of Sciences, National Academy
Press, Washington, DC) was strictly followed in all experiments. All efforts were made to
minimize the number of animals used and their suffering. 10-14-week-old male Swiss mice
weighing 20-25 g were anesthetized with diazepam (5 mg/kg i.m.), ketamine (100 mg/kg
i.m.) and xylazine (25 mg/kg i.m.), and then a brain midline incision was made on the scalp,
as previously described (Garcia ef al.,, 2014; Kahn et al., 2012). Briefly, a small hole was
drilled in the skull and 1 x 10> GBM11 cells (or DMEM-F12 — control) were delivered in
3 uL DMEM-F12 at a depth of 3 mm with a Hamilton syringe (Hamilton, Reno, NV, USA)
over 30 min at the stereotaxic coordinates: 1 mm posterior to the bregma and + 2 mm
mediolateral from the midline. Animals were followed for 7, 14 and 21 days after tumor

cell injection.

5.3.8 Magnetic resonance imaging
Magnetic resonance imaging (MRI) was performed 7, 14 and 21 days after the

tumor injection, as previously described (Garcia et al., 2014; Kahn et al., 2012). Briefly,

mice were anesthetized with ketamine (100 mg/kg i.m.) and xylazine (25 mg/kg i.m.) and
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images were acquired with a magnetic resonance scanner (7T/210 horizontal Varian
scanner, Agilent Technologies). All images of the brain were obtained using proton density
sequences (TR/TE: 10/2000 ms; matrix: 128 x 128, slice thickness: 1 mm; 12 continuous
slices with no gap; 16 averages) in the axial (field of view: 25.6 x 25.6 cm), coronal (field
of view: 32 x 32 c¢cm) and sagittal (field of view: 25.6 x 25.6 cm) planes. For each dataset,
all images were visually inspected for artefacts. Data were processed using Osirix software
(www.osirix-viewer.com). Brain morphology and tumor characteristics were evaluated by

two experienced researchers.

5.3.9 Mouse tissue processing

Briefly, mice brains were dissected, fixed in 4% PFA for 24 h at 4°C and stored
before processing. Then, the tissues were dehydrated in a graded ethanol series (30%, 40%,
50% and 60% for 30 min, next 70%, 80% and 90% for 1 h, and finally 100% twice for 1 h
each), followed by xylene overnight at room temperature. Finally, brains were embedded
in paraffin for 3 h at 67°C. Coronal sections were cut (5 um thick) on a microtome. The
sections were stained with haematoxylin and eosin and photographed using a DMi8
advanced  fluorescence  microscope (Leica  Microsystems, Germany). For
immunofluorescence of GBM11 cells injected in the striatum of immunocompetent mice,
mouse anti-human vimentin (hVim) (1:50) was stained at the core of the tumor mass, as
shown by cell nuclei atypia (DAPI counterstaining in cyan, inset) and at the border of the

tumor mass.

5.3.10 Human tissue processing

A total of 10 human brain samples, of which 6 were astrocytoma grade IV (GBM),
2 astrocytoma grade II, and 2 temporal lobectomy neocortex samples acquired from
epilepsy surgery patients with mesial sclerosis were considered as normal brain and used
as controls were collected. All patients were admitted to the Neurosurgery Service of the
University Hospital of Coimbra (Coimbra, Portugal). The study was approved by the
University Hospital of Coimbra Ethics Committee, according to the Declaration of Helsinki

protocol and all patients assigned an inform consent for the use of biological material for
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research investigation. The GBM, astrocytoma grade II and normal brain tissues were fixed
in 4% paraformaldehyde for 12 — 24 h, embedded in paraffin, and cut into 4 um sections.
The brain tissues were prepared for immunohistochemistry by deparaffinising the sections
in xylene for 20 min and rehydrating in an ethanol series, using a Vector Laboratories
(Burlingame, CA, USA) kit. Then, all sections were incubated for 30 min with 3% H>O..
Antigens were retrieved from the samples with citric acid buffer (citric acid 0.1 M and
sodium citrate 0.1 M in distilled water) in a microwave (two cycles of 5 min, 400 w) to
break the methylene bonds and expose the antigenic sites. After that, the sections were
incubated in horse normal serum (Vector Laboratories) at 4°C for 30 min, and then
incubated with SOX2 primary antibody (1:100) diluted in TBS (Tris-Buffered Saline)
overnight at 4°C. The sections were washed three times with TBS-Tween and next
incubated with a 1:100 secondary antibody ImmPress reagent (Vector Laboratories Anti-
mouse/rabbit Ig, cat. no. MP-7500) for 30 min at room temperature. Then, all sections were
incubated with diaminobenzidine (DAB) (Bios, Beijing, China) for visualizing the positive
signal, counterstained with Mayer’s haematoxylin, and evaluated and scored by two
independent pathologists (with no knowledge of the patients' records). The sections were
observed at the same magnification of 10x (x10/ 0.25 PH1 NPLAN) and amplified 40x
(x40/ 0.55 CORR PH2) (Scale bar =100 um), with a Leica DMI3000B light microscope

(Leica, Germany) and acquired with the Leica Application Suite v 4.3 (Leica, Switzerland).

5.3.11 Statistical analysis

Statistical analysis was performed in GraphPad Prism 5 for Windows, version 5.00
(GraphPad Software, Inc., San Diego, CA, USA). After the assumption of normality and
homogeneity of variance across groups was confirmed, the groups were compared using a
nested design with analysis of variance and post-hoc comparison, with correction of a error
according to Bonferroni probabilities to compensate for multiple comparisons. All values

were expressed as mean = SEM, p <0.05.
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9.4 RESULTS

5.4.1 GBM Cell Lines Interconversion Between Stem-Like and Non—Stem-
Like States

GBM can generate cells that are able to acquire the stem-like state independently
of their differentiation state (Safa et al., 2015). Two different GBM cell lines, which were
isolated by different methods, were cultured in different media. GBMO02 was derived from
an adult human patient and isolated directly in medium supplemented with fetal bovine
serum (DMEM-F12, 10% FBS). OB1-SF (OB1-serum-free) was isolated from an adult
human patient and first cultured in a defined growth media supplemented with growth
factors (NS34, which contains DMEM/F12 5 x; Glucose 30%; 200 mM Glutamine; Hepes
3.6%; NaHCO3 7.5%; Pen/Strep; N2 1 x; B27 1 x and G5 1 x), known for maintaining
stem-like properties (Oliveira-Nunes et al., 2016; Thirant et al,, 2011). Specifically, the
N2 is constituted by human transferrin, human insulin, progesterone, putrescine and sodium
selenite and is recommended for the growth and expression of neuroblastomas (Spoerri et
al., 1983). The B27 is composed by a cocktail of vitamins, proteins and other components
like linoleic acid, linolenic acid, progesterone, selenite sodium, among others. The B27 is
used to induce growth and long-term viability of CNS cells (Brewer, 1995). Finally, the G5
is composed by biotin, basic fibroblast growth factor (FGF), epidermal growth factor
(EGF), human transferrin, human insulin, among others and is also important to the growth
and maintenance of primary and tumor glial cells (Michler-Stuke et al, 1984). To
investigate whether the two cell lines can switch between stem-like and non-stem-like
states, the expressions of SOX2 and Cxs 43 and 46 were measured by western blot (WB),
when the cells were cultured in their respective media, for both GBMO02 (Figure 5.1A, TO)
and OB1-SF (Figure 5.2A, T0). The expressions of SOX2, Cx43 and 46 were also evaluated
by immunofluorescence (IF) (Figures 5.1B and 5.2B) and by qPCR (Figures 5.1C and
5.2C). Two weeks later, cell differentiation was induced in the OBI1 cell line by exposing
the cells to DMEM-F12 10% FBS; and reacquisition of stem-like properties in GBM02
(GBMO02-SF) was induced by exposure to NS34 medium. The expression of markers of the
stem-like state was assessed by WB, IF and qPCR (Figures 5.1 and 5.2). At the end of four
weeks, the GBMO2 cells were transferred back to the DMEM-F12 10% SFB medium, and
the OB1-SF cells were transferred back to the NS34 medium (Figures 5.1 and 5.2, T4). Our
results showed that after this transfer, in the GBMO2 cells (T4), the Cx43 protein amount
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was 4.3-fold higher than in the GBMO2-SF cells (T2), p <0.01 (Figure 5.1A). However,
there was no significant difference among the Cx43 mRNA expression analyzed (Figure
5.1C). The GBMO2-SF cells (T2) maintained the ability to form spheres, and the Cx46
protein was 4.0-fold higher than in the GBMO?2 cells (T0), p <0.05; and 6.0-fold higher than
in the GBMO2 cells (T4), p <0.05. In addition, the quantity of SOX2 in the GBMO02-SF
cells (T2) was 3.6-fold higher than in the GBMO?2 cells (T0), p <0.05, and 2.8-fold higher
than in the GBMO2 cells (T4), p <0.05 (Figure 5.1A and 5.1B). Corroborating, the qPCR
results showed that SOX2 expression was 1.98 higher in the GBMO02-SF cells (T2) than in
GBMO2 cells (T0), p <0.05. In addition, statistically, the same mRNA expression value was
found in GBMO?2 cells (T4) and (TO) (Figure 5.1C).
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Figure 5.1 GBM stem-like cell plasticity properties in GBM02 and GBMO02-SF cells. The
expression of Connexin 43, Connexin 46 and SOX2 in the GBM and the respective serum-free cell
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lines was evaluated by western blot (A) and immunofluorescence (B). A. GBMO02 cells were
maintained in DMEM-F12 supplemented with serum for 2 weeks (GBMO02 TO0). At the end of this
time, part of the cells was isolated and the other part was maintained in culture with NS34, a serum-
free medium, for 2 more weeks (GBMO2-SF T2). Next, part of the cells was also isolated and the
other part was again maintained in culture with DMEM/F12 supplemented with serum for a further
2 weeks (GBMO02 T4). At the end of this time, cells were collected and the expression of Cx43,
Cx46 and SOX2 was quantified by western blot as previously described. Statistical analysis was
performed in GraphPad Prism 5 for Windows (version 5.00; GraphPad Software, Inc., San Diego,
CA, USA). Each value represents the mean = SEM from three independent experiments, * p <0.05,
** p <0.01. B. Immunofluorescence staining of Cx43, Cx46 and SOX2 was performed in parallel.
Cells were imaged using a DMi8 advanced fluorescence microscope (Leica Microsystems,
Germany). Scale bar = 50 M. Images were processed using the software ImageJ 1.49v (Wayne
Rasband, National Institutes of Health, USA). C. The expression of Connexin 43 and SOX2 in the
GBMO02 and GBMO02-SF cells was evaluated by qPCR. Total RNA was extracted using a PureLink
RNA Mini Kit following the manufacturer's instructions. One microgram of total RNA, oligo(dT)
primer and High-Capacity cDNA Reverse Transcription Kit were used to perform cDNA synthesis.
The qPCR reaction was done in duplicate using SOX2, Cx43 and GAPDH primers and Power
SybrGreen Master Mix. To calculate the relative fold variation in mRNA expression, GBMO2 cells
(TO) were applied as control at the 2-AACT method. Each value represents the £ SEM, * p <0.05.

In the OB cells (T2), the expression of Cx43 was higher than that observed in the
OBI-SF cells (TO and T4). The mRNA expression was more than 3-fold higher in (T2)
compared with (T0), p <0.05; and (T4) condition, p <0.01, although the difference was not
statistically significant for the protein amount. In the OB1-SF cells (T0), the expression of
Cx46 was 3.9-fold higher than in OB1 cells (T2), p <0.05; and in the OB1-SF cells (T4),
the expression of Cx46 was 3.8-fold higher than in the OBI1 cells (T2), p <0.05. In the OB1-
SF cells (TO) the total of SOX2 protein was 4.5-fold higher than in the OB1 cells (T2), p
<0.05; and in the OB1-SF cells (T4), SOX2 expression was 3.0-fold higher than in the OB1
cells (T2), although this difference was not statistically significant (Figure 5.2A). Similar
results were found for the real-time PCR. SOX2 expression was 9.28 higher in OB1-SF
cells (TO) than in OB1 cells (T2), p <0.001; and the transcripts levels increased in OB1-SF
cells (T4) compared with OB1 cells (T2), not statistically significant (Figure 5.2C). Also,
the OB1 cells formed spheres when cultured in the stem-like serum-free medium (Figure

5.2B).
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Figure 5.2 GBM stem-like cell plasticity properties in OB1 and OB1-SF cells. The expression
of Connexin 43, Connexin 46 and SOX2 expression was analysed in the GBM, and the respective
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serum-free cell lines were evaluated by western blot (A) and immunofluorescence (B). A. OB1-SF
cells were maintained in culture with the serum-free medium NS34 for 2 weeks (OB1-SF T0). At
the end of this time, part of the cells was isolated and the other part was maintained in DMEM-F12
supplemented with serum for 2 more weeks (OB1 T2). After this time, part of the cells was also
isolated and the other part was again maintained in culture with NS34, a serum-free medium for a
further 2 weeks (OB1-SF T4). At the end of this time, cells were collected and the expression of
Cx43, Cx46 and SOX2 was quantified by western blot as previously described. Statistical analysis
was performed in GraphPad Prism 5 for Windows (version 5.00; GraphPad Software, Inc., San
Diego, CA, USA). Each value represents the mean = SEM from three independent experiments, *
p <0.05, ** p <0.01. B. Immunofluorescence staining of Cx43, Cx46 and SOX2 was performed in
parallel. Cells were imaged using a DMi8 advanced fluorescence microscope (Leica Microsystems,
Germany). Scale bar = 50 uM. Images were processed using the software ImageJ 1.49v (Wayne
Rasband, National Institutes of Health, USA). C. The expression of Connexin 43 and SOX2 in
OBI1-SF and OBI cells was evaluated by qPCR. Total RNA was extracted using PureLink RNA
Mini Kit following the manufacturer's instructions. One microgram of total RNA, oligo(dT) primer
and High-Capacity cDNA Reverse Transcription Kit were used to achieve cDNA synthesis. The
qPCR reaction was done in duplicate using SOX2, Cx43 and GAPDH Tagman Probes. To calculate
the relative fold variation in mRNA expression, OB1 cells (T2) were used as control at the 2-AACT
method. Each value represents the + SEM, * p <0.05; ** p <0.01; **** p <0.0001.

