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Abstract

Introduction: Glioblastoma (GBM) represents about 30-40% of the Central Nervous
System tumors and has 50% more incidence in men than in women. This sex biased
pattern suggests that sex hormones may be of relevance for GBM’s etiopathology.

However, this hypothesis has not been the target of much investigation so far.

Objectives: The aim of this project was to assess the role of sex steroid hormones,
estradiol (E2), progesterone (P4), dihydrotestosterone (DHT) and testosterone (T) in cell
viability and apoptosis of three GBM cell lines (U-87MG, SNB19 and U-373MG),which
represent different grades of GBM aggressiveness, and in a human astrocyte cell line
(HASTR/ci35).

Materials and methods: The presence of estrogen, progesterone and androgen receptors
(ER, PR and AR, respectively) was assessed in U-87MG, SNB19, U-373MG and in
HASTR/ci35 by immunocytochemistry. Then, the effect of E2, P4, DHT and T on cell
viability was assessed by the 3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium
Bromide (MTT) assay upon incubations with physiological concentrations of hormones,
during different incubation periods.

Results: We found ERa and ER expression in HASTR/ci35, U-87MG, SNB19, and U-
373MG. ERa had a predominant cytoplasmatic distribution in all the cells lines except in
U-87MG. PR had a marked expression in the U-87MG cell line but not in HASTR/ci35,
SNB19 and U-373MG. AR expression was confirmed in all cell lines analysed. E2
increased the viability of HASTR/ci35 and diminished it in SNB19, pointing to a
protective role in these lines. Progesterone diminished viability in U-87MG cells but had
the opposite effect in the most aggressive cell lines SNB19 and U-373MG. DHT
increased the viability of U-87MG, SNB19 and U-373MG. Interestingly, testosterone
increased the viability of astrocytes but diminished the viability of U-87MG cells, what
contradicts previous studies pointing to its effect in promoting migration, invasion and
proliferation in GBM.

Conclusion: This study sets the basis for further exploring the effect of these hormones
on relevant parameters of cancer such as proliferation, apoptosis, migration and invasion
to further elucidate the differences observed in the effect of these hormones on cell
viability, that concur with a protective effect of E2 and T, and a more controversial role
of P4 in GBM cell lines. On the other hand, DHT, enhanced cell viability, what is a
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preliminary indication that the higher prevalence of GBM in men might be indeed

favoured by their hormonal background.

Keywords: Glioblastoma, Sex Steroid Hormones, Estradiol, Progesterone, Testosterone,

Dihydrotestosterone
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Resumo

Introducéo: O glioblastoma (GBM) representa cerca de 30-40% dos tumores do Sistema
Nervoso Central e tem 50% mais incidéncia em homens do que em mulheres. Esse padréo
de tendéncia para um viés sexual sugere que as hormonas sexuais podem ser relevantes
para a etiopatologia do GBM. No entanto, essa hipdtese nao tem sido alvo de muita

investigacao até ao momento.

Objetivos: O objetivo deste projeto foi avaliar o papel das hormonas esterdides sexuais,
estradiol (E2), progesterona (P4), dihidrotestosterona (DHT) e testosterona (T) na
viabilidade celular e apoptose de trés linhas celulares de GBM (U-87MG, SNB19 e U-
373MG), que representam diferentes graus de agressividade do GBM e numa linha celular
de astrécitos humanos (HASTR/ci35).

Materiais e métodos: A presenca de recetores de estrogénios, progesterona e
androgénios (ER, PR e AR, respetivamente) foi avaliada em U-87MG, SNB19, U-
373MG e em HASTR/ci35 por imunocitoquimica. De seguida, o efeito de E2, P4, DHT
e T na viabilidade celular foi avaliado pelo ensaio de MTT em incubagdes com

concentrag0es fisioldgicas de hormonas, durante diferentes periodos de incubac&o.

Resultados: Verificou-se a expressdo de ERa ¢ ER em HASTR/ci35, U-87MG, SNB19
e U-373MG. O ERa teve uma distribuicdo predominantemente citoplasmatica em todas
as linhas celulares, exceto em U-87MG. PR teve uma expressdo marcada na linha celular
U-87MG, mas ndo em HASTR/ci35, SNB19 e U-373MG. A expressdo de AR foi
confirmada em todas as linhas celulares analisadas. E2 aumentou a viabilidade em
HASTR/ci35 e diminuiu em SNB19, apontando para um papel protetor nessas linhas. A
progesterona diminuiu a viabilidade nas células U-87MG, mas teve o efeito oposto nas
linhas celulares mais agressivas SNB19 e U-373MG. A DHT aumentou a viabilidade das
U-87MG, SNB19 e U-373MG. Curiosamente, a testosterona aumentou a viabilidade dos
astrocitos e a diminuiu a viabilidade nas células U-87MG, o que contradiz estudos
anteriores que apontam para o seu efeito na promocao da migracéo, invaséo e proliferacdo
em GBM.

Conclusado: Este estudo estabelece as bases para explorar ainda mais o efeito destas
hormonas em parametros relevantes no cancro, como proliferacdo, apoptose, migracéo e
invasédo, para elucidar ainda melhor as diferengas observadas no efeito destas hormonas

na viabilidade celular, que coincidem com um efeito protetor das hormonas E2 e T, e um

vii



papel mais controverso de P4 em linhas celulares de GBM. Por outro lado, a DHT,
aumentou a viabilidade celular, o que é uma indicagdo preliminar de que a maior
prevaléncia de GBM nos homens pode ser de facto favorecida pelo seu background

hormonal.

Palavras-Chave: Glioblastoma, Hormonas Esteroides Sexuais, Estradiol, Progesterona,

Testosterona e Dihidrotestosterona
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1. Introduction

1.1. Glioblastoma

Glioblastoma (GBM) is a tumor that derives from glial cells, specifically from
astrocytes, representing about 30-40% of the tumors of the Central Nervous System
(CNS) (Bao et al., 2017; Sousa et al., 2002) and 80% of its malignant tumors (Bao et al.,
2017). Despite the relatively low incidence, GBM is a pathology with a considerably low
five-year survival rate (4.7%), thus having a quite reserved prognosis (Moinfar et al.,
2016). Even with treatment, the overall survival is 12-18 months (Alphandéry, 2018). For
that reason, GBM is the most common and the most aggressive form of astrocytoma,
classified as grade 1V according to the World Health Organization, characterized by an
extremely high genomic instability (Nogueira et al., 2019; Louis et al., 2016; German-
Castelén et al., 2015). About 90% of GBMs arise without any previous evidence of a
precursor lesion and for that reason these are classified as primary GBMs (Ohgaki et al.,
2013; Ohgaki et al., 2007). On the other hand, secondary GBMs evolve from previous
lesions, usually from lower grade astrocytomas (Gessler et al., 2017). Even though both
types are not distinguished histologically, they can be differentiated genetically, for
example for the expression of specific mutations, such as isocitrate dehydrogenase 1
(IDH1) and p53 mutations in secondary GBMs, and hypermethylation, loss of
heterozygosity on chromosome 10q, epidermal growth factor receptor amplification, p16
deletion and phosphatase and tensin homolog (PTEN) mutations in primary GBMs.
Furthermore, primary GBMs are more common in older patients (mean of 62 years old)
while secondary usually occur earlier in life (mean of 45 years old) and seem to present
a histological pattern with less necrosis. Usually secondary GBMs develop more slowly
and the mean survival rate for these is longer than for primary GBM (Gessler et al., 2017;
Ohgaki et al., 2013; Ohgaki et al., 2007).

The golden standard treatment for GBM is surgical resection, radiotherapy and
chemotherapy with temozolomide (TMZ) and bevacizumab for primary and recurrent
cases, respectively (Mooney et al., 2019; Ozdemir-Kaynak et al., 2018). However, the
treatment by itself is not sufficient and is usually accompanied by chemoresistance and
neurological deterioration, and a great probability of relapse (Alphandéry, 2018;

Ozdemir-Kaynak et al., 2018). TMZ crosses the blood-brain barrier due to its small size



and liposolubility and acts by adding methyl groups to specific localizations of DNA or
RNA, which creates mismatched base pairs that will trigger repair mechanisms that will
eventually be ineffective and lead to apoptosis. Despite this, it appears that only 20% of
the concentration of TMZ in the blood is present in the brain, which can justify its low
efficacy. Other than this, TMZ may also be influenced by gene expression in the tumors
(Schreck et al., 2018). Studies have found this to occur because of the overexpression of
O6-methylguanine methyltransferase (MGMT), which removes O6-methylguanine
residues in order to repair base pair mismatches. Like mentioned before, TMZ is one of
the agents that causes these mismatches and if O6-methylguanine mismatches are not
repaired because of low MGMT expression, then the base pair mismatch will eventually
result in failed attempts of repair ultimately resulting in cell death. However, the
methylation damage caused by TMZ can be reversed by higher levels of MGMT and this
is thought to be the reason for chemoresistance in some patients where elevated MGMT
gene expression can confer resistance to treatment. Thus, higher levels of MGMT seem
to favour tumorigenesis and lower levels may be responsible for the resistance to the most
effective drug presently utilized, TMZ. Therefore, for GBM treatment, the expression of
MGMT should be measured to guide a more effective treatment plan (Lee et al., 2016 &
Cabrini et al., 2015).

One of the main problems with the standard treatment is the difficulty in
completely resecting the entire tumor with brain surgery due to the invasive, proliferative
and migratory characteristics of this type of tumor. Moreover, diagnosis does not usually
occur in early stages, also enhancing this difficulty. Resistance to treatment is another
major problem and it is due to the infiltrating nature, heterogeneity and tumor interactions
with its environment. These factors allow the tumor to be more resistant to therapy and
promote several tumor hallmarks such as angiogenesis, apoptosis, immune system escape
and secretion of survival factors which ultimately also limit the efficacy of the treatment
(Da Ros et al., 2018; Séhédic et al., 2015). Furthermore, these tumors are characterized
by the existence of several dysregulated pathways, that cannot be blocked and/or repaired.
The Cancer Genome Atlas (Chuang & Ling, 2019) identified three altered pathways in
GBM: (i) RTK/Ras/ PI3K; (ii) p53; and, (iii) retinoblastoma pathways. The blood-brain
barrier is also strongly linked to the drug-resistant GBM phenotype because it often
prevents drugs from reaching the target (Alphandéry, 2018). Cancer cells can acquire a
resistant phenotype in response to therapy, or can be intrinsically resistant (Da Ros et al.,

2018). All of the three pathways lead to tumor heterogeneity, therefore a comprehensive

2



characterization of these tumors (Touat et al., 2017) can contribute to the development of
new strategies and it becomes clear that new therapeutic targeted agents are urgently
warranted (Mooney et al., 2019).