Currently, several studies demonstrate that the shifts in the stem-like properties are
accompanied by changes in expression of epithelial-mesenchymal transition (EMT)
markers (Meacham and Morrison, 2013; Tam and Weinberg, 2013). We investigated the
expression of SLUG and Vimentin, two markers of enhanced EMT (Mallini et al., 2014;
Tania et al.,, 2014), on OBI cells in three different time points (Figure 5.3). SLUG and
Vimentin expression was downregulated on cells cultured on differentiation conditions
(OB1-T2), when compared to OB1-SF (T0). On the other hand, their expression was
restored when the same population of OB1 cells was cultured back on serum-free media

(OB1-T4), p <0.05 (Figure 5.3).

-174 -

CHAPTER 5



Molecular Mechanisms Of Glioblastoma Resistance: Glioma Stem-Like And Non-Stem-Like Cells Specific Targets

Inter-University Doctoral Program in Aging and Chronic Diseases HNIVERSIDADE DE Coimnia

SLUG 30 kDa

57 kDa

GAPDH 37 kDa

Vimentin |

150+ 150+ =
El OBI-SFT0 . Bl OBI-SFT0

B OBIT2
5 82:151; T4 _I_ [ OBI-SF T4

=
=
3

1004 —_—

(% of Loading Control)
wn
<

SLUG Expression
(% of Loading Control)
Vimentin Expression

04 . x T
OBI-SF TO OBI T2 OBI-SF T4 OBI-SF T0 OB1 T2 OBI-SF T4

Figure 5.3 Deregulation of Epithelial-mesenchymal transition (EMT) markers in OB1 cells.
The SLUG and Vimentin expression was evaluated in OB1 cells in TO, T2 and T4 time points by
western blot. There was a significant downregulation in expression of SLUG and vimentin in cells
cultured on differentiation conditions (OB1-T2) (p <0.05), when compared to OB1-SF (T0). SLUG
and vimentin levels were restored when OB1 cells was cultured back on serum-free media (OB1-
T4), p <0.05. However, the Vimentin expression was not statistically significant. Statistical analysis
was performed in GraphPad Prism 5 for Windows (version 5.00; GraphPad Software, Inc., San
Diego, CA, USA). Each value represents the mean £ SEM from three independent experiments, *
p <0.05.

5.4.2 GSCs Clonogenic Properties

We observed that GBMO2 cultured in DMEM/F12 with serum could enhance the
expression of stem-like markers after culturing in NS34. This observation prompted us to
investigate whether other GBM cell lines previously cultured in serum-supplemented
media could acquire stem-like properties when cultured in NS34. The U87, GBMO02 and
GBMI1 cell lines were transferred to the serum-free stem cell medium NS34 (U87-SF;
GBMO2-SF and GBM11-SF), and their ability to form clones was evaluated. OB1-SF was
used as a control, since it was already a GSC cell line. Single cells divided within 3 days,
followed the formation of small “oncosphere-like” structures at the end of 1 week. Each
sphere contained approximately four cells per sphere. The cells in the U87-SF culture

formed spheres containing approximately four cells each, and the GBMO02-SF and GBM11-
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SF cultures formed spheres containing four to eight cells each. After two weeks of culture,
observation with a phase-contrast microscope showed that oncospheres had formed, and
these were maintained until they reached the maximum size of 200 um (Figure 5.4A). The
spheres were then dissociated, and 0.5 x 10° cells were transferred to a new flask with new
NS34 medium in order to evaluate the formation of new spheres, which occurred 1 week
later. Serial passage in NS34 medium revealed that the oncospheres maintained the self-
renewing ability after at least 4 generations. We then evaluated the ability of stem-like cells
to form new clones by clonogenic assay (Figure 5.4B). In a limited-dilution assay,
oncospheres were dissociated into a suspension of single cells, and 1 cell was reseeded into
each well of 96 multi-well plates. At the end of each week, the number of spheres was
quantified. We found that the GBMO2-SF culture cells were better able to form tumor
spheres than the GBM11-SF (1.3-fold difference; p =0.2), OB1-SF (3.9-fold difference; p
<0.05) and U87-SF cells (5.4-fold difference; p <0.01). On other hand, GBM11-SF
demonstrated a better ability to form spheres than OB1-SF (2.9-fold difference; p <0.01)
and U87-SF (4.0-fold difference; p <0.01). However, the OB1-SF cells were better able to
form spheres than the U87-SF cells (1.3-fold difference; p <0.01) (Figure 5.4B). As so,
GBMI11-SF has a higher capability to form spheres compared to the other cell lines.
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Figure 5.4 The glioblastoma stem-like cells (GSC) maintenance (A) and Clonogenic Assay (B).
A. The human tumor cell lines were established in our laboratory. The use of patients’ surgical
specimens for the establishment of cell lines for in vitro and in vivo studies had written informed
consent from the patients, and was approved by the Brazilian Ministry of Health Ethics Committee,
under the Institutional Review Board (IRB - Research Ethics Committee of Hospital Universitario
Clementino Fraga Filho) consent, CEP-HUCFF No. 002/01. Cells were grown and maintained in
DMEM-F12 supplemented with 10% FBS. Culture flasks were maintained at 37°C in a humidified
5% CO» and 95% air atmosphere. Glioblastoma stem-like cells (GSCs) were maintained as tumor-
sphere cultures in NeuroBasal medium supplemented with sodium pyruvate, glutamine, B27
supplement, EGF, basic FGF, penicillin and streptomycin. The OB1 differentiated cell line was
obtained by the removal of EGF and bFGF and the addition of 10% fetal bovine serum. B. To
estimate stem cell frequency in the cell population, tumor-sphere formation was assayed with 1 cell
per well in 96 multi-well plates in NeuroBasal medium supplemented with sodium pyruvate,
glutamine, B27 supplement, EGF, basic FGF, penicillin and streptomycin. During 4 weeks of
culture, sphere-positive wells were scored by observation under an inverted microscope with phase-
contrast optics. The image is representative of three independent experiments. Cells were imaged
using a DMi8 advanced fluorescence microscope (Leica Microsystems, Germany). Scale bar = 50
uM. Images were processed using the software ImagelJ 1.49v (Wayne Rasband, National Institutes
of Health, USA).
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5.4.3 GSCs Expression of Stem-Like State Markers

In order to determine whether the ability of GSCs derived from previously serum-
cultured GBM cell lines to form spheres was accompanied by an increase in the expression
of stem-like markers, the expression of SOX2, OCT-4A and NANOG was evaluated using
WB (Figures 5.5A and 5.6A) and immunofluorescence (Figures 5.5B and 5.6B). In parallel,
the GFAP and Nestin, a type VI intermediate filament protein that is expressed mostly in
precursor of nervous cells, were also evaluated by immunofluorescence analysis (Figures
5.4B and 5.5B). The results showed that in the GBMO02-SF cells, the expression of SOX2
was 1.75-fold higher, p <0.05; the expression of OCT-4A was 43-fold higher, p <0.01; and
the expression of NANOG was 1.7-fold higher, p <0.01, compared to their expression in
the GBMO2 cells (Figure 5.5A). In the GBM11-SF cells, the expression of SOX2 was 2.6-
fold higher, p <0.05; the expression of OCT-4A was 15.8-fold higher, p <0.01; and the
expression of NANOG was 2.6-fold higher, p <0.01, compared to their expression in
GBMI11 (Figure 5.5A).
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Figure 5.5 Stem-like cell marker expression in two GBM cell lines isolated from patients in
DMEMY/F12 supplemented with serum, by western blot (A) and immunofluorescence (B). A.
The expression of SOX2, OCT-4A and Nanog in both the GBMO02 and GBM11 cell lines, isolated
from GBM diagnosed patients, and the respective serum-free GBM cells, as previously described,
was quantified by western blot. Statistical analysis was performed in GraphPad Prism 5 for
Windows (version 5.00; GraphPad Software, Inc., San Diego, CA, USA). Each value represents the
mean + SEM from three independent experiments, *p< 0.05, **p<0.01. B. Immunofluorescence
staining of SOX2, OCT-4A and Nanog as well as Nestin and GFAP was performed in both the
GBMO02 and GBM11 cell lines and the respective serum-free GBM cells, GBM02-SF and GBM11-
SF. Cells were imaged using a DMi8 advanced fluorescence microscope (Leica Microsystems,
Germany). Scale bar = 50 uM. Images were processed using the software ImageJ 1.49v (Wayne
Rasband, National Institutes of Health, USA).

In the OB1-SF cells only the expression of SOX2 and NANOG was increased
compared to their OB1 cells (2.9-fold higher, p<0.05 and 2.5-fold higher, p<0.01,
respectively) (Figure 5.6A). Finally, in the U87-SF cells, the expressions of SOX2, OCT-
4A and NANOG were 2.8-, 5.0- and 3.0-fold higher than in U87 cells (p<0.05; p<0.01;
p<0.01), respectively (Figure 5.6A).
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Figure 5.6 Stem-like cell marker expression in the U87 ATCC GBM cell line, and the OB1, a
GBM cell line isolated from a patient directly in NS34 serum-free medium, by western blot
(A) and immunofluorescence (B). A. The expression of SOX2, OCT-4A and Nanog was
quantified in both the OB1 cell line isolated from a GBM diagnosed patient directly in NS34 serum-
free medium, and in U87, a GBM cell line acquired by ATCC. The respective OB1 differentiated
cells were isolated from OB1-SF, and the serum-free GBM cells were isolated from the U87 cell
line, U87-SF, as previously described, by western blot. Statistical analysis was performed in
GraphPad Prism 5 for Windows (version 5.00; GraphPad Software, Inc., San Diego, CA, USA).
Each value represents the mean + SEM from three independent experiments, * p <0.05, ** p <0.01.
B. Immunofluorescence staining of SOX2, OCT-4A and Nanog as well as Nestin and GFAP was
performed in both the OB1 and U87 cell lines and the respective serum-free GBM cells, OB1-SF
and U87-SF. Cells were imaged using a DMi8 advanced fluorescence microscope (Leica
Microsystems, Germany). Scale bar = 50 uM. Images were processed using the software ImageJ
1.49v (Wayne Rasband, National Institutes of Health, USA).

5.4.4 Connexins 43 and 46 Expression During Transition of GBM Cells
Between Stem-Like and Non-Stem-Like States

Due to the particular functions of gap junctions in the coordination of many cellular
processes, mainly cell proliferation, survival, differentiation and chemoresistance
(Soroceanu et al., 2001), we compared the expression of connexins, particularly Cx43 and
Cx46, in the DMEM F12 10% SFB or NS34-cultured GBM cell lines, using WB (Figure
5.7A) and IF (Figure 5.7B). Our results showed that in the GBMO02 cells, the Cx43
expression was higher than in the GBMO02-SF cells; and the Cx46 expression was 12.0-fold
higher in the GBMO02-SF cells than in the GBMO2 cells, p <0.001. In the GBM11 cells, the
Cx43 expression was 1.5-fold higher than in the GBM11-SF cells, although with no
statistical significance; the Cx46 expression was 4.0-fold higher in the GBM11-SF cells
than in the GBM11 cells, p <0.05. In the OB1 cells, the Cx43 expression was 5.3-fold
higher than in the OB1-SF cells, p <0.01; and the Cx46 expression was 1.6-fold higher in
OBL1-SF than in the OBL1 cells, although with no statistical significance. Finally, in the U87
cell line, the Cx43 expression was 0.8-fold higher than in the U87-SF cells, with no
statistical significance; and the Cx46 expression was 1.3-fold higher in the U87-SF cells
than in the U87 cells, with no statistical significance (Figure 5.7A and 5.7B). Overall,
accordingly to what is described in literature our results showed, for the first time, that the
Cx43 is overexpressed in non-GSCs whereas Cx46 is overexpressed in GSCs (Soroceanu
etal., 2001).
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Figure 5.7 Connexin 43 and 46 expression analysis in the GBM and the respective serum-free
cell lines (GSCs) by western blot (A) and immunofluorescence (B). A. The expression of
Connexin 43 (Cx43) and Connexin 46 (Cx46) in the GBM02, GBM11, OB1 and U87 cell lines and
the respective serum-free cells, GBM02-SF, GBM11-SF, OB1-SF and U87-SF, as previously
described, was quantified by western blot. Statistical analysis was performed in GraphPad Prism
5 for Windows (version 5.00; GraphPad Software, Inc., San Diego, CA, USA). Each value
represents the mean + SEM from three independent experiments, * p < 0.05, ** p <0.01. B.
Immunofluorescence staining of Cx43 and Cx46 was also performed in all cell lines. Cells were
imaged using a DMi8 advanced fluorescence microscope (Leica Microsystems, Germany). Scale
bar = 50 uM. Images were processed using the software ImageJ 1.49v (Wayne Rasband, National
Institutes of Health, USA).