Although there are no certainties about GBM’s etiopathology, it is well known
that it has a larger incidence in men compared to women (Sareddy et al., 2016). Several
epidemiological studies have demonstrated that primary GBM is 50% more prevalent
amongst men (Yu et al.,, 2015; Moinfar et al., 2016; Bao et al., 2017). Other
epidemiological data reported that GBM occurs in a proportion of 3:2 in men compared
to women, and other revealed an incidence 1.6 times higher in men (Tamimi et al., 2017;
Thakkar et al., 2014; Ostrom et al., 2013). McKinley et. al (2000) showed that women
present a lower risk to develop GBM particularly around menopause and decreasing
thereafter.

Although sex differences in GBM incidence are well-established, they are not
sufficiently understood to enable sex-specific targeted treatments. However, it was found
that the GBM standard treatments are also more effective in women than in men (Yang
et al., 2019). Furthermore, a study developed by Kfoury et al. (2018) correlated sex
differences in murine implanted GBM cells, revealing that only females had increased
p16 and p53 activity and cell cycle arrest, while male cells would continue to proliferate
and enhance tumorigenesis. This pattern suggests that hormonal and/or genetic
differences could be of relevance for GBM’s etiology. This is supported by the fact that
several studies have demonstrated the presence of estrogen, progesterone and androgen
receptors in GBM (Tavares et al., 2016; German-Castelan et al., 2016; Yu et al., 2015;
Liuetal., 2014).

1.2. Sex Steroid Hormones

Steroids play a critical role in numerous processes. Sex steroid hormones (SHs)
are lipophilic molecules, derived from a common precursor (pregnenolone), known to be
implicated in varied biological functions such as development, metabolism, regulation of
the hypothalamus and hypophysis, amongst many others. Since they are lipophilic, they
have the capacity to move across cell membranes (Diotel et al., 2018; Swerdloff et al.,
2017; Zubeldia-Brenner et al., 2016; Regidor, 2014; Lenz et al., 2010; Bain et al., 2007;
Wise et al., 2009).

Steroidogenesis (Figure 1) is a process by which cholesterol is converted to
biologically active steroid hormones, the rate-limiting step in the synthesis of these
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hormones (Diotel et al.,, 2018; Sewer et al., 2008). The first step occurs in the
mitochondria, facilitated by the steroidogenic acute regulatory protein, a transporter on
the outer mitochondrial membrane. After the transition to the inside of the mitochondria,
the cytochrome P450 enzyme cleaves the aliphatic tail of cholesterol, originating
pregnenolone, which can be converted into progesterone (P4) by 38-HSD or into 17-
hydroxypregnenolone by CYP17, which happens in the endoplasmic reticulum. This
enzyme (CYP17) is able to convert progesterone into 17-hydroxyprogesterone and 3f-
HSD can also convert 17-hydroxypregnenolone into 17-hydroxyprogesterone, also in the
endoplasmic  reticulum.  Furthermore,  17-hydroxypregnenolone and  17-
hydroxyprogesterone can be converted by CYP17 into dehydroepiandrosterone (DHEA)
and androstenedione, respectively. 17p-HSD enzymes can catalyse the synthesis of
androstenediol from DHEA and testosterone (T) from androstenedione. Aromatase (Aro)
converts androstenedione and testosterone into estrone (E1) and estradiol (E2),
respectively, while Sa-reductase (5a-R) converts testosterone into Sa-dihydrotestosterone
(DHT). In a different step, glucocorticoids can also be formed by CYP21A2 which
synthesizes 11-deoxycorticosterone and 11-deoxycortisol from progesterone and 17-
hydroxyprogesterone, respectively, still in the endoplasmic reticulum. Cypll can
synthesize corticosterone and cortisol from 11-deoxycorticosterone and 11-
deoxycortisol, respectively, in the mitochondria. Finally, 113-HSD can synthesize
cortisone (Diotel et al., 2018; Sewer et al., 2008).

Cholesterol

+ StAR

cyp1iai

3B-HSD cyp21 cypi11
Pregnenolone D —_ Progesterone —— 11-Deoxycorticosterone ———p= corticosterone
+ cyp17 + cypl7
3B-HSD cyp21 ) cyp11 .
17-OH Pregnenclone ———pe 17-OH Progesterone ——— 11-Deoxycortisol —_— Cortisol
cyp17 + cyp17 +* 11B-HSD
+ 3B-HSD Aro
DHEA ——»  Androstenedione ——p= Estrone Cortisone
“ 17B-HSD %1?%50 “ 178-HSD
) 3p-HSD Aro
Androstenediol —_— Testosterone —= Estradiol
5a-R

Dihydrotestosterone

Figure 1 - Steroidogenesis pathways. Adapted from Diotel et al., 2018.

In the past, it was thought that steroid hormone synthesis only occurred in

steroidogenic glands. However, other organs, such as the brain, adipose tissue and



intestine, can also synthetize steroid hormones. This is due to an enzyme-dependent
process from steroid precursors within specific tissues (Diotel et al., 2018; Swerdloff et
al., 2017; Zubeldia-Brenner et al., 2016; Regidor, 2014; Lenz et al., 2010; Bain et al.,
2007; Wise et al., 2009).

There are six families of steroid hormones: estrogens, progestins, androgens,
mineralocorticoids, glucocorticoids, and vitamin D. The estrogens’ family is constituted
by estradiol, estrone and estriol, progesterone belongs to progestins’ family, and
androgens are constituted by dehydroepiandrosterone, androstenedione, testosterone (T)
and Sa-dihydrotestosterone (DHT), altogether constituting the group of SHs (Acconcia et
al, 2016).

Testosterone is the principal male androgen, even though DHT, a metabolite
reduced by Sa-reductase from T in certain tissues, has greater affinity for the androgen
receptor (AR). On the other hand, DHEA is considered a weaker androgen that can be
converted to testosterone and androstenediol, or to estrogens, in other tissues. The
conversion of T to estradiol, in tissues such as the bone, brain, testis or adipose tissue,
occurs via P450 aromatase. It is also possible for androstenedione to be aromatized,
however it is converted to estrone, which can then be metabolized to estradiol by 17p-
hydroxysteroid dehydrogenase (Diotel et al., 2018; Swerdloff et al., 2017; Zubeldia-
Brenner etal., 2016; Regidor, 2014; Lenz et al., 2010; Bain et al., 2007; Wise et al., 2009).

Plasma testosterone is primarily secreted by Leydig cells around the 4" and 6™
week of intrauterine life, which leads to sexual differentiation. During childhood, these
levels remain quite low and dormant and rise to adult levels by the end of puberty, when
more pronounced changes occur in the male body leading to the development of
secondary sexual characteristics (Alexander, 2014). After middle age, total T levels begin
to decline up to 1.6% for every year, a phase called andropause (Hiort, 2013; Stanworth
et al., 2008). There are several biological actions of androgens, including development
and maintenance of the male reproductive system and anabolic effects, for example on
skeletal muscle and brain (Diotel et al., 2018; Swerdloff et al., 2017; Zubeldia-Brenner et
al., 2016; Regidor, 2014; Lenz et al., 2010; Bain et al., 2007; Wise et al., 2009).

In the adult female, the two most important steroid hormones are 17f3-estradiol
(estradiol/E2) and progesterone (P4). In addition, two metabolites of estradiol, estrone
and estriol, circulate at high levels at certain phases of the menstrual cycle and during
pregnancy. The biological actions of E2 can be divided into those directed towards the

development and maintenance of the female reproductive system and those that have
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effects on several other organs including the cardiovascular system, metabolism, and
brain. Ovarian estrogen synthesis, is produced in a pulsatile manner every month, during
the menstrual cycle. The peak of estrogen synthesis occurs 6 months after birth and is
followed by the relative quiescence throughout childhood until the beginning of the
pubertal period. Plasma estrogen pulsates at adult levels by the end of puberty and begins
to decline in middle age (menopause). Circulating estrone and E2 are produced by the
aromatization of androgens. Furthermore, after ovulation, the major steroid produced by
the luteinized cells of the corpus luteum is P4 (Diotel et al., 2018; Swerdloff et al., 2017,
Zubeldia-Brenner et al., 2016; Regidor, 2014; Lenz et al., 2010; Bain et al., 2007; Wise
et al., 2009).

Looking into SHs roles in the CNS, it is known that the activation of hormone
receptors by SHs results in neuroprotective events, such as decreased reactive oxygen
species, increased cell survival, reduced apoptosis, increased production of neurotrophic
factors and regulation of Ca?* balance (Duarte et al., 2016).

Peripheral levels of estrogens and progesterone decrease abruptly in women,
whereas, in men, androgens decline is more gradual. Comparing E2 serum levels in pre-
and postmenopausal women, there is a steep decrease from approximately 200-300
pmol/l to only approximately 30 pmol/Il (Table 1). Similarly, P4 levels in premenopausal
women are higher than in postmenopausal women who have values below 1 nmol/l
(Duarte et al., 2016).

In the serum of men, T also decreases with ageing but in a more modest way than
the E2 decline in women. In adult men, T is typically approximately 15 nmol/l, whereas,
in elderly subjects, it is below 10 nmol/l. Serum T levels are higher in men, although in
the cerebrospinal fluid (CSF), levels are similar between sexes (Duarte et al., 2016).

Moreover, E2 levels in men’s CSF are higher than in serum, as well as higher than
those in the women’s CSF. This suggests a conversion of T to E2 by aromatase within
the male brain. In addition, DHT levels in the CSF of men might also be higher than in
serum, or at least very similar. Collectively, these observations reflect the occurrence of

neurosteroidogenesis (Giatti et al., 2019; Duarte et al, 2016).



Table 1 — Sex steroid hormones concentrations in cerebrospinal fluid and serum.
Adapted from Duarte et al., 2016.

CSF Serum
Women Women
Men Men
Pre-Menopausal | Post-Menopausal Pre-Menopausal | Post-Menopausal
E2 (pmol/l) ~ 147 34.50 = 37.50 24.20 £23.90 ~ 46.26 ~331.30 35+£38
7.31+£191
Pregnant: 388 +
P4 (nmol/l) ~0.95 ~1.24 0.39+0.24 251+1.62 25.40 0.57 £0.35
Post-Partum:
50.88 £ 6.90
DHT (nmol/l) | 2.62 +0.62 1.30 £ 0.60 0.24 £0.10 0.14£0.10
Adult: 10.60
+0.94
T (nmol/l) | ~0.43 0.23+0.36 ~0.19 ~1.50 ~0.71
Elderly: 6.90
+2.50

Androgens have an important role in shaping the structure of the brain and
contributing to sex differences. Estrogens are effective regulators of brain cell
morphology and tissue organization through the regulation of the cytoskeleton. Brain
cells’ morphology is controlled by estrogens that regulate the development of
neuron/neuron interconnections and dendritic spine density (Ruiz-Cortés, 2012).

The decline in SH levels along with ageing may contribute to compromised
neuroprotection and set the grounds for neurodegeneration and cognitive impairments
(Duarte et al., 2016). Several brain diseases, like Alzheimer and Parkinson, present sex
differences regarding their prevalence and incidence, hence SHs released not only by
peripheral tissues but also by neurons and glial cells may play a role in these differences
that must be understood (Santos et al., 2017).

Sex steroid hormones also regulate one of the main brain barriers - the choroid
plexus (CP) which is constituted by single layers of epithelial cells that also express sex
hormone receptors (ER, PR and AR). Some of the functions of CP cells regulated by SH
include metabolism, steroid hormone biosynthesis, circadian rhythm pathways,
chemosensing and expression of neurogenic factors that may impact on

neurodegenerative diseases (Santos et al., 2019; Santos et al., 2017; Quintelaet al., 2013).




1.3. Sex Steroid Hormones and Cancer

Whereas SH are recognized neuroprotectants, there is an overall consensus on
their carcinogenic effect in several organs and they may also have a role on the sex bias
of cancer. In fact, the prevalence of cancer of various organs is higher in men than women
(except for thyroid cancer). In organs like women breast and prostate, the role of sex
hormones has been studied in depth as well as in non-sexual organs like stomach,
esophagus or thyroid.

Higher levels of estrogens and androgens were associated with higher breast
cancer risk, being more pronounced in older individuals. Estrogens are known to promote
the proliferation of breast cells and to make the cells more prone to errors during
replication and consequently more DNA damage, so that is one of the possible
justifications for its effects. For this reason, many anti-estrogenic drugs, are sought after
for breast cancer treatment. Regarding androgen levels, it was suggested that the
aromatization of androgens into estrogens could explain why they also increase
proliferation of breast cancer cells (Baglieto et al., 2010; Gadducci et al., 2009).

Progesterone is known to induce methylation during pregnancy, a phase when its
levels are higher, which could potentially lead to silencing of genes of interest for
tumorigenesis (Baglieto et al., 2010). However, its role in breast cancer still remains
unclear, and some studies have found that high levels of testosterone and low levels of
progesterone were associated with breast cancer development (Micheli et al., 2004).

High levels of DHT pointed to a higher risk of prostate cancer (Platz et al., 2004),
while E2 seems to have a controversial role. A study indicated that in men older than 70,
there was a reduced risk of developing prostate cancer due to a higher
estradiol:testosterone ratio showing a protective role of E2 and the opposite for T (Black
et al., 2014). However, a different study showed that estrogens can have a role in the
development of prostate cancer because of ER-mediated effects in increasing toxicity and
inflammation (Nelles et al., 2011). Progesterone’s effect also remains controversial in
prostate cancer, presenting lower values in these patients but its accumulation resulting
in mutations and activation of AR (Boibessot et al., 2018).

In terms of the digestive tract, E2 was shown to diminish proliferation and
migration and induce apoptosis in oesophagus and colon cancer and lowering risk while
increasing apoptosis and lowering proliferation in stomach cancer. Progesterone induced

a lower risk in women with colon cancer while testosterone increased overall risk in this



type of cancer. Estrogen receptor o (ERa) was abundant and ERP was highly expressed
in oesophagus and stomach cancers. Interestingly, in stomach cancer androgen receptor
(AR) was highly expressed while in colon cancer it was not detected (Tang et al., 2017,
Roshan et al., 2016; Wang et al., 2014; Wolmarans et al., 2014; Yi et al., 2014;
Kambhampati et al., 2013; Wang et al., 2012; Kambhampati et al., 2010; Joubert et al.,
2005).

Finally, in thyroid cancer women have a higher prevalence, E2 increased
proliferation and ERa was highly expressed while ERP poorly expressed (Zane et al.,
2017 & Hima et al., 2016).

1.3.1. Sex Steroid Hormones in Glioblastoma

Despite the higher prevalence of GBM in men compared to women, the reasons
underlying these differences still remain elusive. How SH and their receptors control the
intracellular processes that favour malignant transformation and cancer progression in the
CNS are still poorly studied. Moreover, the available data is often contradictory in the
scarce literature that attempts to explain these differences in the incidence of the disease
between men and women. The discrepancies in the results already reported could be
related with the fact that previous studies have focused on the effect of only one SH, in
the different models analysed, and also because of the wide range of hormone
concentrations tested which was often above physiological values. Therefore, more
studies in this field are essential to elucidate the SHs role in GBM. This project intents to
compare the action of different SHs within the same experimental setting using
physiological concentrations of SH. Besides, the use of human GBM cells instead of an
animal model may be an advantage. Immortalized cell lines have several advantages such
as being homogenous and genetically equal which can mean more consistent results.
Other than that, they are easy and relatively fast to grow. However, they also present
disadvantages because of the fact that they can divide continuously, thus having
characteristics that “normal” cells do not. Moreover, their characteristics and morphology
may change which is why they must be continuously monitored (Kaur et al. 2012 & Carter
etal., 2010).

1.3.1.1. Estradiol

Estradiol actions are mediated by two types of receptors: estrogen receptor alpha

(ERa), associated to tumor promoting effects, and estrogen receptor beta (ER),



considered a tumor suppressor (Sareddy et al., 2012). Low levels of both receptors were
described in GBM. A study developed by Gonzalez-Arenas et al. (2012), showed that it
was possible to induce growth in astrocytoma cell lines through the ERa. A different
study from Duefias-Jiménez et al. (2014) explored the expression of aromatase, ERo and
ERp, and the E2 levels in astrocytomas from biopsies of human patients. The levels of
E2 were increased in GBM when compared to grade 11 and 111 astrocytomas. In addition,
the higher mRNA expression of aromatase in GBM was associated with a worse survival
prognosis. On the other hand, lower levels of the mRNA expression of ERa in
astrocytoma correlated with worse prognosis. Thus, it was possible to conclude that
aromatase and ERa expression can be considered as prognostic biomarkers in patients
with astrocytoma (Duefias-Jiménez et al., 2014).

Another study realized by Manca et al. (2010), investigated the effectiveness of
2-methoxyestradiol (2-ME) in neuroblastoma and glioma in an animal model. The 2-ME
Is an anti-angiogenic, pro-apoptotic and anti-proliferative agent that derives from E2. The
exposure to this compound resulted in reduction of cell number, shape modifications,
retraction or absence of cytoplasmic processes, cellular growth inhibition and decreased
viability. The results demonstrated that 2-ME was more effective in neural than in glial
cells, and that morphological and functional differences in mitotic blockage and cellular
death occurred because of changes in the microtubule system. Another study that analysed
the effects of the 2-ME in GBM cells tested the concentrations of 0.2, 2 and 20 uM (all
supraphysiological concentrations) in three human GBM cell lines (U-87MG, U-138MG
and LN405) and in a rat glioma cell line (RG-2). The cellular viability of the cell lines
was significantly reduced in more than 75% after a 6 days stimulus with 2 and 20 uM of
2-ME. Although the concentration of 0.2 uM had smaller effects (10—40% of reduction),
those were significantly different in two of the cell lines tested. Apoptosis was analysed
in U-87MG and RG-2 lines, and the caspase-3 activity was significantly increased with
the two highest concentrations of 2-ME (Chamaon et al., 2005). In a similar study from
Braeuninger et al. (2005), significant differences were found in GBM cells viability after
48h and 72h periods of incubation with 2 and 20 uM of 2-ME, and the effects were even
more significant for the 20 uM concentration during shorter incubation periods. In this
study, Hoechst 33258 staining, a fluorescent probe useful for detecting DNA, revealed a
substantial number of nuclear fragmentation pointing towards late apoptosis after
treatments with 20 uM of 2-ME for 24 hours or more (Braeuninger et al., 2005). In the
study developed by Rivera-Delgado & Recum (2017), administration of 2-ME was able
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to inhibit the migration of C166 endothelial cell line, known for being targets of anti-
angiogenesis therapies.

Estradiol has also increased the survival of male, female and ovariectomized
females after the implantation of GBM tumoral cells followed by the administration of
E2. The effect mediated by estradiol occurred in an early stage of tumoral progression
and was apparently caused by an increase in apoptosis (Barone et al., 2009). A treatment
performed in vitro with the agonist of ERB (LY500307), also significantly diminished
GBM cells proliferation, without affecting normal astrocytes (Sareddy et al., 2016).
Additionally, E2 was exogenously administered to animals with orthotopic GBM,
resulting in an increase of apoptosis, cell cycle modulation and cellular response to DNA
damage, as well as an improvement in animal survival. Still, it remains unclear whether
the E2 effect is direct or indirect and if it is mediated by one of its receptors (Barone et
al., 2009).