5.4.5 Human glioblastoma xenograft growth in immunocompetent mouse
brain

A major feature of GSCs is the ability to form a new tumor when xenografted into

a mouse brain (Singh et al., 2004). This observation led us to xenograft GBM cell lines
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into mouse brains in order to evaluate whether the cells can form new tumors, even when
they are not in the stem-like state. GBM11 cells were grafted into the striatum of Swiss
mice as previously described (Garcia et al., 2014) (Figure 5.8A). Fourteen days after the
tumor cells were injected, MRI was performed to mice brains and mices were subsequently
euthanized (Figure 5.8B). The tumor mass was analysed macroscopically, revealing a
haemorrhagic and necrotic area in the core of the tumor. The histological examination
revealed the existence of a lymphoproliferative infiltrate and the presence of mitotic cells
(Figure 5.8C). To confirm that the tumor developed due to the proliferation of the injected
human GBM11 cells, infiltrating human cells were identified with a mouse anti-human
vimentin antibody derived from V9, which showed positive staining (Figure 5.8D). Finally,
to confirm the presence of GSCs in the tumor mass, the cells were stained with SOX2,
which revealed SOX2-positive cells (Figure 5.8D). Taken together, this evidence suggests
that the stem state is dynamic and can be induced depending on the environment where the

tumor cell is immersed.
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Figure 5.8 Capability of GBM cell lines to form tumors in vivo. A. Schematic depiction of
GBM11 cells injection in striatum region of immunocompetent Swiss mouse brain. B. Magnetic
resonance imaging (MRI) 14 days after GBM11 cell transplantation into a representative mouse
brain. Coronal, sagittal and axial cuts of tumor site in control and GBM11-injected mice. The
asterisk (*) indicates the tumor mass. C. Histopathological characteristics of the tumor mass in
mouse brain parenchyma 14 days after implantation of GBML11 cells, revealed by haematoxylin-
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eosin staining. I: Neoplastic cells forming a circumscribed solid tumor mass in the brain tissue
(black asterisk). Il: Glomeruloid vessels (black asterisk). Microscopic analysis showed anaplastic
cells and tumoral necrosis. D. Immunohistochemical characteristics of the tumor revealed the
expression of human vimentin (hVim). hVim staining (green) at the core of the tumor mass (red
asterisk) and SOX2 (red), depicted by cell nuclei atypia (DAPI counterstaining in cyan blue, inset)
and at the border of the tumor mass. Cells were imaged using a DMi8 advanced fluorescence
microscope (Leica Microsystems, Germany). Scale bar = 50 uM. Images were processed using the
software ImageJ 1.49v (Wayne Rasband, National Institutes of Health, USA).

5.4.6 SOX2 and Cx46 expression in human glioma samples

Since we had determined that the expression of the stem-like cell markers SOX2
and Cx46 mostly changes according to the stem and non-stem state, we next evaluated the
expression of SOX2 and Cx46 in tumor sections obtained from a grade Il astrocytoma and
agrade IV astrocytoma (GBM), comparing with the temporal lobectomy neocortex samples
acquired from epilepsy surgery patients with mesial sclerosis considered as normal brain,
as described in the material and methods section. Comparing to astrocytoma grade Il that
presented microcysts and nuclear atypia, in GBM we observed a nuclear atypia, prominent
microvasculature proliferation (+) and necrosis (*), which constitutes the essential
diagnostic features of GBM (Fig. 5.9A). In the immunohistochemistry analysis the tumor
sections obtained from the grade IV astrocytoma showed a higher SOX2 and Cx46
expression than in the tumor sections from the grade Il astrocytoma and from normal
patients, which suggests that the occurrence of GSCs is linked to the grade of the glioma
(Patru et al., 2010; Thirant et al., 2011) (Figure 5.9B and 5.9C).
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Figure 5.9 Analysis of SOX2 and Cx46 expression in glioblastoma, astrocytoma grade 11 and
in normal human brain tissues by immunohistochemistry (IHC). Patients with clinical evidence
of disease, magnetic resonance imaging (MRI) and histologically confirmed diagnosis of
astrocytoma grade 11 and astrocytoma grade 1V (GBM) based on the World Health Organization
(WHO) 2007 criteria and who gave written informed consent to participate in the study were
included. To compare the SOX2 and Cx46 expression, normal brain samples from patients that
performed an epilepsy surgery with mesial sclerosis were also analyzed. The study was approved
by the University Hospital of Coimbra Ethics Committee, according to the Declaration of Helsinki
protocol. A. Histopathological characteristics of the tumor mass were evaluated by haematoxylin-
eosin staining. The normal brain picture was acquired form the white matter. The astrocytoma grade
Il showed a nuclear atypia and microcysts and the glioblastoma showed nuclear atypia,
microvascular proliferation (+) and necrosis (*). B. Immunohistochemistry was performed using
the DAB method with haematoxylin counterstaining to evaluate the percentage of cells expressing
SOX2 and Cx46. C. Tumor samples were ranked for SOX2 or Cx46 expression as high (60%
positive cells), moderate (between 20% and 60% positive cells), and low (below 20% cells). Each
image was acquired at 10x magnification (x10/ 0.25 PH1 NPLAN) and amplified 40x (x40/ 0.55
CORR PH2) (Scale bar= 100 um), with a Leica DMI3000B light microscope (Leica, Germany)
and acquired with the Leica Application Suite v 4.3 (Leica, Switzerland).
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5.5 DISCUSSION

GBM is the most common and fatal type of primary brain tumor (Dubois et al.,
2014; Limaetal., 2012; Louis etal., 2016; Stupp et al., 2009). In spite of recent advances,
GBM treatment remains palliative, mainly due to the occurrence of chemo- and
radioresistant GSCs, which contributes to tumor growth, metastasis and relapse (Diaz and
Leon, 2011; Ortensi et al., 2013; Seymour et al., 2015; Singh et al., 2004). As such, GSCs
have become a main focus of GBM therapeutic research. Previous studies revealed that
GSCs may emerge from the increased self-renewing division of GSCs or from
reprogramming of non-GSCs to GSCs, maybe suggesting a plasticity of the stem state in
GBM (Safa et al., 2015). We considered that the understanding of GBM stem state
plasticity is of utmost importance to identify the mechanisms and factors involved in GSCs
resistance to therapy, which may justify tumor recurrence and so, constitute a step forward
to the identification of new approaches to treat GBM.

It is well known that GSCs can lose their stem-like properties, giving rise to non-
GSCs, but is the reverse true? Previous studies have suggested that GSC plasticity could
be dynamic, and that both GSCs and non-GSCs are capable of switching their status (Safa
et al., 2015). Moreover, GSC interactions with the surrounding microenvironment could
determine GBM heterogeneity and dictate the balance between self-renewal and
differentiation properties (Hitomi et al., 2015). Here, using GBM cell lines and patients
samples we identified molecular markers that could translate both states in GBM (Figures
5.1 and 5.2). Our results showed that non-GSCs, obtained from culturing in DMEM/F12
with serum-supplemented medium, expressed less SOX2 and Cx46 compared to GSCs as
we expected (Figure 5.1), and the reverse in OB1-SF cell line was also observed (Figure
5.2). Precisely, SOX2, an essential transcription factor for the maintenance of embryonic
stem cells (ESCs), was overexpressed in GSCs of GBMO02-SF and OB1-SF, as we expected.

Our results from the xenotransplant emphasized that the tumor microenvironment
plays a critical role in the GBM differentiation status since we could saw a tumor
development after GBM cells implantation in brain mices. Accordingly to literature, these
interactions between GSCs and their niche dictate the balance between GSCs and non-
GSCs through the variation of growth factors, extracellular matrix components, and the
ability to communicate with adjacent cells by gap junctions (Hitomi et al., 2015; Liu and
Lu, 2012; Visvader and Lindeman, 2012; Wei et al., 2004). Among all these factors,

besides the study of stem-like cell markers expression, we assessed the profile expression
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of proteins involved in gap junction-mediated intercellular communication, since they can
sustain coordinated responses important to tumor growth, differentiation and therapy
success. Specifically, we analysed the expression of connexins, Cx43 and Cx46, in GSCs
and non-GSCs in vitro, in order to understand their expression in the stem cell state (Figure
5.7).

Our results showed that, in all GBM cell lines, Cx43 protein was overexpressed in
non-GSC cell lines, whereas Cx46 was upregulated in GSCs (Figure 5.7), which
emphasizes our initial hypothesis that GSC maintenance also depends on cell-cell
interactions in a connexin-isotype-dependent manner, as proposed in the study of Hitomi
et al. (Hitomi et al., 2015).

Here, we also showed that the same cells placed in culture media with different
properties, sequentially alter their expression of stem-like cell markers (at times TO, T2 and
T4) (Figures 5.1A and 5.2A), together with the phenotype alterations by oncospheres
formation, suggesting that “stemness” is actually a state (Figures 5.1B and 5.2B). Our
gPCR results endorsed with these ideas (Figures 5.1C and 5.2C). The SOX2 mRNA levels
were higher in stem-like conditions, both in GBMO02-SF cells (time T2) as in OB1-SF cells
(time TO). In OB1-SF cells (T4) there was a tendency of increasing SOX2 transcripts levels
but it was not statistically different. In turn, Cx43 mRNA levels were lower in stem-like
statements in OBL1 cells (time TO and T4), although was not significant different in GBMO02
cells (times TO, T2 and T4). Overall, the mRNA results are in agreement with the protein
levels. To confirm this hypothesis, we tested the GSCs for the cardinal properties of stem-
like cells, including their clonogenic potential, the expression of transcription factors
associated with the stem state, and their ability to form tumors in an orthotopic mouse
model. Examined in detail, the GBM cell lines showed differences in clonogenic potential.
The GBMO02-SF and GBM11-SF cell lines proved to be more capable of forming clones
than the OB1-SF and U87-SF cell lines. These differences in the ability to form clones may
be related to the intrinsic heterogeneity observed in high-grade gliomas, and perhaps
contribute to the different degrees of aggressiveness of GBM cells (Figure 5.3B).
Interestingly, in our GSCs, the expression of the stem-like cell markers SOX2, Oct-4A and
NANOG was higher than in non-GSCs, as expected. These results accord with the
clonogenic capability of each GBM cell line and with previous studies (Altaner and
Altanerova, 2012; Jackson et al., 2015; Patru et al., 2010; Safa et al., 2015; Wiirth et al.,
2014).

-188 -

UNIVERSIDADE

DE COIMBRA

CHAPTER 5



Molecular Mechanisms Of Glioblastoma Resistance: Glioma Stem-Like And Non-Stem-Like Cells Specific Targets

Inter-University Doctoral Program in Aging and Chronic Diseases UNIVERSIDAD

Since the stem-like properties are known to induce chemoresistance and stem cell
state is dynamic, we asked if there would be a possible association between the expression
of molecular markers and the aggressiveness of tumors, and their outcome (Figure 5.9).
Therefore, we evaluated the expression of SOX2 and Cx46, both overexpressed in GSCs
in vitro, in samples of normal, astrocytoma grade Il and astrocytoma grade IV (GBM)
brains from human patients (Figure 5.9A). SOX2 and Cx46 were highly expressed in the
GBM compared to the astrocytoma grade 11 and normal brain samples (Figure 5.9B). We
classified the percentage of SOX2 and Cx46 expression in cells as low (< 20% of cells
expressing SOX2 or Cx46), moderate (20-60% of cells expressing SOX2 or Cx46) and
high (> 60% of cells expressing SOX2 or Cx46), corresponding to the samples from
normal, astrocytoma grade Il and GBM samples, respectively (Figure 5.9C). These results
are in agreement with previous studies that verified a higher expression of SOX2 compared
to normal brain tissue samples (Jackson et al., 2015; Soares et al., 2015). These findings
suggest that GSCs are more frequent in high-grade gliomas, due to unknown
microenvironmental factors that could trigger the switch between stem-like and non-stem-
like states in GBM. Our data reinforce the initial proposal that the stem state is a dynamic
bidirectional fluctuation that depends not only but also on the microenvironment.