1.3.1.2. Progesterone

Progesterone has two isoforms of its intracellular receptor, PR-A and PR-B. A
study developed by Hansberg-Pastor et al. (2017) pointed out that PR-B is the
predominant isoform in GBM. Studies with P4 have demonstrated that it significantly
diminished the viability of GBM cells. In a study from Atif et al. (2015), the incubation
of U-87MG, U87dEGFR and U-118MG cell lines with 20, 40, and 80 uM
(supraphysiological concentrations) of progesterone caused a decrease in cell viability.
On the other hand, low physiological concentrations of P4 (0.1, 1, and 5 uM) induced
proliferation of those GBM cell lines (Atif et al., 2015).

Studies reported that the administration of high P4 concentrations triggered more
cell death than TMZ, the standard drug used for GBM treatment. Moreover, when
simultaneously administered, P4 potentiated the effect of TMZ (Atif et al., 2015). These
results were also corroborated in C6 glioma cells (Elmaci et al., 2019).

High-doses of medroxyprogesterone (artificial progestogen) supressed the in vitro
growth of human GBM cells U-87MG and U-251MG and C6 glioma cells implanted in
a rat model (Altinoz et al., 2018). A study using orthotopic C6 GBM cells in rats where
different drugs were administered, including 10 or 20 mg/kg of P4 for 5 days, led to longer
survival and better preservation of function with 10 mg/kg of P4. Also, a stimulus of 10
mg/kg better preserved the blood-brain barrier permeability, and antiangiogenic

behaviour was observed for both P4 concentrations (Cheng et al., 2019). In another study
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using an orthotopic GBM mouse model, high doses of P4 led to a decrease in tumor size
and increased survival (Atif et al., 2019). This group performed a follow-up study with
U-87MG and U-118MG cells where the same high doses of P4 inhibited modulators of
glycolytic activity and induced senescence. Interestingly, low doses of P4 led to an
increase in U-87MG proliferation (Atif et al., 2019).

On the other hand, the hypothesis that there is a proliferative P4 effect was
corroborated in a study where U-87MG cells were implanted in the cortex of male mice,
because the P4 administration (400 pg/100 g) caused an increase of tumor area and tumor
infiltration in these animals (German-Castelan et al., 2016). Moreover, 100 nM of a
membrane PR-a agonist increased cell proliferation, migration and invasion in U-87MG
and U-251MG cells. This effect was abolished when the mPRa agonist was silenced
(Gonzalez-Orozco et al., 2018). In scratch-wound assays performed in human GBM cells
D54 and U-251MG, P4 (10 nM, a physiological concentration) increased migration from
3 to 48h. Moreover, the invasion capacity was also increased at 24h (Pifia-Medina et al.,
2016). Progesterone might also have an important role mediated by the progesterone-
induced blocking factor (PIBF). It was shown that PIBF is expressed in the cytosol of six
GBM cell lines, and it is thought to supress the anti-proliferative tumoral capacity
(Kyurkchiev et al., 2014). It was also demonstrated that PIBF’s expression was
upregulated by P4 (10 nM) in U-87MG and U-251MG human GBM cells. PIBF (100
ng/mL) increased the number of U-87MG and also increased migration and invasion of
both U-87MG and U-251MG in wound-healing and transwell assays, respectively
(Gutiérrez-Rodriguez et al., 2017).

1.3.1.3. Dihydrotestosterone

A significant up-regulation of the AR expression in GBM was detected in
comparison to normal brain tissue in humans (Yu et al., 2015). In U-87MG cells, stimulus
with DHT significantly decreased the effect of the anti-tumoral receptor TGFp1
(transforming growth factor beta 1), whose activation significantly inhibits cellular
growth and increases apoptosis, suggesting that the AR signalling pathway may
counteract the effect of the TGFB1 receptor in GBM, by promoting tumorigenesis in men
through the inhibition of TGFB1 signalling (Yu et al., 2015).
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1.3.1.4. Testosterone

A study performed with the U-87MG cell line demonstrated that AR was up-
regulated in glioma cell lines treated with the synthetic androgen R1881 (Bao et al., 2017).
In another study performed in 2007, 10 uM (supraphysiological concentration) of
testosterone significantly increased the proliferation of rat C6 glioma cells (Gonzalez et
al., 2007). More recently, Bao et al. (2017) reported that increased T levels were
significantly risen in GBM patients (Bao et al., 2017).

Rodriguez-Lozano et al. (2019) analysed the effects of increasing T
concentrations (1, 10 and 100 nM) in GBM cell lines and observed an increase in
migration, invasion and proliferation of U-87MG, U251MG and D54 GBM cells, an
effect that was blocked in the presence of an AR antagonist (flutamide). Another study
where T98G and U138-MG GBM cells were treated with 1000 nM of testosterone, was

observed an increase in proliferation (Merrit & Foran, 2007).

Table 2 — Effects of sex steroid hormones in glioblastoma.

Hormones Effects References
lproliferation
) Sareddy et al. (2016); Manca et al. (2010); Barone et al. (2009);
E2 Tpatient survival

) Braeuninger et al. (2005); Chamaon et al. (2005)
1 apoptosis

invasion

tsurvival Atif et al. (2019) — concentrations used of 10, 20, 40 and 80 uM
tcell death Cheng et al. (2019) - concentrations used of 10 or 20 mg/kg
| viability Atif et al. (2015) — concentrations used of 1, 5, 10, 20, 40, 80 uM
o Atif et al. (2015) & Atif et al. (2019) - concentrations used of 0.1, 1,
1 proliferation and 5 uyM
1 migration and German-Castelan et al. (2016) - concentrations used of 400 ug/100 g
invasion Gonzélez-Orozco et al. (2018) — concentration used of 100 nM
Gutiérrez-Rodriguez et al. (2017) - 10 nM
DHT | apoptosis Yu et al. (2015)
Tproliferation .
Rodriguez-Lozano et al. (2019); Gonzélez et al. (2007); Merrit &
T Tmigration and

Foran (2007)

Overall, we can infer that E2 has protective effects because it diminishes

proliferation in GBM cells and increases apoptosis. There is less consensus on the role of
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P4 in GBM with some studies referring opposite effects. In general, when higher and
supraphysiological P4 concentrations were used, an increase in cell survival of normal
cells was observed, contrarily to an increase in cell death and a decrease in viability of
GBM cells. On the other hand, when lower concentrations of P4 were used, a pro-
proliferative effect with an increase in migration and invasion were detected. DHT had
predominantly an effect that potentiates tumorigenesis, diminishing apoptosis in GBM
cells. Finally, testosterone induces proliferation as well as migration and invasion in GBM
cells (Table 2).
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2. Aims

The hypothesis of this project is that the sex bias seen in GBM prevalence may be
due to the exposure to sexual steroid hormones that may alter cell viability of GBM cells.
It is expected that the exposure to estradiol and progesterone induces a decrease in the
proliferative and anti-apoptotic characteristics of the GBM cells, while the exposure to
testosterone and DHT prompts the opposite effect.

Therefore, the main goal of this project was to study the role of sexual steroid
hormones (estradiol, progesterone, testosterone and DHT) in three GBM cell lines (U-
87MG, SNB19 and U-373MG) with different grades of aggressiveness and proliferation,
in comparison with a human astrocyte cell line (HASTR/ci35), especially their effect in

cell viability and apoptosis.

This study was approved by the ethics committee of Centro Académico de
Medicina de Lisboa (CAML).
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3. Materials and Methods

3.1. Cell Lines

Three human GBM cell lines with different grades of proliferation and aggressiveness
were used in this project: U-87MG, SNB19 and U-373MG. U-87MG and U-373MG
represent the least and most proliferative and aggressive forms of GBM, respectively.
This classification was based on observation of the cell’s pattern and rate of growth. A
cell line of human astrocytes (HASTR/ci35) was also used in cell viability assays. The
laboratorial experiences included immunocytochemistry, cell viability and apoptosis
assays. The experiences described below were performed for each cell line, and for the
different hormonal experimental conditions. Each condition was tested for different SH

concentrations and incubation periods.

3.1.1. Cell Culture and Expansion

The three GBM cell lines (U-87MG, SNB19 and U-373MG) were kept in culture
in a LEEC Culture Safe CO Precision 190 incubator at 37°C and controlled atmosphere
with 5% CO>. Cells were grown in Dulbecco’s Modified Eagle Medium (DMEM) high
glucose with stable glutamine (bioWest, France) supplemented with 10% of Fetal Bovine
Serum (FBS, Biochrom, Berlin) and 0.1% penicillin/streptomycin (Sigma, USA). When
the confluence reached about 70- 90%, cells were trypsinized to a new flask in order to
decrease cellular density and guarantee the continuous cellular expansion. This procedure
consisted on removing cell culture medium, washing the cells with sterile phosphate
buffered saline (PBS) 1x, and trypsinization (usually 5 minutes at 37°C) with a
trypsin/EDTA 0.25% solution added in a volume that ensured the full coverage of the
cells. Once detached, equal volume of fresh cell culture medium was added into the T-
flask and cells were gently resuspended with a micropipette, collected and centrifuged for
3 minutes at 1300 rpm. The supernatant was discarded and the pellet containing the cells
was resuspended in 1 mL of culture medium, then transferred to a new T-flask containing
3 mL of fresh cell culture medium. The culture medium was replaced every 2-3 days.

The cell line HASTR/ci35 was kept in culture in a LEEC Culture Safe CO2
Precision 190 incubator at 33°C in a controlled atmosphere with 5% CO>. Cells were
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grown onto collagen type | coated flasks and/or plates in DMEM with N2 supplement 1x,
10% FBS, 1% penicillin/streptomycin and 4 pg/mL blasticidin S. Overall, cell culture and
expansion procedures were similar to the mentioned above, except for the centrifugation

at 120 g for 3 minutes.

3.1.2. Cell Counting

Before plating for expansion or experiments and after trypsinization, cells were
resuspended and 10 pL of the cellular suspension were added to 10 pL of trypan blue
0.4%, followed by homogenization. From this cell suspension, 10 pLL were transferred to
a Neubauer chamber (Lancing, UK), in order to proceed with the counting of viable cells
(with no cells in suspension and with a stretched morphology, more expansive and rapid
growth for U-373MG and more clustered and slow growth for U-87MG, while SNB19
were intermediate and, a morphology with more processes and slow growth for

HASTR/ci35). The number of cells per mL was estimated as follows:

Cells Viable cells
mL  Number of quadrants

x 2 X 10* x dilutionfactor

3.1.3. Cell Thawing and Freezing

Cells were thawed as quickly as possible in a water bath at 37°C and centrifuged
for 5 minutes at 1200 rpm. The supernatant was discarded, and the pellet was gently
resuspended in fresh cultured medium, followed by cell culture as described in section
3.1.1.

To ensure the eternalization of the cell lines, these were frozen as follows: cells
were trypsinized as described before and the pellet was resuspended in culture medium
containing 40% FBS and 10% dimethyl sulfoxide (DMSO) (v/v). DMSO was used to
prevent crystal water formation that can trigger cell lysis. Aliquots of approximately 0.5

— 1x10° cells were stored at -80°C or liquid nitrogen.

3.1.4. Experimental setup

Before the start of all the experiments and when confluence (of 50%) was

achieved, cells were serum starved in order to be synchronised to the same cell cycle
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stage. This happened by substituting the cell culture medium for one without FBS.
Moreover, due to the possible estrogenic activity of phenol red reported by the study from
Berthois, et al. in 1986, the cell culture medium described in section 3.1.1 was replaced
in all the experiments involving sexual steroid hormones by DMEM without phenol-red
(Sigma-Aldrich, USA). This FBS-free culture medium was supplemented with 0.1%
penicillin/streptomycin, 4.5 g/L glucose, 3.7 g/L NaHCOg, 0.862 g/L stable glutamine,
and 0.11 g/L sodium pyruvate. For the HASTR/ci35 cells, the same phenol-red-free
DMEM was supplemented with 4.5 g/L glucose, 3.7 g/L NaHCO3, 0.11 g/L sodium
pyruvate, N2 supplement 1x, 10% FBS, 1% penicillin/streptomycin and 4 pg/mL
blasticidin S.

The hormonal stimuli used for the different experiences are indicated in table 3

and are the following:

Table 3 - Concentrations of SH used in the experiments and corresponding

vehicles.

Concentration Vehicle

200 pM
E2 100 pM EtOH* < 0.00002%
10 pM

100 nM
P4 10 nM EtOH <0.01%

1nM

10 nM
DHT 1nM EtOH <0.001%

0.1 nM

100 nM
T 10 nM EtOH <0.01%

1nM

*EtOH — Ethanol
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Agressiveness and Proliferation

Agressiveness and Proliferation

Immunocytochemistry

A,

-
-J{; e

4x 10‘1 cells / well

Cell Viability Assay (MTT)

7.5x10° cells /well — HASTR/ci35/U-87MG
5.0x10° cells /well — SNB19/U-373MG

Western Blot

ER (a and B) Estradiol / Progesterone / Estradiol / Progesterone / DHT
AR (C- and N-Terminal) DHT/ Testosterone 24h —48h —72h
PR 24h —48h—T72h

AN AN

/

Figure 2 — Experimental setup for Immunocytochemistry, viability assay and

western blot.

3.2. Immunocytochemistry and Confocal Microscopy

Immunocytochemistry was performed in order to assess the cellular expression
and location of the sexual steroid hormone receptors. 4 x10* cells were seeded in
coverslips and were grown until 60-70% confluency in 12 well-plates with duplicates for
each condition. Then, coverslips were washed thrice with PBS 1x and fixed in 4%
paraformaldehyde (PFA) for 10 minutes, followed by incubation for 1 hour at room
temperature with a permeabilization/blocking solution containing 3% Bovine Serum
Albumin and 0.2% Triton X-100 in PBS 1x. After three wash steps with PBS 1x
containing 0.01% Tween-20 (PBS-T), coverslips were incubated overnight at 4°C with

the respective primary antibodies. Coverslips were washed several times with PBS-T and
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incubated with secondary antibody Alexa Fluor® 488 (Invitrogen, USA) for 1 hour at
room temperature. Finally, cells were washed thrice with PBS-T before nuclei staining
with Hoechst 33342 (Invitrogen, USA) for 10 minutes, and mounted with Dako Mounting
Medium (Dako Agilent, USA).

The coverslips were visualized under a confocal microscope LSM 710 (Zeiss,
Germany), and the images were treated using the Blue Edition from ZEN 2.6 software

(Zeiss, Germany).

3.3. Cell Viability Assay

Cell  viability —was assessed by  3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) (GERBU, Germany). Approximately 7.5x103
HASTR/ci35 and U-87MG cells and 5x10° SNB19 and U-373MG cells were seeded in
96-well microplates, with triplicates for each condition, and cultured for at least 48 hours
or until they reached 50% of confluence. Serum starvation and stimuli (Table 3) were
performed as described in section 3.1.4, followed by incubation during 24h, 48h and 72h.
After that, 110 pL of the cell culture medium were discarded, and 0.5 mg/mL of MTT
solution (stock 5 mg/mL in sterile PBS 1x) were added. Relatively to the positive control
(K*, dead cells), 160 pL of culture medium were discarded, and added 50 pL of 100%
ethanol (final concentration of 50%) followed by 0.5 mg/mL of MTT solution. Untreated
cells were used as negative (K") controls, and culture medium only was used as blank.
The microplates were left in the incubator until formazan crystals were formed
(approximately 30 minutes for GBM cells and 120 minutes for HASTR/ci35). Then, the
culture medium containing MTT solution was removed and 100 uL of DMSO were
added, followed by stirring in an orbital shaker to dissolve crystals. Finally, 80 pL of each
well were transferred to a new 96-well microplate and the absorbance at 570 nm was read
in a microplate spectrophotometer xMark™ (Bio-Rad, USA). The results were analysed
using the Prism 6 software (GraphPad, USA), using the following formula, normalized

relatively to vehicle.

AbSgampre — Mean Abspgnk

% Viability = x 100

Mean Absnegative control — Mean Absblank
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3.4. Western Blot

Western Blot was performed to detect the expression of Caspase-3, a protein
known as an effector in apoptosis. U-373MG cells were seeded in 6-well plates until they
reached more than 80% of confluence. Then, the following stimuli were added: 200 pM
E2, 1 nM and 10 nM DHT, 100 nM P4, and respective vehicles. Moreover, a positive
control of 1 uM staurosporine was also added. Protein extracts obtained from U-373MG
cells were resuspended in ice-cold RIPA lysis buffer (NaCl 150 mM, NP-40 1%, sodium
deoxycholate 0.5%, SDS 0.1%, Tris 50 mM), and kept on ice for at least 30 minutes.

Total protein containing 10% B-mercaptoethanol and loading buffer were boiled
at 100°C for 5 minutes, gently mixed and separated by SDS-PAGE using 12.5% gels and
the GRS Protein Marker MultiColour (GRiSP, Portugal). Proteins were then transferred
to Polyvinylidene difluoride membranes (GE Healthcare, USA) previously activated in
methanol and equilibrated in water and transfer buffer, in a Trans-Blot Cell (BioRad,
USA) system during 2h at 750 mA. Membranes were blocked with 5% non-fat dry milk
in Tris-buffered saline (TBS) for 1 hour at room temperature and washed 10 minutes with
TBS containing 0.1% Tween (TBS-T). Then, the membranes were incubated overnight
with primary antibody anti-caspase 3 (Santa Cruz Biotechnology, USA) diluted in TBS-
T. Membranes were washed thrice for 15 minutes each in TBS-T, at room temperature,
and incubated with HRP-conjugated anti-rabbit (1:20000, ThermoFisher Scientific, USA)
for 1 hour at room temperature. The washing process was repeated as described above,
and antibody binding was detected using the SuperSignal™ West Pico PLUS
Chemiluminescent Substrate (ThermoFisher Scientific, USA). Images of blots were
captured with the ChemiDocMP Imaging system (Bio-Rad, USA), and the bands
densitometry was calculated using the software ImageLab™ (Bio-Rad, USA),
normalized against B-Actin. For this purpose, membranes were washed with TBS-T
following detection, and incubated with primary antibody mouse anti-B-Actin (1:20000,
Sigma-Aldrich, USA) for 1h30 at room temperature, followed by incubation for 1h with
HRP-conjugated anti-mouse (1:40000, Santa Cruz Biotechnology, USA). The washing
and detection processes were performed as described above.

3.5. Statistical Analysis

Statistical analysis was carried out using Prism 6 software (GraphPad, USA). Data

are presented as mean = standard error of the mean (SEM). Comparisons between three
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or more groups were assessed by one-way ANOVA. Results were considered statistically

significant when p-value < 0.05.
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4. Results

4.1. Immunocytochemistry

Immunocytochemistry was used to analyse the presence and cellular location
of ER, AR and PR in astrocytes (HASTR/ci35) and GBM cell lines (U-87MG,
SNB19 and U-373MG).

HASTR/ci35 U-8TMG SNB19 U-373MG

Figure 3 — Immunocytochemistry of sex hormone receptors in HASTR/ci35 and

GBM cell lines. Merged images of cells incubated with primary antibodies against
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receptors and nuclei were stained with Hoechst 33342 (1:1000). Primary antibodies used
were: rabbit anti-ER-a (1:50), rabbit anti-ER-B (1:50), mouse anti-PR (1:50), rabbit anti-
AR C-19 (1:50) and rabbit anti-AR N-20 (1:50). Secondary antibodies were: goat anti-
rabbit Alexa Fluor® 488 (1:1000), goat anti-mouse Alexa Fluor® 488 (1:1000) and goat
anti-rabbit Alexa Fluor® 488 (1:1000). Negative controls: absence of primary antibody
(Appendixes 1-9). Scale bar: 10 pm.

The analysis of sex hormone receptors by immunocytochemistry (Figure 3)
showed that ERa, ERB, AR-C and AR-N are expressed in all the cell lines studied
(HASTR/ci35, U-87MG, SNB19 and U-373MG). ERa showed a predominantly nuclear
localization in U-87MG but was mostly cytoplasmatic in U-373MG. In HASTR/ci35 and
SNB19 the expression of ERa was much lower than in the other cell lines. An even
distribution was observed in the nucleus and cytoplasm in U-87MG and U-373MG. U-
373MG was the cell line where ERa expression was more prominent. Interestingly, U-
87MG was the only cell line where ERa had mainly a distinctive nuclear localization.