Summarizing, we could for the first time demonstrate the plasticity of the GBM
stem-cell state, as represented in Figure 5.10. Briefly, the stem-like cell state is
accompanied by the overexpression of markers of stem-like cells, detailed characterized by
us, and by downregulation of markers of differentiated cells as expected. However, when
the media is changed we observed that the same differentiated cells are accompanied by
downregulation of stem-like cell markers and overexpression of differentiated cell markers,
which showed that the stem state is not static, definitely established, but dynamic and

maybe depending on tumor microenvironment.
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Figure 5.10 Plasticity of GBM stem-like cells. Interactions of GBM cells with the tumor
microenvironment can dictate the dynamic balance between self-renewal and differentiation
properties, through growth factors present in serum-free stem-like cell medium, NS34, or through
bovine-serum supplement in DMEM/F12 medium, respectively. The stem-like cell markers SOX2,
OCT-4A and NANOG differ in expression according to the stem cell state. Also the connexins,
important for cell-to-cell communication processes, demonstrate the plasticity of stem-like cells.
As such, SOX2, OCT-4A, NANOG and Cx46 are overexpressed in GSCs (black arrow), while
Cx43 is downregulated (red arrow). In contrast, in non-GSCs, SOX2, OCT-4A, NANOG and Cx46
are downregulated (red arrow); while Cx43 is overexpressed in GSCs (black arrow).

Our results constitute an important advance in the knowledge of stem-like cells
behaviour. For the first time we showed that the GBM stem-like cell markers are dynamic
and bidirectional, depending on microenvironmental clues. Since GSCs are the most
chemoresistant cells in the GBM tumor mass, stem-like cell markers, as SOX2, are more
highly expressed in human GBM samples than in lower grades of gliomas, suggesting a
direct correlation with the poor prognosis of GBM patients.

Altogether, our in vitro and in vivo results corroborate our hypothesis. This work
highlight to understanding the GSCs and non-GSCs state, which is primary step in
comprehension of tumor growth and differentiation processes. Hopefully, this will improve
the success of GBM therapy in a way to identify more specific targets to reach GBM.
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CHAPTER

Nucleolin is expressed in glioblastoma cells and
patient-derived samples and enables improved

intracellular drug delivery and cytotoxicity

Joana Balca-Silva, Analia do Carmo, Herminio Tao,
Olinda Rebelo, Marcos Barbosa, Vivaldo Moura-Neto,
Ana Bela Sarmento-Ribeiro, Maria Celeste Lopes,
Jodo Nuno Moreira. 2018

(To be submitted)
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6.1 ABSTRACT’

Glioblastoma (GBM) is the most aggressive type IV astrocytoma. One of the major
challenges associated with GBM therapy relates with the existence of a cell population
within the tumor mass that presents stem-like cell properties, the glioma stem-like cells
(GSCs), known to be related with chemo- and radio-resistance. Cancer stem cells (CSCs)
and non-stem cancer cells (non-SCCs) have the ability to interchange, thus emphasizing
the importance in glioblastoma of identifying common molecular targets among those cell
sub-populations. Nucleolin is a multifunctional protein overexpressed in cancer cells, and
it has been recently associated with sub-populations with different stem-like phenotype.
Recently we have designed sterically stabilized pH-sensitive liposomes, functionalized
with a nucleolin-binding peptide.

The major goal of this work was to evaluate the potential of cell surface nucleolin
as a target in GBM cells.

Flow cytometry assays showed that different levels of nucleolin expression resulted
in a 3.4-fold higher association of liposomes, functionalized with a nucleolin-binding
peptide into bulk U87 cells, relative to GBM11 cells. Moreover, nucleolin may be a
potential therapeutic marker in both OCT4- and NANOG-positive GSC, and in the
corresponding non-GSC, as well as in SOX2-positive GSC. In cell cytotoxicity assays,
DXR delivered by liposomes functionalized with the nucleolin-binding F3 peptide enabled
a level of cytotoxicity that was 2.5- or 4.6-fold higher than the one enabled by the delivery
of the same drug by non-targeted liposomes or liposomes targeted by a non-specific
peptide, respectively. This was further supported by the significant difference of DXR
accumulation enabled by the targeted liposomes relative to non-targeted or liposomes
targeted by a non-specific peptide. These data along with the marked expression of the
protein in more than 60% of cells from patient-derived samples, as compared with less than
20% in normal brain, supported nucleolin as a potential therapeutic target in GBM.

Keywords: Glioblastoma; Glioblastoma stem-like cells; Nucleolin; Therapeutic Target.

" This chapter contains the text and the figures to be originally submitted in Joana Bal¢a-Silva, Analia do
Carmo, Herminio Tédo, Olinda Rebelo, Marcos Barbosa, Vivaldo Moura-Neto, Ana Bela Sarmento-Ribeiro,
Maria Celeste Lopes, Jodo Nuno Moreira. 2018.
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6.2 INTRODUCTION

Glioblastoma (GBM), the most common and biologically aggressive type IV
astrocytoma, is characterized by a highly proliferative index, aggressiveness, invasiveness,
and short patient survival. Its current first-line treatment option includes the maximal
surgical resection of the tumor followed by radio and chemotherapy with the gold-
standard, temozolomide (TMZ). Nevertheless, on average the median survival
time of GBM patients remains approximately between 12 and 15 months (Furnari et al.,
2007; Gladson et al., 2010; Ichimura et al., 2004).

Notwithstanding the important advances on the mechanisms underlying the
genetics, biology and clinical behavior of GBM, its pathogenesis is still not completely
understood (Dubois et al., 2014; Singh et al., 2004). One of the major challenges
associated with GBM therapy relates with the existence of a cell population within the
tumor mass that presents stem-like cell properties, usually referred as glioma stem-like
cells (GSCs), known to be associated with chemo- and radio-resistance (Abou-Antoun et
al., 2017; Bradshaw et al., 2016; Lathia et al., 2015). In a variety of tumors, cancer stem
cells (CSC) have also been associated with tumor relapse and poor disease prognosis
(Altaner and Altanerova, 2012; Seymour et al., 2015). We have previously demonstrated
that the heterogeneity of GBM tumors resulted from the reversible interchange within GBM
cells, between stem-like (GSC) and non-stem-like cell phenotypes (non-stem glioblastoma
cancer cells, non-GSC), as a consequence of the plasticity associated with glioma stem-like
cells (Balga-Silva et al., 2017b). In this respect, the identification of a surface marker
expressed in both cancer stem cells (CSCs) and non-stem cancer cells (SCCs) of GBM,
aiming at enabling a multicellular therapeutic approach to the tumor niche (Fonseca et al.,
2015), is highly relevant in the context of glioblastoma therapy.

Nucleolin is a multifunctional protein (Fonseca et al., 2017, 2015) which besides
being overexpressed in cancer cells, such as in breast tumors (Moura et al., 2012), it has
been also associated with angiogenesis (Christian et al., 2003) and, more recently, with
breast cancer cell sub-populations with different stem-like phenotype (Fonseca et al.,
2015). This endows nucleolin as a potential therapeutic target of multiple cell populations
within the breast tumors niche, an issue that has not been yet addressed in the context of
GBM.

The major goal of this work was to evaluate the potential of cell surface nucleolin

as atargetin GBM cells. As such, the specific objectives of the work encompassed, at first,
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the evaluation of nucleolin expression in different GBM (bulk) cell lines. Moreover, it was
also assessed the potential of nucleolin as a target within GBM cells, with stem-like and
non-stem like phenotypic characteristics, enabling improved cell cytotoxicity as the result
of an active access to the intracellular compartment of a chemotherapeutic drug delivered
by a previous developed delivery system, targeting nucleolin (Fonseca et al., 2015, 2014;
Moura et al., 2012).

6.3 MATERIAL AND METHODS

6.3.1 Materials

Dulbecco's Modified Eagle Medium: Nutrient Mixture F-12 (DMEM/F-12), fetal
bovine serum (FBS) and propidium iodide were supplied from Invitrogen (Paisley, UK).
The anti-mouse and anti-rabbit antibodies were obtained from GE Healthcare (UK). The
rabbit sex determining region Y-Box (SOX2), octamer-binding transcription factor 4a
(OCT-4A), and Nanog homeobox (NANOG) antibodies were obtained from Cell
Signalling (MA, USA). Doxorubicin hydrochloride (DXR) was from IdisPharma (UK) and
3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT), 3B-hydroxy-5-
cholestene-3-hemisuccinate (CHEMS) and cholesterol (CHOL) were purchased from
Sigma-Aldrich (USA).

The lipids 2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE), 1,2-distearoyl-
sn-glycero-3-phosphocholine (DSPC), 1,2-distearoyl-snglycero-3-phosphoethanolamine-
N-[methoxy(polyethyleneglycol)-2000] (DSPE-PEG2k) and 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[maleimide(polyethyleneglycol)-2000] (DSPE-
PEG2kmaleimide) and L-a-Phosphatidylethanolamine-N-(lissaminerhodamine B sulfonyl)
(RhoB-PE)  were obtained from  Avanti  Polar  Lipids (USA). F3
(KDEPQRRSARLSAKPAPPKPEPKPKKAPAKK) and the non-specific (NS) peptides
were custom synthetized by Genecust (Luxemburg). ImmPress reagent was obtained from
Vector Laboratories. Diaminobenzidine (DAB) was obtained from Bios (Beijing, China).
Fluoromount was obtained from Southern Biotechnology Associates (USA). All other
chemicals were of analytical grade purity.
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6.3.2 Cell lines

The U87 glioblastoma cell line was acquired from the American Type Culture
Collection (ATCC) (Manassas, VA, USA), while the human tumor cell line GBM11 was
established and characterized in our laboratory (Balga-Silva et al., 2017a; Faria et al.,
2006). These cell lines were cultured as previously described (Balca-Silva et al., 2015)

and routinely tested for mycoplasma contamination.

6.3.3 Preparation of liposomes

Sterically stabilized pH-sensitive liposomes were prepared as previously described
(Fonseca et al, 2005).  Briefly, liposomes were composed of
DOPE:CHEMS:DSPC:CHOL:DSPE-PEG2k (4:2:2:2:0.8 molar ratio). Dried lipid films
were hydrated at 60°C with ammonium sulfate (pH 8.5) and the resulting liposomes were
extruded through 80 nm pore size polycarbonate membranes using a LiposoFast Basic mini
extruder (Avestin, Canada). The buffer was exchanged in a Sephadex G-50 gel column
(Sigma-Aldrich, USA) equilibrated with Trizma®Base sucrose (10%, w/v, buffered at pH
9.0). Remote encapsulation of DXR was carried out through ammonium sulfate gradient
method, upon incubation with liposomes for 1.5 h at 60°C. Nonencapsulated DXR was
removed using a Sephadex G-50 gel column equilibrated with 25 mM HEPES, 140 mM
NaCl buffer (HBS, pH 7.4). Targeted liposomes, either with the F3 peptide or non-specific
peptide, were further prepared by post-insertion of the resulting conjugates into preformed
liposomes (Moreira et al., 2002).

Regardless the formulation, resulting liposomes, presented a mean size of 80 nm,
with a mean polydispersion index of 0.3 and a 94 — 98% of DXR encapsulation efficiency.

6.3.4 Analysis of expression of cell surface nucleolin

The percentage of U87 and GBM11 cells expressing nucleolin was evaluated by
flow cytometry. Cell permeabilization was performed upon slowly adding 0.5 ml of 100%
cold methanol, while vortexing and maintained on ice during 30 min. Cells were then
washed with incubation buffer (PBS buffer with 1% bovine serum albumin (BSA) (PBS-
BSA)). Both permeabilized and non-permeabilized cells were then centrifuged and
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incubated with 0.2 pg/ul mouse anti-nucleolin-AlexaFluor 488 antibody (Abcam, UK) or
IgG; isotype control (Affymetrix, USA), for 30 min at 4°C in PBS buffer with 1% BSA.
Finally, cells were washed, resuspended in 2 pug/ml propidium iodide (PI) and analyzed.
Nucleolin and P1 were evaluated in the FL1 and FL2 channel, respectively, and a total of
20.000 events were collected by flow cytometry in a BD FACSCalibur system (BD
Biosciences, USA). Appropriate controls were used to ensure correct compensation of

fluorescence signals in each channel.

6.3.5 Assessment of cellular association of rhodamine-labelled liposomes
functionalized with the nucleolin-binding F3 peptide by GBM cells

Half million of GBM (bulk) cells were seeded in 48 multi-well plates. Twenty-four
hours later, cells were incubated at 37°C, during 1 h or 4 h with rhodamine-labelled
liposomes, either targeted by the F3 peptide or a non-specific peptide or non-targeted
liposomes, at 0.4 mM of total lipid as previously described (Gomes-da-Silva et al., 2012b).
Following three washing steps with phosphate buffer saline (PBS), pH 7.4, and detachment
with trypsin, rhodamine fluorescence was evaluated in the FL2 channel of a FACS Calibur
flow cytometer (BD, Biosciences), upon collecting a total of 20,000 events.