ERP had a clear cytoplasmatic distribution in the four lines studied, however in
HASTR/ci35, U-87MG and SNB19 labelling was stronger around the nucleus. In terms
of intensity, U-373MG seems to be the line with least expression, but where ER was
more evenly distributed in the cytoplasm.

PR expression was only observed in U-87MG line and not for HASTR/ci35,
SNB19 and U-373MG. In this line, the distribution of the receptor was evenly nuclear
and cytoplasmic.

Immunocytochemistry for AR was performed for the carboxi-terminal (AR-C)
and for the amino-terminal (AR-N) domains. AR-C had a predominantly cytoplasmatic
distribution in HASTR/ci35 while in the GBM cell lines U-87MG, SNB19 and U-373MG
AR-C labelling there was some positive labelling in the nuclei as well. However, the lines
where the receptor was expressed with more intensity were HASTR/ci35 and U-87MG.
For AR-N, this receptor was located mainly in the cytoplasm and peri-nuclear region for
HASTR/ci35 and mostly nuclear and cytoplasmatic for U-87MG, SNB19 and U-373MG.
In terms of receptor intensity, a clearer and more intense expression was observed in
HASTR/ci35, U-87MG and U-373MG. Thus, no major differences were noted with these
2 antibodies, as expected.

Moreover, it is important to highlight that all of the cells presented in the images
taken by confocal microscopy were positive-stained with Alexa Fluor 488®, thus
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indicating that 100% of the cells expressed the SHs receptors mentioned above. However,

AR positive labelling in the nucleus was almost absent for AR-C in HASTR/ci35.

4.2. Effects of sex hormones on the viability of HASTR/ci35 and GBM cell

lines

Once the presence of hormone receptors was established, the next step was to
conduct cell viability assays to better understand the effect that different concentrations
of the hormones of interest would have in the viability of normal and GBM cells, as a

primary approach to understanding their effects.
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Figure 4 — Effects of of estradiol (E2) in the viability of HASTR/ci35, U-87MG,
SNB19 and U-373MG cell lines determined by the MTT assay. Cells were subjected
to concentrations of 200 pM, 100 pM and 10 pM and vehicle (EtOH < 0.00002%)
during 24h, 48h and 72h. Statistically significant differences were determined by one-
way ANOVA (n=3). #p<0.05 and ##p<0.01.

The viability assay of HASTR/ci35 performed through MTT assay with E2

stimuli showed a statistically significant increase in cell viability after 72h of incubation
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with 10 pM E2 compared to the vehicle (p<0.01). Moreover, HASTR/ci35 cell viability
also significantly increased after 72h incubation with 100 pM relatively to 200 pM E2
(p<0.05). In the least aggressive GBM line, U-87MG, no statistically significant
differences were found in this assay. Considering SNB19, it was possible to find a
statistically significant decrease in cell viability with 200 pM E2 compared to vehicle and
10 pM E2 stimuli (p<0.05 for both), after a period of incubation of 72h. For the most
aggressive cell line, U-373MG the viability assay revealed no statistically significant
differences.

Analysing the results to compare normal astrocyte line HASTR/ci35 with GBM
lines we see that for the incubation period of 72h, E2 concentration of 200 pM caused a
decrease in SNB19 viability compared to HASTR/ci35 (p<0.001). For the concentration
of 100 pM E2, there was also a decrease of viability of SNB19 (p<0.01) and U-373MG
(p<0.05) compared to astrocytes. Lastly, for a concentration of 10 pM E2, differences
were found between HASTR/ci35 and U-87MG (p<0.001), SNB19 (p<0.01) and U-
373MG (p<0.001), decreasing viability in GBM (Appendices 10, 14 and 18).
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Figure 5 — Effects of progesterone (P4) in the viability of HASTR/ci35, U-87MG,
SNB19 and U-373MG cell lines determined by the MTT assay. Concentrations of
100 nM, 10 nM and 1 nM and vehicle (EtOH <0.01%) during 24h, 48h and 72h.
Positive control: 50% EtOH (not shown). Statistically significant differences were
determined by one-way ANOVA (n=3). #p<0.05, ##p<0.01 and ###p<0.001

The viability assay of HASTR/ci35 performed by the MTT assay with P4 stimuli
revealed no statistically significant differences between the stimuli and vehicle. As for
results found for U-87MG line incubated with P4, a statistically significant decrease in
cell viability was observed at 48h of incubation with concentrations of 100 nM (p<0.01),
10 nM (p<0.05) and 1 nM (p<0.001) relatively to vehicle. SNB19 line revealed a
significant cell viability increase that occurred at 24h of incubation between 100 nM and
the vehicle (p<0.01). Finally, in the U-373MG line, there was an increase in viability
between 100 nM of P4 and the vehicle (p<0.05) at 48h of incubation.

When comparing the behaviour of GBM with astrocytes, for an incubation period
of 24h the major differences found were for stimuli with P4 in the concentration of 100
nM between the lines HASTR/ci35 and SNB19 (p<0.01), where hormonal stimuli
increased GBM viability while for the concentration of 10nM, there were differences
between HASTR/ci35 and U-87MG (p<0.05) with a decrease in GBM viability. For the
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incubation period of 48h, in the concentration of 100 nM (p<0.0001) and 1 nM (p<0.05)
there was a decrease of viability in U-87MG (Appendices 11, 15 and 19).
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Figure 6 — Effects of dihydrotestosterone (DHT) in the viability of HASTR/ci35,
U-87MG, SNB19 and U-373MG cell lines determined by the MTT assay.
Concentrations of 10 nM, 1 nM and 0.1 nM and vehicle (EtOH <0.001%) during 24h,
48h and 72h. Positive control: 50% EtOH (not shown). Statistically significant
differences were determined by one-way ANOVA (n=3). #p<0.05 and ##p<0.01.

Figure 6 shows the results of the viability assay with DHT stimuli. In the astrocyte
line HASTR/ci35, a statistically significant decrease in cell viability was found at 72h of
incubation between 10 nM and the vehicle (p<0.05). Moreover, in the U-87MG GBM
cell line, there were significant differences at 24h between 10 nM and 0.1 nM (p<0.05),
10 nM and vehicle (p<0.05), 1 nM and 0.1 nM (p<0.05) and between 1 nM and the vehicle
(p<0.05), all revealing an increase in cell viability towards the vehicle or the lower DHT
concentrations used. The assay for SNB19 line resulted in differences at 48h and 72h

between 1 nM and 0.1 nM of DHT (p<0.05), revealing an increase in cell viability with
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the higher concentration. Finally, in the U-373MG line, the assay revealed differences
after 24h of incubation between 10 nM and 0.1 nM (p<0.01) and, after 48h between
vehicle and 10 nM (p<0.05) and 1 nM (p<0.05). All the results point to an increase in cell
viability with higher DHT concentrations.

Analysing the results from GBM lines and comparing them with HASTR/ci35 we
observed that for the stimuli with DHT at 24h of incubation there was an increase in the
viability of U-87MG (p<0.0001) and U-373MG (p<0.01) when compared with
HASTR/ci35 with a concentration of 10 nM. For the concentration of 1nM differences
were found between HASTR/ci35 and U-87MG (p<0.0001) and SNB19 (p<0.01),
revealing an increase in GBM viability. At 48h, 10 nM increased viability of SNB19
(p<0.05) and U-373MG (p<0.001). The same effect occurred for a concentration of 1 nM
in SNB19 (p<0.0001) and U-373MG (p<0.0001). For a concentration of 0.1 nM, there
was also an increase in the viability of U-373MG (p<0.01) compared to astrocytes. At
72h, the concentration of 10 nM lead to an increase in viability in U-87MG (p<0.01) and
1 nM DHT also increased viability of SNB19 (p<0.01) (Appendices 12, 16 and 20).
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Figure 7 — Effects of testosterone (T) in the viability of HASTR/ci35, U-87MG,
SNB19 and U-373MG cell lines determined by the MTT assay. Concentrations of
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100 nM, 10 nM and 1 nM and vehicle (0.01%) during 24h, 48h and 72h. Positive
control: 50% EtOH (not shown). Statistically significant differences were determined
by one-way ANOVA (n=3). #p<0.05 and ##p<0.01.

For the effect of testosterone stimuli in cell viability, a statistically significant
increase was observed in HASTR/ci35 incubated with 10 nM relatively to vehicle after
48h of incubation (p<0.01). For the U-87MG line, the viability assay showed there were
differences at 48h between the concentration of 100nM and the vehicle 0.01% EtOH
(p<0.05), pointing to a decrease in the viability of cells incubated with testosterone. The
viability assay of GBM cell line SNB19 and U-373MG revealed no statistically
significant differences between the stimuli and vehicle.

When comparing the results of viability assay of GBM cells with HASTR/ci35,
stimuli of T induced a decrease of U-373MG viability (p<0.05) with a concentration of
100 nM. For the incubation period of 48h, 100 nM decreased the viability in U-87MG
(p<0.0001), SNB19 (p<0.001) and U-373MG (p<0.0001). For a concentration of 10 nM
(p<0.001) and 1 nM (p<0.01), the same effect occurred between HASTR/ci35 and U-
87MG. Finally, at 72h of incubation, the concentration of 100 nM decreased the viability
of U-87MG (p<0.05), while increasing the viability of U-373MG (p<0.01) with a
concentration of 10 nM (Appendices 13, 17 and 21).

4.3. Assessment of Apoptosis in Response to Hormonal Stimuli

After the confirmation that hormonal stimuli induce significant differences in cell
viability, as mentioned previously, the next step was to understand specifically if
alterations in cell viability were a result of enhanced or decreased apoptosis. For that
reason, we studied the expression of a specific protein, caspase-3, in order to assess if
changes in apoptosis were the reason for alterations in cell viability. In order to do that,
concentrations that induced significant differences in cell viability were included in this
analysis. Testosterone was not included because we would not be able to guarantee that
the effects observed would not be a result of the possible conversion of T to estradiol by

aromatase.
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Figure 8 - Western Blot of caspase-3 in U-373MG cells stimulated for 24h, 48h and
72h with sex steroid hormones. (A) Vehicle (EtOH < 0.00002%), (B) E2 200 pM, (C)
Vehicle (EtOH <0.001%), (D) DHT 1 nM, (E) DHT 10 nM, (F) Vehicle (EtOH <0.01%),
(G) P4 100 nM and (H) K+ (Staurosporine 1 pM). Positive control (K+). Statistically

significant differences were determined by one-way ANOVA (n=3).

By using this analysis, it was not possible to observe any differences in the levels
of active caspase. Analysis of Western Blots did not show statistically significant
differences in U-373MG cells incubated for 24h, 48h and 72h with either 200 pM of E2,
100 nM of P, and 1nM or 10 nM of DHT and respective vehicles (Figure 8).
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5. Discussion

In the past few decades, glioblastoma has become a major topic of investigation
due to its devastating prognosis associated with the short survival rates for this type of
cancer. This constitutes a strong driving force for more research to enhance the current
knowledge about the basis of this pathology. Given the epidemiological differences in
terms of incidence between men and women, studying the impact of hormones in GBM’s
etiology and development is certainly a relevant issue, especially because it is still a
poorly understood subject. Until now, a lot of research has focused on orthotopic animal
models, but most studies used supraphysiological hormone concentrations in
experiments. For this reason, this study aimed to enhance the current knowledge to
understand the higher incidence of GBM among men. Thus, the goal was to assess the
effect of the main sex steroid hormones (estradiol, progesterone, dihydrotestosterone and
testosterone) in the viability of GBM cell lines, as the levels of these hormones represent
fundamental biological differences between men and women. Moreover, it was important
to use physiological concentrations of these hormones in order to approach the in vivo
environment as much as possible. We also aimed to use 3 different GBM cell lines to
provide a comparison scale of cell aggressiveness, since U-87MG are considered to be
the least, SNB19 the intermediate and U-373MG the most aggressive and proliferative
cells. In addition, we were also able to use a human non-cancerous astrocyte cell line
(HASTR/ci35) to compare to GBM cell lines conditions.

Thus, the first approach was to perform immunocytochemistry to assess if the sex
steroid hormone receptors were expressed by the cell lines under study. We were able to
show that both ERa and ER were expressed in HASTR/ci35 and in U-87MG, SNB19,
and U-373MG, much like previously described in the literature (Duefias-Jiménez et al.,
2014; Gonzalez-Arenas et al., 2012; Sareddy et al., 2012). Interestingly, ERo had a
predominantly cytoplasmatic distribution in all the cells lines except in U-87MG, where
it was mostly detected in the nucleus. According to Wan et al., (2018), ERa is located at
the nucleus of glioma cells sampled from patients upon surgery. On the other hand, the
same authors admitted that astrocytes may also express non-nuclear ERs (Wan et al.,
2018). Another study revealed that in GBM, an ER-a variant (ERa36) was localized in
the nucleus alone (16%), cell membrane or cytoplasm alone (8%) but the remaining
(76%) was spread diffusely in the cell (Qu et al., 2019). Hence, the differences found in

the ERa localization may be of interest and should be further explored, especially given
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that U-87MG represents the cell line with least aggressiveness and proliferation when
compared to SNB19 and U-373MG cell lines.

Many studies have dwelled in possible correlations between ER levels and
malignancy stages, and Duefias-Jiménez et al. (2014), found a negative correlation
between the ERa expression and the level of malignancy, and otherwise a positive
correlation with the survival rate of patients with gliomas. Moreover, in our analysis, U-
373MG appeared to be the cell line with the most intense ERa. immunoreactivity and the
one with the least ER immunoreactivity which could be due to the fact pointed by some
authors that ERa. is associated to tumor promoting effects, and ERp is considered a tumor
suppressor (Gonzélez-Arenas et al., 2012; Sareddy et al., 2012).

We also attempted to identify PR by immunocytochemistry, but only detected a
clear expression of PR in the U-87MG cell line. This aspect may reflect a less prominent
expression of these receptors within HASTR/ci35, SNB19 and U-373MG. Within the
literature, some authors have identified PR in U-373MG by western blot (Gonzélez-
Aguero, et al., 2007). Moreover, PR was identified by mRNA and protein analysis in
every case of glioblastomas analysed by Gonzalez-Aguero, et al. (2001). In terms of PR
expression in normal astrocytes, Lacroix-Fralish et al. (2006), observed that progesterone
increased the expression of neuregulin 1 mRNA and protein, an effect that was blocked
by a PR antagonist (RU-486), which also reflects the presence of PR. A possible reason
for this occurrence may be due to some of the limitations associated with the use of
immortalized cell lines. They are known to present as a disadvantage the fact that they
often lose characteristics such as the expression of some genes (Kaur et al. 2012 & Carter
et al., 2010). For this reason, this analysis should be carried out in more robust models
such as in primary cells derived from tumors and in samples obtained from resected
tumours. Moreover, the presence of the AR (AR-C and AR-N) was confirmed in all of
the cell lines under study by immunocytochemistry. Finally, since these receptors
function as transcription factors they have to translocate to the nucleus to induce gene
transcription. Often, this translocation requires receptor activation upon ligand binding
that can occur in the cytoplasm due to the lipophilicity of SH. For this reason, future
studies should focus on immunocytochemistry assays using hormonal stimuli (Bao et al.,
2017 & Sareddy et al., 2012).

Viability of GBM cells upon hormonal treatments was assessed by the MTT
assay, which assesses the number of viable cells through the analysis of metabolic
activity. Overall, we found that E2 increased the viability of HASTR/ci35 and diminished
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itin SNB19, revealing an effect in these lines concurrent with the literature, in that E2 is
recognised as a neuroprotectant for normal astrocytes, but the opposite for GBM (Rivera-
Delgado at al., 2017, Sareddy et al., 2016, Duefias-Jiménez et al., 2014, Manca et al.,
2010, Barone et al., 2009). On the other hand, progesterone showed some controversial
effects, much like what has been found in previous studies. It diminished the viability in
U-87MG cells but had the opposite effect in the most aggressive cell lines SNB19 and U-
373MG. In studies using supraphysiological P4 concentrations (20, 40, and 80 uM) there
was also a decrease in U-87MG viability, but low physiological P4 concentrations (0.1,
1, and 5 pM) induced proliferation (Atif et al., 2015). Thus, we can infer that at higher
concentrations, P4 may become cytotoxic to GBM cells but in lower concentrations it is
potentially tumorigenic, and its effects still need to be further explored. Moreover, the
unclear PR expression assessed by immunocytochemistry in U-373MG can also justify
the effect P4 had in increasing U-373MG cell viability if we consider that it presents a
lower PR expression in this cell line. Much like what other studies put forth, P4 seems to
promote tumorigenesis by increasing SNB19 and U-373MG cells’ viability, unlike in
HASTR/ci35 and U-87MG.

DHT increased the viability of U-87MG, SNB19 and U-373 while diminishing it
in the human astrocyte line HASTR/ci35. This points to a pro-tumorigenic role of DHT
in GBM, concurrent with findings that stimulus with DHT significantly decreased the
effect of the anti-tumoral receptor TGFB1 and with data that points to an upregulation of
AR in GBM cells (Yu et al., 2015).

In this study we concluded that testosterone increased the viability of astrocyte
line HASTR/ci35 and diminished it in U-87MG, both with 100 nM of testosterone stimuli
and after 48h of incubation. However, this would be a supraphysiological concentration
and neither of the physiological stimuli used produced a significant difference. As
previously stated, studies have found an AR upregulation in U-87MG (Bao et al., 2017)
and revealed that 10 uM of testosterone, a supraphysiological concentration, would
increase the proliferation in rat glioma cells (Gonzélez et al., 2007). Using concentrations
of up to 100 nM, Rodriguez-Lozano et al. (2019) showed an increase in migration,
invasion and proliferation of U-87MG cells. In terms of proliferation, invasion and
migration these data are not corroborated by our findings. However, the fact that T is
converted to E2 via aromatase in several tissues, such as the brain, does not allow us to

guarantee that the observed effects are indeed because of T actions and not due to E2
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(Swerdloff et al., 2017; Zubeldia-Brenner et al., 2016). This was also the reason why
testosterone was not included in apoptosis assays.

Analysing the results of the viability assays it was possible to compare the
astrocyte line HASTR/ci35 with GBM lines and see what differences can be found
(Appendices 10-21). All in all, at 24h of incubation and when compared to HASTR/ci35,
P4 caused a decrease in the viability of U-87MG but an increase in SNB19. For DHT
stimuli, all the GBM had an increase in viability when compared to HASTR/ci35, while
T decreased the viability of U-373MG. After 48h, P4 maintained a decreasing effect on
U-87MG cell viability when compared to astrocytes while DHT increased the viability of
SNB19 and U-373MG and T decreased the viability of the three GBM lines. For the
incubation period of 72h, E2 decreased the viability of U-87MG, SNB19 and U-373MG
when compared to astrocytes while DHT increased the viability of U-87MG and SNB19.
At this time period, T decreased the viability of U-87MG as it increased it in U-373MG.
Interestingly, E2 only produced significant differences compared to HASTR/ci35 after
72h oh incubation as well as it was the only incubation period where T had a tumorigenic
effect.

Overall, looking into the results obtained from the viability assays we can
conclude that statistically significant results occurred mostly after 48h incubation
followed by 24h and lastly 72h incubations. Thus, it seems that most changes induced by
hormonal stimuli occur in the first 48h of incubation. Considering the different
concentrations used and comparing them to controls, for E2, 200 pM and 10 pM (both
within the physiologic range) were the concentrations eliciting more pronounced
differences. For P4, the highest concentration of 100 nM was the one eliciting more
significant results, while 10 nM and 1 nM induced less changes. All these P4
concentrations were also physiological. DHT induced most results in the two highest
concentrations of 10 nM and 1 nM, both physiological as well. Finally, regarding the
concentrations of T analysed, 100 nM was the only one that produced significative results.
However, 100 nM T is above physiological levels and the two physiological
concentrations of 10 nM and 1 nM did not cause any changes in cell viability.