In parallel experiments, cells previously incubated with rhodamine-labelled liposomes
were immunostained as described in 6.3.6, with anti-SOX2, anti-OCT-4A or anti-NANOG
antibodies or 1gG1 isotype control, for 1 h at 4°C, in PBS/BSA. The stem-like cells signal
and cell-associated rhodamine were immediately analyzed in the FL1 and FL2 channels,
respectively, and a total of 20,000 events were collected.

Appropriate controls were used to ensure a correct compensation of fluorescence signals in

each channel (Fonseca et al., 2015). Data were analyzed with the Cell Quest Pro software.

6.3.6 Analysis of stem-like cell markers expression in GBM cells by flow
cytometry and by western blot

U87 and GBM11 cells were fixed for 10 min in PFA/PBS 4%, at 37°C, maintained
in ice during 1 min, permeabilized with cold methanol 100%, slowly under vortex, and
maintained on ice during 30 min. Cells were further washed in incubation buffer
(PBS/BSA), centrifuged and incubated with anti-SOX2 antibody, anti-OCT-4A or anti-

-198 -

UNIVERSIDADE

DE COIMBRA

CHAPTER 6



Molecular Mechanisms Of Glioblastoma Resistance: Glioma Stem-Like And Non-Stem-Like Cells Specific Targets

Inter-University Doctoral Program in Aging and Chronic Diseases

NANOG or 1gG1 isotype control, for 1 h at 4°C, in PBS/BSA. Cells were then washed with
PBS/BSA and incubated with anti-rabbit Alexa flour 488 reagent for 30 min at room
temperature, according to the manufacturer instructions. The stem-like cells signal was
immediately analyzed by flow cytometry in the FL1 channel, and a total of 20,000 events
were collected. Appropriate controls were used to ensure a correct compensation of
fluorescence signals in each channel (Fonseca et al., 2015).

The SOX2, OCT4 and NANOG expression was also analyzed by western blot as
previously described (Balga-Silva et al., 2015). Briefly, cells were centrifuged at 500 g for
10 min at 4 °C and further resuspended in RIPA buffer (50 mM Tris—HCI at pH 8.0, 150
mM NaCl, 1.0% NP-40, 0.5% sodium deoxycholate, 0.1% SDS and 2 mM EDTA,
supplemented with protease and phosphatase inhibitors and DTT), and sonicated. Proteins
were denatured with a TRIS buffer, pH 6.8 (0.5 mM TRIS, pH 6.8; 50% glycerol, 10%
SDS, 10% 2p-mercaptoethanol and blue bromophenol), and boiled at 95°C for 5 min before
use. For each assay, 30 pg of protein was separated on a 12% SDS-PAGE and then
transferred to a PVDF membrane, further incubated with 5% non-fat milk in TRIS Buffered
Saline with Tween (200mM TRIS base; 137 mM NaCl; 0.1% Tween 20; pH=7.6), for 1 h
at room temperature. Incubation of anti-SOX2 (diluted at 1:1000, v/v), -OCT-4A (1:1000),
or -NANOG (1:1000) primary antibodies was carried out overnight at 4°C, diluted in TRIS
Buffered Saline with Tween with 1% milk supplemented with azide. Immunocomplexes
were further detected with anti-rabbit secondary antibody (at 1:1000) and conjugated with
alkaline phosphatase. An enhanced chemifluorescence detection reagent was used and the
protein expression quantified using the software Image J software 1.49v (Waine Rasband,

National Institutes of Health, USA), having the expression of B-actin as a loading control.

6.3.7 Cell cytotoxicity by liposomes functionalized with the nucleolin-binding
F3 peptide and containing DXR

U87 cells were seeded into 96 multi-well plates at 8 x 10* cells/well and incubated
for 24 h at 37°C in an atmosphere of 95% humidity and 5% CO.. Afterwards, cells were
incubated with serial dilutions of DXR-containing liposomes, either targeted by the F3
peptide (T) or by a non-specific (NS), or non-targeted (NT), for 1 and 4 h at 37°C and 5%
COo, after which the cell culture medium was exchanged for fresh one and the experiment

extended up to 48 h. Cells were incubated with 0.5 mg/ml 3-(4,5-dimethylthiazol-2-yl)-
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2,5-diphenyl tetrazolium bromide (MTT) for 45 min. To dissolve the blue formazan

crystals, 0.2 mL of DMSO was added to each well. The absorbance was assessed in a

microplate reader at 570 nm. Results were expressed in terms of the drug concentration

required to reduce the percentage of metabolically active cells by 50% (I1Cso), interpolated

from dose-response curves.

6.3.8 Cellular association of DXR delivered by liposomes functionalized with
the nucleolin binding F3 peptide

U87 cells were incubated with several liposomal formulations, for 4 h at 37°C as
described in the previous section. In the end of the experiment, aiming at removing surface
bound liposomes, cells were washed once with 0.12 M NaCl, 0.028 M Na-acetate, pH 3.0
(Kameyama et al., 2007), and then lysed with cold RIPA buffer. In a parallel experiment,
cells were washed without the dedicated step with cold acid buffer. Each concentration
tested was assessed in triplicate and analyzed with a microplate fluorimeter reader at
excitation and emission wavelengths of 485 and 590 nm, respectively, and a cutoff of 570
nm. The amount of DXR was further depicted from a calibration curve. The protein
concentrations in the lysates were determined by the BCA assay. Results were expressed

as mol of DXR/ug of protein.

6.3.9 Nucleolin expression in human GBM samples

Human-derived tumors (n=6) were obtained from patients diagnosed with
glioblastomas, while the corresponding control tissue, considered as normal brain, was
obtained from 2 temporal lobectomy neocortex samples, from epileptic patients with mesial
sclerosis and submitted to surgery. All patients were admitted to the Neurosurgery Service
of the University Hospital of Coimbra (Coimbra, Portugal). The study was approved by the
University Hospital of Coimbra Ethics Committee, according to the Declaration of Helsinki
protocol and all patients assigned an informed consent for the use of biological material for
research investigation.

GBM and normal brain tissues were fixed in 4% paraformaldehyde for 12—24 h and

embedded into paraffin and cut into 4 um sections. For immunohistochemistry, the tissue
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sections were heated at 60°C for 30 min, deparaffinized in xylene for 20 min and rehydrated
in series of ethanol solutions using Vector laboratories (Burlingame, CA 94010). The
sections were then incubated for 30 min with 3% H.O, submitted to antigen retrieval and
incubated in horse normal serum (Vector laboratories) at 4°C for 30 min. Then, sections
were incubated with mouse monoclonal anti-nucleolin primary antibody (Abcam, 5 pg/ml
per slice) diluted in TRIS Buffered Saline overnight at 4°C. Upon washing with a solution
of TRIS Buffered Saline and Tween (200 mM TRIS base; 137 mM NaCl; 0.1% Tween 20;
pH 7.6), cells were further incubated with a secondary anti-mouse/rabbit antibody
(ImmunoPress reagent, USA) for 30 min at room temperature and then with
diaminobenzidine (DAB). All sections were counterstained with Mayer’s haematoxylin
and evaluated and scored blindly and independently by two pathologists as previously
described (Gregorio et al., 2016). Sections were observed at the same magnification of 10x
(x10/ 0.25 PH1 NPLAN) and amplified 40x (x40/ 0.55 CORR PH2) (Scale bar =100 pum)
using the Leica Germany DMI3000B light microscope and acquired by Leica Application
Suite v 4.3 (Switzerland).

6.3.10 Statistical analysis

All values were expressed as mean + SEM. After confirmation of the assumption
of normality and homogeneity of variance across groups, the groups were compared by
nested design, including analysis of variance and post-hoc comparison with correction of
a error according to Bonferroni probabilities to compensate for multiple comparisons, p
<0.05. Also, statistical significance between two groups was assessed by a student’s t-test

with a significance threshold of p <0.05.

6.4 RESULTS AND DISCUSSION

6.4.1 Expression of cell surface nucleolin and association of liposomes
functionalized with the nucleolin-binding F3 peptide by GBM bulk cells

Nucleolin is a multifunctional protein with different roles at different levels of
cancer cells, including in the nucleus, cytoplasm and membrane as reviewed by Fonseca et

al. (Fonseca et al., 2017), reflected by a pattern of expression that can vary among those
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sub-cellular locations. This led herein to the assessment of nucleolin expression in non-

permeabilized and permeabilized cells by flow cytometry. Interestingly, the total content

of nucleolin was similar among both cell lines permeabilization (Fig. 6.1A). However, the

level of cell-surface nucleolin in non-permeabilized U87 cells was 3.7-fold higher than in

GBML11 cells (p <0.001), (Fig. 6.1B). These results pointed out a major challenge posed in

an oncological setting, which has to do with the tumor heterogeneity among patients

(Kleppe and Levine, 2014). In this respect, efficient patient stratification in the context of

atargeted therapy plays a major role in the treatment efficacy (Hamburg and Collins, 2010).
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Figure 6.1 Analysis of expression of cell surface nucleolin in GMB cell lines. Nucleolin
expression was further assessed by flow cytometry, in propidium iodide—negative (P1-) or —positive
(PI+) for non-permeabilized or permeabilized U87 and GBM11 cells, respectively, where M2
region corresponds to nucleolin positive cells, as exemplified in the figure for the former cell line
(A). Nucleolin expression levels were normalized to the protein expression of U87 cells (B). All
instrumental parameters pertaining to fluorescence detection and images analyses were held
constant to allow sample comparison. Data represent the mean + SEM of three experiments (t-
student comparison test, *** p <0.001).

Taking advantage of nucleolin overexpression in different cell populations within

solid tumors, several targeting strategies have been developed. In the present work, in order
to address the question on whether surface nucleolin would enable the access to the
intracellular compartment of an agent targeting the referred protein, previously developed
sterically stabilized pH-sensitive liposomes, functionalized with the nucleolin-binding 31
amino acid peptide (codenamed F3 peptide), were used. It was previously demonstrated
that this targeted system interacts with nucleolin-overexpressing cells in a ligand- (Moura
etal., 2012) and cell-specific manner (Gomes-da-Silva et al., 2013a) enabling a significant
improvement of activity against nucleolin-overexpressing cells, upon intracellular drug
delivery, relative to non-targeted formulations (Fonseca et al., 2014; Gomes-da-Silva et
al., 2013a; Moura et al., 2012).
In fact, different levels of nucleolin expression resulted in a 3.4-fold higher association of
sterically stabilized pH-sensitive liposomes, functionalized with a nucleolin-binding 31
amino acid peptide (codenamed F3 peptide) (Porkka et al., 2002) into bulk U87 cells,
relative to GBM11 cells (p <0.01; Figure 6.2). Within each cell line studied, the extent of
association of targeted liposomes by U87 and GBM11 bulk cells was, respectively, 75- and
25-fold higher than the extent of association of non-targeted counterpart (NT) or liposomes
targeted by a non-specific peptide (NS). Overall, these results were in accordance with
previous studies reporting that the extent of association of the F3 peptide-targeted
liposomes is dependent on the levels of nucleolin expression (Fonseca et al., 2015), besides
being an interaction that was ligand- and cell-dependent, as demonstrated by the decreased
extent of association by (non-neoplastic) fibroblasts versus cancer cells (Gomes-da-Silva
etal., 2012b).
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Figure 6.2 Association of rhodamine-labelled liposomes with bulk glioblastoma cell lines.
Glioblastoma cell lines (U87 and GBM11) were incubated with rhodamine-labelled liposomes,
either targeted by the F3 peptide (T) or a non-specific peptide (NS), or non-targeted (NT), at 0.4
mM of total lipid, for 4 h at 37°C, and immediately analysed flow cytometry for each tested sample
(as exemplified in the figure with the dot plots from the U87 cell line). Results expressed in terms
of rhodamine geometric mean fluorescence, were normalized against the respective signal of
untreated cells. Data represent mean + SEM of three independent experiments (two-way ANOVA
analysis of variance by Bonferroni’s post-test for comparisons between non-targeted and F3
peptide-targeted liposomes; *** p <0.0001 and ** p <0.001).

6.4.2 Association of liposomes functionalized with the nucleolin-binding F3
peptide by glioblastoma stem cells

As previously mentioned, one of the factors that contributes to the aggressiveness
of GBM is the presence of a population of glioma stem-like cells (GSCs) that is resistant
to radio and chemotherapy, strongly contributing to tumor recurrence (Jackson etal., 2015;
Seymour et al., 2015). The expression of several stem cell factors, such as SOX2 (sex
determining region Y-box 2), OCT-4A (octamer-binding transcription factor 4), and
NANOG (Nanog homeobox) was first assessed in U87 and GBM11 cells. These
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transcription factors are stem cell master regulators that may function synergistically to
maintain self-renewal and cellular proliferation, contributing to the multilineage potential
and heterogeneity of GSCs (Bradshaw et al., 2016; Seymour et al., 2015).

SOX2 is highly expressed in neural stem cells (NSC), and in several tumor types,
namely in GBM (Berezovsky et al., 2014). OCT4, namely the OCT-4A, is an octamer
motif-binding transcription factor (TF) highly expressed in stem cells, particularly in GSCs
(Fang et al., 2011), and is responsible for controlling the transition between pluripotency
and differentiation (Radzisheuskaya et al., 2013). NANOG is a homeobox protein that
cooperates with SOX2 and OCT4 in the regulation of genes that are also associated with
the stemness of GSCs (Seymour et al., 2015).

Specifically, SOX2 was the stem-like cell marker expressed in the highest
percentage of the GBM cells studied, in accordance with previous studies (Berezovsky et
al., 2014), having GBM11 cells, approximately, twice the percentage of SOX2-positive
cells than in U87 cells (p <0.01). In fact, the SOX2-positive cells within GBM11 cells was
quite prominent relative to OCT-4A- or NANOG-positive cells (p <0.001), in contrast with
the results generated with U87 cells, where no statistical differences were observed among
those sub-populations (Figure 6.3A). The assessment of the overall protein content by
Western blot revealed that SOX2 was the most expressed stem-like cell marker (Figure
6.3B). These results confirmed the existence of a GSCs population, in agreement with our
previous studies (Balca-Silva et al., 2017b), which may justify its association with poor
outcome in GBM (Garros-Regulez et al., 2016).

The plasticity associated with CSCs, with the ability to interchange with non-SCCs
(Balga-Silva et al., 2017b; Fonseca et al., 2015), poses a major challenge from a
therapeutic standpoint. In this respect, the identification of common therapeutic markers
between these different sub-populations is highly relevant in the context of glioblastoma.
Previous work has demonstrated that nucleolin expression by putative triple-negative
breast cancer stem cells and non-stem breast cancer cells was paralleled by OCT4 and
NANOG mRNA levels (Fonseca et al., 2015). Moreover, in murine embryonic stem cells,
nucleolin mMRNA levels and F3 peptide-targeted liposomes association were directly
dependent on the stemness status (Fonseca et al., 2015). Based on this information, the
question on whether liposomes functionalized with the nucleolin-binding F3 peptide
associated with both GSC and non-GSC was further addressed.
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Figure 6.3 Expression of markers in putative cancer stem glioblastoma cells. Percentage of
U87 and GBML11 cells positive for SOX2, OCT-4A or NANOG was determined in the R3 region,
as exemplified with the dot plots for the former cell line (A). Analysis was further complemented
with the determination of total protein content for each stem-like cell marker, relatively to the j3-
ACTIN expression as the loading control, by western blot (B). Data represent the mean £ SEM
from three independent experiments. The student’s t-test was used to compare stem-like cells
markers between U87 and GBM11 cell lines and two-way ANOVA analysis of variance, with
Bonferroni’s post-test, was used for comparisons between the stem-like cell markers within each
cell line; ** p <0.01; *** p <0.001).

Using rhodamine-labelled liposomes and the gating methodology described in
Materials and Methods, association was evaluated in regions R2 and R3, corresponding to
non-GSC and GSC, respectively, in both U87 and GBM11 cells (Figure 6.4). Within each
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of the cell line studied, F3 peptide-targeted liposomes (T) presented a similar extent of
association to non-GSCs and GSC, among each stem cell marker used (Figure 6.4). The
only exception was observed with U87 cells, where the extent of association of targeted
liposomes to SOX2-overexpressing cells (R3), was 4.3-fold higher than the one to SOX2-
negative cells (R2), p <0.05 (Figure 6.4). In fact, SOX2 regulates the expression of key
genes and pathways involved in GBM malignancy, and maintains plasticity for
bidirectional conversion between the two glioma stem-like and non-stem like cell states,
with significant clinical implications (Berezovsky et al., 2014). In tumors of diverse
histological origin, high levels of SOX2 have been associated with tumor aggressiveness
and worse prognoses, as well as increased plasticity, loss of differentiation markers, and
induction of stem cell phenotypes (Berezovsky et al., 2014; Garros-Regulez et al., 2016).
Moreover, recent evidences have suggested that nucleolin is associated with malignancy
grade in gliomas (Galzio et al., 2012). This could suggest that nucleolin- and SOX2-
overexpressing cells could be associated with more aggressive tumor types of GBM. This
putative association of expression between nucleolin and SOX2 expression, could support
a lower expression of the former in SOX2-negative (U87) cells and thus, the lower extent
of association observed of liposomes functionalized with the nucleolin-binding F3 peptide
(Figure 6.4).

Important to emphasize that the absolute values of extent of association observed
for GSC and non-GSC in GBM11 cells were lower than the ones observed for U87, which
is in agreement with the lower expression of nucleolin in the former cells (Figure 6.1). In
GSC and non-GSCs, the extent of association of the F3 peptide-targeted liposomes (T) was
always significantly higher than that of the non-targeted counterpart (NT), p <0.01 and p
<0.05 (Figure 6.4).

These results suggested that nucleolin as a potential therapeutic marker in both
OCT4- and NANOG-positive GSC, and in the corresponding non-GSC, as well as in
SOX2-positive GSC. Overall, the presented results point nucleolin as a potential
therapeutic target to both GSCs and non-GSCs sub-populations, overcoming the difficulties
of targeting tumor niche imposed by the plasticity of GBM cells phenotype, namely in the
setting of OCT4- and NANOG-positive GSC.
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Figure 6.4 Association of several formulations of rhodamine-labelled liposomes with putative
cancer stem glioblastoma cells. U87 and GBM11 cells were incubated with rhodamine-labelled
liposomes, either targeted by the F3 peptide (T) or non-targeted liposomes (NT), at 0.4 mM of total
lipid, for 4 h at 37°C, and the rhodamine geometric mean fluorescence was determined either in
cells enriched in markers of glioblastoma stem-like cells, SOX2, OCT-4A and NANOG, in R3, or
in cells negative for the referred markers (gated in R2). Determined values were normalized against
the respective signal of the untreated control. Data represent the mean + SEM from three
independent experiments. The student’s t-test was applied for comparing R2 and R3 in each
formulation, from each stem-like cell marker, and two-way ANOVA analysis of variance, with
Bonferroni’s post-test, was applied for comparisons between targeted and non-targeted
formulations in each stem-like cell marker, in both cell lines (* p <0.05; ** p <0.01).

6.4.3 Cytotoxicity and delivery of liposomal DXR functionalized with the
nucleolin-binding F3 peptide

To further reinforce the potential of nucleolin as a path for a therapeutic agent to
assess the intracellular compartment of glioblastoma cells, the cytotoxicity of F3 peptide-
targeted liposomes containing DXR was assessed in the cell line (U87), which was, among
those studied, the one presenting the highest expression of the protein. For 1 h incubation,
DXR delivered by liposomes functionalized with the nucleolin-binding F3 peptide enabled
a level of cytotoxicity that was 2.5- or 4.6-fold higher than the one enabled by the delivery
of the same drug by non-targeted liposomes or liposomes targeted by a non-specific
peptide, respectively (Figure 6.5A). Differences of cytotoxicity among those samples were

maintained for a 4 h incubation and in the range of 4-fold (Figure 6.5B).
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Figure 6.5 Cytotoxicity of different liposomal formulations containing doxorubicin against
the U87 glioblastoma cell line. U87 cells were incubated with serially diluted concentrations of
different formulations of liposomal doxorubicin (DXR), either non-targeted (NT) or targeted by the
F3 peptide (T) or a non-specific peptide (NS), for 1 (A) or 4 h (B) at 37°C. After the incubation
period, cells were maintained in fresh medium during 48 h, after which cell cytotoxicity was
assessed by the MTT assay. Dose—response curves represent the mean £ SEM of 3 independent
experiments for each concentration tested. The statistical analysis was performed using two-way
ANOVA analysis of variance, with Bonferroni’s post-test for comparisons between NT, NS and T
liposomal formulations in each experience. *** p <0.001.

Based on the previous results, it was then addressed the question on whether this
higher extent of cell death enabled by the targeted formulation, would arise from a higher
amount of encapsulated drug accessing the intracellular compartment. To address this
question, U87 cells, following incubation over 4 h with serially diluted concentrations of
the formulations of DXR-containing liposomes previously tested, were washed with cold
PBS (Figure 6.6A) or with cold acid buffer (Figure 6.6B). While with the former washing
step both intracellular and surface (encapsulated) DXR are assayed, the former removes
surface-bound liposomes. Interestingly, at the highest concentrations tested, a maximum
of 19 (Figure 6.6B) or 40 (Figure 6.6A) mol DXR/ug protein was achieved upon delivery
by liposomes functionalized with the nucleolin-binding F3 peptide. This suggested
nucleolin as a path that enables the access to the intracellular compartment of nucleolin-
overexpressing glioblastoma cells, of therapeutic agents targeting this protein. This was
further supported by the significant difference of DXR accumulation enabled by the
targeted liposomes relative to non-targeted or liposomes targeted by a non-specific peptide
(p <0.0001 and p <0.001, respectively), with or without removing surface-bound

liposomes.
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Figure 6.6 Assay of doxorubicin associated with U87 glioblastoma cell line, delivered by
several liposomal formulations. U87 cells were incubated with doxorubicin (DXR)-liposomal
formulations, either targeted by the F3 peptide (T), non-targeted liposomes (NT), or targeted by a
non-specific peptide (NS) for 4 h at 37°C. Cells were washed with cold PBS (A) or with cold acid
buffer (B), and the amount of DXR per g protein was determined from a calibration curve. Curves
represent the mean £ SEM of 3 independent experiments for each concentration tested. The
statistical analysis was performed using two-way ANOVA analysis of variance with Bonferroni’s
post-test for comparisons between NT, NS and T liposomal formulations in each experiment. ****
p <0.0001; *** p <0.001.

6.4.4 Nucleolin expression in patient-derived GBM samples

In order to evaluate the clinical potential of nucleolin as a target in GBM, the
expression of nucleolin in human GBM samples was compared with human normal brain
samples. It was first confirmed by haematoxylin-eosin staining, upon comparison with
normal brain, that the selected patient-derived GBM samples presented nuclear atypia,
prominent microvasculature proliferation (identified in figure 6.7A with the symbol “*”)
and necrosis (identified in figure 6.7A with the symbol “+”), which constituted the essential
diagnostic features of GBM. Interestingly, patient-derived GBM samples presented a
higher expression of nucleolin than normal brain samples (Figure 6.7B), corresponding to
more than 60% of cells expressing this protein, while normal brain presented less than 20%
(Figure 6.7C). This comes along with the demonstration by other of nucleolin
overexpression in GBM brain samples (Galzio et al., 2012; Koutsioumpa et al., 2013; Xu
etal., 2012), and related with malignancy grade of gliomas, as previously stated by Galzio
et al., (Galzio et al., 2012). Overall, these results complemented the previous ones and

suggested nucleolin as a potential target in GBM cells.
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Figure 6.7 Analysis of nucleolin expression in glioblastoma by immunohistochemistry (IHC).
Histopathological characteristics of the tumor mass were evaluated by haematoxylin-eosin staining
(A). Immunohistochemistry was performed using the DAB method with haematoxylin
counterstaining to evaluate the percentage of cells expressing nucleolin (B). Tumor samples were
ranked for nucleolin expression as high (60% positive cells), and low (below 20% cells) (n = 6)
(C). Each image was acquired at 10 x magnification (x10/ 0.25 PH1 NPLAN) and amplified 40 x
(x40/ 0.55 CORR PH2) (Scale bar = 100 um).

6.5 CONCLUSION

GSCs represent a cell population with stem-like features that are responsible for
tumor development, heterogeneity, relapse and drug resistance, and so may constitute a
relevant therapeutic target (Rycaj and Tang, 2015; Zong et al., 2015). CSCs and non-SCCs
have been demonstrated to be able to interchange by an Epithelial-to-Mesenchymal
Transition process (Balga-Silva et al., 2017b; Chaffer et al., 2013; Tam and Weinberg,
2013), thus emphasizing the importance in glioblastoma of identifying common molecular
targets among those two cell sub-populations (Fonseca et al., 2015; Visvader and
Lindeman, 2012).

Liposomes functionalized with the nucleolin-binding F3 peptide presented similar
level of association among OCT4- and NANOG-positive GSC, and the corresponding non-
GSC, as well as in SOX2-positive GSC, of both U87 and GBM11 cells. In respect to each
stem cell marker assessed, the referred extent of association was higher in the former cell
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line relative to the latter, in line with the expression levels of nucleolin assessed in bulk
cells. These results suggested nucleolin as a common marker among non-SCC and different
sub-populations of GSC. The demonstrated improved cytotoxicity and intracellular
delivery of doxorubicin into bulk GBM cells enabled by liposomes functionalized with the
nucleolin-binding F3 peptide, suggested nucleolin as functional path towards the cytosolic
compartment. These data along with the marked expression of the protein in more than
60% of cells from patient-derived samples, as compared with less than 20% in normal
brain, supported nucleolin as a potential therapeutic target in GBM, which deserves to be

further explored.
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CHAPTER

General Discussion & Concluding Remarks

‘To me, that’s the beauty of science:

to know you will never see everything, but you never stop waiting to;
(...) It’s an urge that never dies, a game that never ends.’

Robert Krulwich
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Glioblastoma (GBM) is the most common and malignant type of primary brain
tumor with a median survival of approximately 15 months under therapy (Huse et al., 2013;
Lima et al., 2012; Louis et al., 2016; Stupp et al., 2007, 2005). Temozolomide, an
alkylating agent orally administrated, is considered part of the gold standard in GBM
treatment, although its ability to significantly increase the survival of GBM patients is low.
In fact, at least 50% of TMZ treated patients do not respond to TMZ (Lee, 2016). This is
due to several factors, such as the overexpression and the methylation status of OQ°-
methylguanine methyltransferase (MGMT) gene, which has, in some cases, a significant
increased activity, rendering glioma cells more efficient in repairing TMZ-induced
mutations (Jaeckle et al., 1998; Kaina et al., 2007); the deregulation of several molecular
signalling pathways, mainly the phosphorylated protein kinase C (PKC), which contributes
to increase proliferation, survival and motility of GBM cells (Bal¢a-Silva et al., 2015;
Carmo et al., 2011a; do Carmo et al., 2010; Hattermann and Mentlein, 2013; Safa et al.,
2015; Stupp et al., 2009; Thirant et al., 2011; Zhou et al., 2012); the existence of a cell
subpopulation within the tumor mass known to be chemo and radioresistant and so,
responsible for tumor recurrence after therapy, the glioma stem-like cells (GSCs); and also,
the inexistence of a recognized specific surface marker, in GSCs and non-GSCs, that could
be used in a targeted therapy, in order to establish a more effective delivery of
chemotherapeutics with fewer side effects (Wirsching and Weller, 2016).

During the last few years, many studies have been investigating molecular
mechanisms underlying GBM’s behaviour. Above all, previous studies agree that GBMs
are characterized by an increased expression and activity of PKC, when compared with
normal astrocytes, which could relate PKC to the tumor proliferative ability (da Rocha et
al., 1999; Mochly-Rosen et al., 2012). Tamoxifen (TMX) is a non-steroidal drug mostly
used for its anti-estrogen properties against estrogen receptor-positive carcinomas (i.e.
breast cancer). It has been demonstrated that TMX carries out its action on several
pathways, not only acting as an inhibitor of estrogen receptor, but also constitutes an active
inhibitor of the phosphorylated protein kinase C (p-PKC). However, there is no consensus
regarding the PKC contribution to the aggressiveness of glioma cells (Carmo et al., 2013;
Cho et al., 1999; da Rocha et al., 1999; O’Brian et al., 1986), which makes the
investigation of this molecular signalling pathway an important point to be elucidate in
GBM.
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Although some of the signalling mechanisms that are altered in GBM begin to be
identified, this type of tumor is characterized by a great cellular heterogeneity, which makes
the entire knowledge of the GBM molecular signalling mechanisms still on investigation.
In fact, GBM mass is constituted by reactive astrocytes, microglial cells, endothelial cells
and tumor stem-like cells. This tumor stem-like cells, also known by glioma stem-like cells
(GSCs), constitute one of the major reasons for GBM recurrence after therapy. However,
none of the standard chemotherapy protocols is based on directly targeting GSCs. The most
important reason to justify the lack of chemotherapeutic approaches for GSCs is precisely
the poor knowledge about the factors that influence the stem-like cell state and its plasticity
(Safa et al., 2015; Visvader and Lindeman, 2012). For an effective therapy, it is necessary
to know and recognize the properties of the stem state and what characterizes them. In this
way, it would be possible to associate potential therapeutic targets with strategies of
identification of this cellular group, in particular the cells that would predict molecular
behaviours taking into account the tumor environment.
The identification of molecular markers overexpressed on the surface of tumor cells
and tumor stem-like cells, namely GSCs, gave rise to the development of different
therapeutic strategies, like liposomes, designed to specifically target those cells avoiding

healthy ones (Fonseca et al., 2015).

In this way, the ultimate goal proposed in our initial project was to clarify the
multiple factors that contribute to the malignancy of GBM and, consequently, the failure
of the current standard therapy, by the identification of potential therapeutic targets. In
order to achieve this goal, we analysed three different perspectives: 1 - the potential of the
combined therapy using temozolomide and tamoxifen (TMX), a PKC inhibitor, to inhibit
the GBM proliferation capability. We proposed an alternative or adjuvant chemotherapy
through the synergistic effect on cell proliferation by the inhibition of p-PKC in different
GBM cell lines (Chapter 3 and 4); 2 — understand glioma stem-like cell (GSC) plasticity
and identify some of the most important markers that can translate this plasticity (Chapter
5); and 3 - study the potential of a specific target approach to GBM and GSCs (Chapter 6).

In order to address the potential of the combined therapy, TMX and TMZ, on GBM,
we incubated different GBM cell lines with doses under the 1C50 for each drug alone and
we evaluated the cell death, migration capability and proliferation inhibition by p-PKC

inhibition activity (Chapter 3).
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In fact, TMX is one of the PKC inhibitors used in in vitro studies with glioma cells
and also in clinical trials with GBM patients. The in vitro effect of TMX was not completely
elucidated and the results of the in vivo studies were disappointing, since treatment of
patients with recurrent malignant glioma with low doses of TMX did not significantly
increase the survival rate (da Rocha et al., 1999; Puchner and Giese, 2000). However,
clinical trials using high doses of TMX alone or in combination with other cytotoxic agents
have yielded better results (Borowski et al., 2005; Hui et al., 2004; Kamburoglu et al.,
2007; O’Brian et al., 1985; Pollack et al., 1990; Zhang et al., 2000). Since 1) the
expression of PKC in glioma cells is increased; 2) the effect of TMX in glioma cells is not
yet fully understood, but it appears to be a non-selective PKC inhibitor and is associated
with an increased toxicity when used in such conditions (Mochly-Rosen et al., 2012), and
3) no standardized protocol for the use of tamoxifen in the treatment of high-grade gliomas
is available (DI Cristofori et al., 2013), we evaluated the effect of the combination of low
doses of TMX with TMZ on the proliferation, survival and migration of two different GBM
cell lines (Chapter 3).

In fact, the dose of TMX used in the treatment of breast cancer is in the range 20-
40 mg/day. It has been shown that TMX inhibits p-PKC in a dose dependent manner and
researchers have been trying to use it to treat brain tumors taking advantage of this property
when used in higher doses compared to those used in breast cancer (Chang et al., 2004).
William Couldwell administered, for the first time, TMX in anti-estrogen doses (40mg/day)
to monitor possible side effects, in a cohort of malignant glioma patients, and noticed that
it provided no adverse reactions when dosage was increased to 160mg (female) and
200mg/day (male) (Couldwell et al., 1994). Accordingly, one decade later, another study
demonstrated that a subgroup of patients responded to the treatment, or stabilized, with
high-dose of TMX administration (Chang et al., 2004).

In turn, our results showed that the combination of TMX and TMZ reduces the
amount of the phosphorylated PKC-pan in different GBM cell lines, the U87 and U118,
and contributes to the reduction of the aggressive behaviour of the glioma cells, mainly
through a reduction of the proliferation and migration capability (Chapter 3). Herein, we
could point PKC as an important target to GBM regarding the synergistic response of the
combined therapy TMX plus TMZ.

Since our group is focus on studying the combination of new drugs with TMZ, and
clarify their effects in GBM cells, the potential of other drugs, mainly Shikonin (SHK), in

combination with TMZ, to overcome GBM malignancy was previously studied by us
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(Matias et al., 2017). SHK, a naphthoquinone, that has anti-tumor and lipophilic properties,
has been used in cancer research including GBM. When combined with TMZ, decreases
cell viability in GBM cell lines, namely U118 and GBMO02, compared to the effect of each
drug in monotherapy (Matias et al., 2017). Accordingly with our previous studies with
TMX and TMZ in combination, we also showed that GBM cells proliferation was
decreased which was accompanied by the reduction of migration capability and a
disorganization of the F-actin filaments and microtubules necessary to cell motility. SHK
and TMZ co-treatment suppressed the expression of Glial to mesenchymal-like phenotype
(GMT) proteins, such as vimentin and Slug, which was accompanied by a reduction in the
phosphorylation of AKT at Ser473, a member of a signalling pathway that is extremely
important for the activation of invasion, migration and chemoresistance of tumor cells
(Matias et al., 2017). In agreement with our present studies regarding the combination of
TMX and TMZ, this combination of SHK and TMZ highlighted the importance of the

combined therapies in GBM treatment.

However, it is also well stated that one of the most particular characteristics of GBM
is its heterogeneity, which turns out to be one of the major challenges to overcome tumor
resistance. In fact, the standard of care approach is generally uniform and does not take into
account different molecular signatures of GBM.

Moreover, recurrent GBMs are extremely difficult to treat because they acquire
resistance through mechanisms of selection of cells that are able to bypass the effects of
chemotherapies, especially cancer stem-like cells (CSCs) (Jackson et al., 2015).

In this sense, we next studied the potential success of TMX plus TMZ in a GBM
cell line, established and characterized by us in laboratory, the GBM11, that was previously
isolated from a recurrent GBM patient treated with TMZ and radiotherapy, accordingly to
the standard protocol established by Stupp and colleagues (Stupp et al., 2005) (Chapter 4).

Our results have demonstrated that TMX in monotherapy can be useful on a
recurrent GBM cell line resistant to TMZ, with no need of re-administration of TMZ on a
second-line treatment. Indeed, the combinatorial administration of TMX and TMZ
appeared to be well-tolerated and potentially effective in increasing the efficacy in some
studies, but also still in Phase Il clinical trials, due to the contradictory results (He et al.,
2015). In our studies, TMX has shown to be efficient to eliminate around 50% of tumor
cells in vitro, with no need of TMZ concomitant administration and, consequently, reducing

the amount of chemotherapeutics given to patients. For the first time, we were able to
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highlight the importance of cellular heterogeneity in the response to therapeutics. Probably
due to the higher resistance of this new GBM cell line, the combination of TMX and TMZ
had not a synergistic effect, as observed in U87 and U118 cell lines. Accordingly, the
GBM11 cell line presented a higher 1C50 of TMX, higher reduction of cell proliferation,
probably due to the reduction of p-PKC expression, a reduction of cell migration capability,
a higher expression of PGP and stem-like cell markers compared to U87 and U118 cell
lines previously described.

As so, our results obtained with combined or monotherapy exert the same effect in
recurrent GBM, which could suggest that TMX alone could be an alternative
chemotherapeutic approach for recurrent GBM. Besides TMX can actually be very
important on p-PKC regulation, and consequently, interfere with proliferation, survival and
migration of glioma cells, the contribution of chemotherapeutic drugs depends on the GBM
cells characteristics. Those factors together with the resistance acquired by previous TMZ
treatment may be behind the different response to therapeutics between individuals.

Regarding GBM cell’s mechanisms of resistance, in fact, P-glycoprotein (PGP) is
known to be low expressed in GBM cells compared with other tumors. However, there are
some studies that still point that the GBM chemotherapeutic resistance can occur by PGP
expression, which is a ATP-dependent drug efflux pump. Studies have proposed an
induction of TMZ resistance by increased transcription of MDR1, the gene encoding PGP,
clarifying how PGP and TMZ interact to gain resistance and, consequently, how increased
PGP expression leads to TMZ resistance (Munoz et al., 2015). On the other hand, some
studies in literature mentioned the localized expression of MRP1 (encoded by the ABCC1
gene) within GBM tumor specimens themselves in addition to the tumor vasculature
(Calatozzolo et al., 2005). These authors highlighted the role of MRP1 inhibition in
improving chemotherapy drug response in both primary and recurrent GBM patient-biopsy
derived cell lines, suggesting an intrinsic chemoresistance mediated by MRP1 expression
in GBM tumor cells, independent of the BBB endothelial transport system.

Also, TMX is known to inhibit drug transport since it interacts with PGP inhibiting
PGP-dependent drug transport (Callaghan and Higgins, 1995). In this way, due to the
higher expression of PGP in GBM11 cells, the concentration of TMX needed to cause an
effect would be expected to be higher compared to U87 and U118 cell lines, which is also
in accordance with our results. Although PGP expression may be relatively small, the

chemoresistance shown in the GBM11 cell line relative to the U87 and U118 cells may
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also be due to the higher SOX2 expression when compared to U87 and U118 cell lines,

corroborating our main conclusions.

Taking altogether, our results in chapter 3 and 4 emphasize that PKC may play a
relevant role in the proliferation, survival and migration of glioma cells. However, its
contribution is dependent on the characteristics of the glioma cells, which emphasizes the
need to establish a personalized therapy, considering PKC as a therapeutic target. Also, our
results emphasized the importance of the combined therapy in the treatment of GBM.

Regarding the results included in chapter 3 and 4, we conclude that glioblastoma
present subtle differences in response to treatment dependent on the heterogeneity of GBM
cells. Also, the use of TMX alone can achieve therapeutic success by inhibiting
proliferation, namely through p-PKC reduction. Since standard of care approach in GBM
is generally uniform and does not take into account different molecular signatures, we
consider this information a truly important step forward to the previous studies already

published in literature.

Even the treatment with TMX plus TMZ or TMX alone contribute to the inhibition
of the proliferative capability of some GBM cell lines, the truth is that GSCs are still
considered the most chemoresistant cells in the GBM tumor mass and consequently
responsible for tumor recurrence after therapy. This means that, even if the proliferative
capability of GBM cells would be affected with TMX and TMZ treatment, it would not
probably be enough to prevent recurrence. The molecular biology of GSCs is still poorly
understood and new therapy approaches to achieve GSCs are far from emerging. In this
way, it seems of utmost importance the understanding of stem-like cell properties, which
raises the question: it is well known that GSCs can lose their stem-like properties, giving
rise to non-GSCs, but is the reverse true?

Previous studies revealed that GSCs may emerge from the increased self-renewing
division of GSCs or from reprogramming of non-GSCs to GSCs, suggesting a plasticity of
the stem state in GBM (Safa et al., 2015). Based on these observations, we considered that
the understanding of the plasticity of GBM stem-like state is crucial to the identification of
the mechanisms and factors involved in GSCs resistance to therapy, which may be in the
base of tumor recurrence, constituting a step forward to the identification of therapeutic
targets in GBM. In this sense, we next studied the plasticity of the maintenance of GSC

stem-like properties as a dynamic behaviour, implying that both GSCs and non-GSCs are
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capable of switching between both states (Chapter 5). We hypothesized that GSC
interactions with the surrounding microenvironment could determine GBM heterogeneity
and dictate the balance between self-renewal and differentiation properties. Regarding this,
the identification of stem-like cell markers directly related with stem state plasticity are
crucial to identify new molecular therapies for addressing specifically GSCs.

The key characteristics of GSCs are closely associated with the expression of
pluripotency genes, namely the sex-determining region Y-Box (SOX2) (Gangemi et al.,
2009). In parallel, a growing body of evidence also indicates that intercellular
communication through gap junctions (ICGJ) could contribute to the coordination of
mechanisms involved in cell differentiation (Soares et al., 2015; Todorova et al., 2008).
These gap junctions, formed by proteins of the connexin (Cx) family, may have tumor-
suppressor or oncogenic functions. Specifically, connexin 43 (Cx43) and connexin 46
(Cx46) expression varies according to the differentiation spectrum of GBM cells. Hitomi
and colleagues suggested that Cx expression could be essential for transitions between
stem-like and non-stem-like states (Hitomi et al., 2015; Safa et al., 2015). However, the
plasticity of pluripotent genes and connexin proteins was not explored and clarified so far.

We then studied the stem-like cell markers expression as well as the cell-cell
communication proteins and their influence in the plasticity of glioma stem-like cells in
GBM cell lines isolated by us in laboratory, namely the previous used U87 and GBM11
cell lines plus GBMO02 and OBL1 cell lines also established in our laboratory (Chapter 5).

Overall, our results showed that: 1) among all GBM cell lines, the GBM11 together
with the GBMO2 cells present the higher stem-like phenotype, which is in accordance with
the previous chapter characterizing GBM11 as a recurrent GBM cell line, with a more
resistant behaviour; 2) in all studied GBM cell lines, the non-GSCs obtained from culturing
in DMEM/F12 serum-supplemented medium (GBMO02), expressed less SOX2 and Cx46
compared to GSCs (GBMO02-SF) and the reverse in OB1-SF cell line, culturing in NS34
serum-free medium, was also observed; 3) Cx43 was overexpressed in non-GSC cell lines,
whereas SOX2, an essential transcription factor for the maintenance of embryonic stem
cells (ESCs), and Cx46, were upregulated in GSCs, which defends that GSC maintenance
also depends on cell-cell interactions in a connexin-isotype-dependent manner, as proposed
in the study of Hitomi et al. (Hitomi et al., 2015).

Our results showed that the same cells placed in culture media with different
properties, sequentially alter their expression of stem-like cell markers together with the

phenotype modifications, by oncospheres formation, and also according to the mRNA
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expressions, which could lead us to hypothesize that the expression of these stem-like cell
markers could be associated with the malignancy of GBM cells.

Together, we observed that SOX2 and Cx46, overexpressed in our GSCs in vitro,
are also overexpressed in high grade gliomas compared to lower grades and to normal
human brain samples. These conclusions suggest that the switch between stem-like and
non-stem-like states in GBM accompanies the variation on the expression of these markers,
suggesting that the stem-like state is a dynamic bidirectional fluctuation. Moreover, it
justifies the high expression of stem-like cell markers in human GBM samples compared
to lower grades of gliomas, and is in agreement with the poor prognosis of GBM patients,
and so depends on tumor microenvironment.

In fact, WNT signalling has been associated with maintenance of stemness and
plasticity of GBM (Binda et al., 2017; Hu et al., 2016). However, the WNT role in tumor
microenvironment interactions is still misunderstood. In a parallel study, we have
been demonstrated that GBM cells stimulate the activation of WNT/B-catenin signalling in
microglial cells by releasing WNT3a. We observed the translocations of -catenin from
cytosol to nuclei and also the induction of expression of WNT target genes, such as Cyclin
D1, slug and WNT3a. These findings suggest that WNT3a plays an important role in GBM-
microglia-crosstalk and consequently contribute to invasiveness and aggressiveness of
GBM cells, highlighting the role of the tumor microenvironment to the tumor malignancy
(data not shown).

Ultimately, the present work aimed to understand the GSCs and non-GSCs state,
which is the primary step in the comprehension of tumor growth and differentiation
processes. Our results suggest that the success of GBM therapy could be related to the
identification of more specific targets to reach GBM cells, both GSCs and non-GSCs,

which leads us to our final goal.

The previous acknowledgment that CSCs may originate from non-stem cancer cells
(non-SCCs) has turned these cell sub-populations into two relevant therapeutic targets.
Therefore, to specifically tackle the disease at its roots, we finally intended to find suitable
molecular targets that enable simultaneous targeting of both GSC and non-GSC, providing
the necessary accessibility to the GSC niche (Chapter 6).

Previous results showed that Nucleolin (NCL) is overexpressed in tumors cells,
such as breast cancer cells, compared to normal ones (Christian et al., 2003; Fonseca et

al., 2015; Li et al.,, 2014; Yang et al., 2012). Also, NCL expression was previously
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described to be essential for mantainence of embryonic stem cell homeostasis as well as
self-renewal, which makes it a potential therapeutic target for both CSCs and non-SCCs
(Fonseca et al., 2015; Li et al., 2014; Shi et al., 2007).

Additionally, taking advantage of the NCL overexpression in CSCs and non-CSCs,
Moura et al., designed a F3 peptide-targeted sterically stabilized pH-sensitive liposome
(SLpH) that upon targeted, the nucleolin receptor was specifically internalized (Fonseca et
al., 2015, 2014; Moura et al., 2012). These liposomes were loaded with doxorubicin
(DXR), a topoisomerase Il inhibitor targeting multiple molecular pathways and that
presents a wide range of cytotoxic effects, leading to cell death in a variety of tumors,
including GBM (Tacar et al., 2013; Zhao et al., 2016).

Therefore, as a final goal of our work, we assessed the potential of NCL as a target
in both non-GSCs and GSCs sub-populations in the U87 and GBM11 cell lines (Chapter
6).

Overall, our results demonstrated the potential of nucleolin as a target within GBM
cells, with stem-like and non-stem like phenotypic characteristics, enabling improved cell
cytotoxicity, as the result of an active access of a chemotherapeutic drug to the intracellular
compartment of GBM cells. This delivery was possible through the previous mentioned
liposomes, targeting nucleolin.

Notwithstanding the different responses of U87 and GBM11 cell lines to the
liposome target approach, we were able to prove the ability of F3-targeted liposomes,
functionalizing with the nucleolin-binding F3 peptide, to target both non-GSCs as well as
GSCs. These results suggested nucleolin as a common marker among non-GSCs and
different sub-populations of GSC. These findings along with the marked expression of the
protein in more than 60% of cells from patient-derived samples, as compared with less than

20% in normal brain, supported nucleolin as a potential therapeutic target in GBM.

Altogether, on the one hand we have been able to propose a therapeutic approach
based on a combination of drugs, TMZ plus TMX, that culminate in an inhibition of cell
proliferation and migration capability, which are crucial for GBM malignancy, taking into
account the heterogeneity characteristic of this type of tumor. In either case, being given
orally, these drugs may target malignant cells or healthy ones, which renders the therapy
unspecific, and therefore conducive to the known side effects of chemotherapy. On the
other hand, we know that this tumor heterogeneity is also due to the existence of stem cells,

which are the main cause of tumor chemoresistance and recurrence. Thus, the identification
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of markers capable of discerning the stem state could help to delineate a more effective
therapeutic approach to these cells, mainly by associating specific markers, such as SOX2
or Cx46, to the stem state. Finally, taking the previous knowledge into account, we could
associate a specific therapeutic target not only to tumor cells without stem-like cell
phenotypic characteristics but also to stem-like cells. For this, through Nucleolin targeting,
overexpressed in glioblastoma, it was possible to present a therapeutic goal that would
identify the two sub-populations of cells, GSCs and non-GSCs. In spite of the success of
nucleolin overexpression as a potential target in U87 cells, enabling improved cell
cytotoxicity, what is certain is that not all cells respond in the same way, like GBM11, a
recurrent GBM cell line with a more resistant phenotype and behavior compared to U87
cells. In this sense, the therapeutic approach through drugs, such as tamoxifen, would
probably still be the best hypothesis. Overall, the therapeutic response varies in parallel
with tumor heterogeneity, although it is possible to associate the expression of certain
markers to this response, similar to what can happen with potential prognostic markers. We
next illustrated the different hypothesis of GBM therapy that were discussed along this
work (Figure 7.1).

Overall, our findings along this dissertation contribute to a better understanding of
the molecular basis of glioblastomas, since it allows the identification of chemoresistant
mechanisms and potential therapeutic targets, as well as the prediction of disease outcome.
We intended to better understand the biology of glioblastoma, through the crosstalk
between the deregulated molecular signalling pathways in GBM cells, the plasticity of a
glioma stem-like cell population as well as the potential of a specific target approach on
the development and progression of glioblastomas.
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Figure 7.1. Representative illustration of the different molecular therapeutic approaches in
GBM. Here we illustrate the different potential therapeutic approaches for GBM addressed in this
dissertation. On one way, tamoxifen (TMX), an inhibitor of p-PKC expression, alone or in
association with the gold-standard temozolomide (TMZ), induced cell death in GBM cells. On the
other hand, the F3-targeted liposome strategy, which constitutes a direct tumor-specific approach
that depends on the GBM cells expression of specific surface receptors, like nucleolin, also leading
to cell death. The multiple targeting through important signalling pathways inhibitors, like TMX,
in combination with TMZ, or through cell surface markers overexpression, as nucleolin, as a target
for GSCs and non-GSCs, constitute potential options for chemotherapy regarding the heterogeneity
among GBM cells.

In summary, the major conclusions obtained from the research work included in

this thesis were:

e One of the major reasons of GBM resistance is the deregulation of several
molecular signalling pathways involved in cell death, cell proliferation and
migration ability, mainly PKC activity. TMX, a PKC inhibitor, combined with
TMZ have a synergistic effect in cell proliferation inhibition, in GBM cell lines
(Chapter 3);

e Treatment with TMX alone treatment may have an equivalent action as the
combination of TMX and TMZ in a GBM cell line of a recurrent GBM resistant to
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TMZ, with no need of re-administration of TMZ on a second-line treatment, which
highlights the heterogeneity among GBM cells, similar to GBM in human patients,
and suggests the need of a more individualized therapy (Chapter 4).

e GSCs, the most chemoresistant population of cells in the tumor mass, are associated
with the coordination of mechanisms involved in cell differentiation. The higher
expression of Cx46 and SOX2 reflects the plasticity of glioma stem-like cells,
which means that GSC interactions with the surrounding microenvironment can
determine GBM heterogeneity and dictate the balance between self-renewal and
differentiation properties, leading to the understanding of tumor growth and
differentiation processes, and hopefully contributing to identify more specific
targets to reach GBM (Chapter 5).

e Nucleolin is generally overexpressed in GBM brain samples compared to normal
tissues and, through a previously characterized liposome strategy, we could point
nucleolin as a potential therapeutic target either for non-GSCs as for GSCs (Chapter
6).

To conclude, the present study reflects the complexity of glioblastomas and
emphasizes a possible link between different chemoresistant mechanisms that make GBM
the most malignant tumor of the centre nervous system. Besides the relevance in the
development and progression of these neoplasms, our study could make a step forward to
the identification of new diagnostic or prognostic biomarkers, and new potential therapeutic

targets.
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