The viability assay gave us important information about the influence of
hormones in GBM but without revealing the mechanisms that are leading either to an
increase or to a decrease in cell viability. For that reason, we considered pertinent to study
apoptosis in order to understand if differences in viability were caused by an increase or

decrease in apoptosis.
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Apoptosis is a type of cell death where cell fragmentation and disintegration are
programmed and, because of that, does not provoke inflammatory responses (Moraes et
al., 2011; Walters et al. 2009). In order to study this important parameter in cancer, we
aimed to detect caspase-3 through western blot assay. Caspase 3 is an effector of this
mechanism and it is expressed as procaspase, with 32 kDa, that is cleaved into subunits
of 17 and 12 kDa upon activation (Moraes et al., 2011; Walters et al. 2009), which
correspond to the active form of this protease. The 32 kDa caspase is a zymogen and for
that reason has no activity and it is constitutively expressed (Moraes et al., 2011; Walters
etal. 2009). Western blot to compare protein levels requires normalization against a house
keeping protein such as actin.

In the assays performed, we detected bands around 48kDa, which lead us to
wonder whether the active (cleaved) subunit of caspase 3 was not present on the samples
tested or whether the 48kDa subunit detected corresponded to the sum of the smaller
active subunits that were not separated in the process (Moraes et al., 2011; Walters et al.
2009). Post-translational modifications have been described that could lead to the
formation of heterodimers between the small units of caspase-7 (12-13 kDa) and the large
unit of caspase-3 (32-34 kDa), which could help us understand why a band larger than
expected was detected (UniProt, 2020; Mannick et al., 1999). As a consequence, and
without obtaining statistical significance for any of the comparisons analysed, we
considered these results to be inconclusive and consider the assays performed as an
attempt to optimize the technique that should be further explored to assess if results
produced by other authors can be seen in these cell lines (Sareddy et al., 2016; Atif et al
2015; Yu et al., 2015).
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6. Conclusions and Future Perspectives

This study puts forth interesting data on the influence of sexual steroid hormones
in glioblastoma cell lines. We observed differences in terms of cell viability induced by
estradiol, progesterone, DHT and testosterone within the physiologic range. For that
reason, an apoptosis assay was performed in order to understand if the changes in viability
could be due to the induction of this mechanism of cell death, but the results obtained
were inconclusive.

Overall, the results attained in this thesis set the basis for further exploring the
effect of estradiol, progesterone, DHT and testosterone, as all these hormones in one or
another condition elicited significant differences in cell viability. Thus, it would be of
interest to analyse the effects of these SH on other relevant parameters and hallmarks of
cancer in these cell lines and in cell lines derived from brain tumors obtained upon surgery
that are more reliable models of the disease, using the following techniques: looking into
proliferation markers such as ki67, using alternative techniques for assessing apoptosis,
such as TUNEL, flow cytometry and, conducting migration assays.

Another perspective for the future is to perform immunocytochemistry assays
using hormonal stimuli, to observe if there are changes in hormone receptor localization
upon a hormonal stimulus, because of the different localization observed in these cell
lines when compared to others studied.

Finally, a larger scale study to assess the expression of SH receptors and hormonal
levels in glioma and GBM patients would have relevant information to this still neglected
field of study.
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Negative Control Hoechst 33342 Alexa Fluor 488® Merge

Appendix 1. Estrogen receptors expression in HASTR/ci35 cell line by
immunocytochemistry. Cells were stained with primary antibodies (A) rabbit anti-ER-
a (1:50) and (B) rabbit anti-ER-pB (1:50), and secondary antibody goat anti-rabbit Alexa
Fluor® 488 (1:1000). Nuclei were stained with Hoechst 33342 (1:1000). Negative control:

absence of primary antibody. Scale bar: 10 um.



Negative Control Hoechst 33342 Alexa Fluor 488® Merge

Appendix 2. Estrogen receptors expression in U-87MG cell line by
immunocytochemistry. Cells were stained with primary antibodies (A) rabbit anti-ER-
a (1:50) and (B) rabbit anti-ER-p (1:50), and secondary antibody goat anti-rabbit Alexa
Fluor® 488 (1:1000). Nuclei were stained with Hoechst 33342 (1:1000). Negative control:

absence of primary antibody. Scale bar: 10 um.
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Appendix 3. Estrogen receptors expression in  SNB19 cell line by
immunocytochemistry. Cells were stained with primary antibodies (A) rabbit anti-ER-
a (1:50) and (B) rabbit anti-ER-B (1:50), and secondary antibody goat anti-rabbit Alexa
Fluor® 488 (1:1000). Nuclei were stained with Hoechst 33342 (1:1000). Negative control:
absence of primary antibody. Scale bar: 10 um.
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Appendix 4. Estrogen receptors expression in U-373MG cell line by
immunocytochemistry. Cells were stained with primary antibodies (A) rabbit anti-ER-
a (1:50) and (B) rabbit anti-ER-p (1:50), and secondary antibody goat anti-rabbit Alexa
Fluor® 488 (1:1000). Nuclei were stained with Hoechst 33342 (1:1000). Negative control:

absence of primary antibody. Scale bar: 10 um.
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Appendix 5. Androgen receptor expression in HASTR/ci35 cell line by
immunocytochemistry. Cells were stained with primary antibodies (A) rabbit anti-AR
C-19 (1:50) and (B) rabbit anti-AR N-20 (1:50), and secondary antibody goat anti-rabbit
Alexa Fluor® 488 (1:1000). Nuclei were stained with Hoechst 33342 (1:1000). Negative

control: absence of primary antibody. Scale bar: 10 um.
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Appendix 6. Androgen receptor expression in U-87MG cell line by
immunocytochemistry. Cells were stained with primary antibodies (A) rabbit anti-AR
C-19 (1:50) and (B) rabbit anti-AR N-20 (1:50), and secondary antibody goat anti-rabbit
Alexa Fluor® 488 (1:1000). Nuclei were stained with Hoechst 33342 (1:1000). Negative

control: absence of primary antibody. Scale bar: 10 um.
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Appendix 7. Androgen receptor expression in SNB19 cell line by
immunocytochemistry. Cells were stained with primary antibodies (A) rabbit anti-AR
C-19 (1:50) and (B) rabbit anti-AR N-20 (1:50), and secondary antibody goat anti-rabbit
Alexa Fluor® 488 (1:1000). Nuclei were stained with Hoechst 33342 (1:1000). Negative

control: absence of primary antibody. Scale bar: 10 um.
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Appendix 8. Androgen receptor expression in U-373MG cell line by
immunocytochemistry. Cells were stained with primary antibodies (A) rabbit anti-AR
C-19 (1:50) and (B) rabbit anti-AR N-20 (1:50), and secondary antibody goat anti-rabbit
Alexa Fluor® 488 (1:1000). Nuclei were stained with Hoechst 33342 (1:1000). Negative

control: absence of primary antibody. Scale bar: 10 pm.
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Appendix 9. Progesterone receptor expression in U-87MG cell line by
immunocytochemistry. Cells were stained with primary antibody mouse anti-PR (1:50)
and secondary antibody goat anti-mouse Alexa Fluor® 488 (1:1000). Nuclei were stained
with Hoechst 33342 (1:1000). Negative control: absence of primary antibody. Scale bar:
10 pm.
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Appendix 10. MTT assay of HASTR/CI35, U-87MG, SNB19 and U-373MG cells
stimulated with different estradiol (E2) concentrations (200 pM, 100 pM and 10 pM)
and vehicle (EtOH < 0.00002%) at 24h. Control: vehicle. Positive control (K+: 50%
EtOH). Statistically significant differences were determined by one-way ANOVA
(n=3).

When comparing the stimuli for E2 with an incubation period of 24h between the
4 lines studied we found statistically significant differences within the concentration of
100 pM between the lines U-87MG and U-373MG (p<0.01).
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Appendix 11. MTT assay of HASTR/CI35, U-87MG, SNB19 and U-373MG cells
stimulated with different progesterone (P4) concentrations (100 nM, 10 nM and 1 nM)
and vehicle (EtOH < 0.01%) at 24h. Control: vehicle. Positive control (K+: 50%
EtOH). Statistically significant differences were determined by one-way ANOVA
(n=3).

For the stimuli of P4 with an incubation period of 24h there were statistically
significant differences in the concentration of 100 nM between the lines HASTR/ci35
and SNB19 (p<0.01) and between U-87MG and SNB19 (p<0.001). For the
concentration of 10 nM, there were differences between HASTR/ci35 and U-87MG
(p<0.05).

X1



1509

10019

509

83838

556383

88

88

<

Bl HASTR/ci35
[ u-87MG

B sNB19

[] u-373MG

8 vs HASTR/ci35
e vs U-87MG

vy vs SNB19

¢ vs U-373MG

Appendix 12. MTT assay of HASTR/CI35, U-87MG, SNB19 and U-373MG cells
stimulated with different dihydrotestosterone (DHT) concentrations (10 nM, 1 nM and
0.1 nM) and vehicle (EtOH < 0.001%) at 24h. Control: vehicle. Positive control (K+:

50% EtOH). Statistically significant differences were determined by one-way ANOVA

(n=3).

For the stimuli with DHT with an incubation period of 24h there were statistically

significant differences in the concentration of 10 nM between HASTR/ci35 and U-87MG
(p<0.0001), HASTR/ci35 and U-373MG (p<0.01) and, U-87MG and SNB19 (p<0.05).
For the concentration of 1 nM differences were found between HASTR/ci35 and U-
87MG (p<0.0001), HASTR/ci35 and SNB19 (p<0.01) and, U-87MG and U-373MG
(p<0.01). Finally, for the concentration of 0.1 nM, differences of found between
HASTR/ci35 and SNB19 (p<0.01) and also between SNB19 and U-373MG (p<0.05).
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Appendix 13. MTT assay of HASTR/CI35, U-87MG, SNB19 and U-373MG cells
stimulated with different testosterone (T) concentrations (100 nM, 10 nM and 1 nM)
and vehicle (EtOH < 0.01%) at 24h. Control: vehicle. Positive control (K+: 50%
EtOH). Statistically significant differences were determined by one-way ANOVA
(n=3).

Stimuli of T were analysed within the four lines studied and after an incubation
period of 24h there were statistically significant differences in the concentration of 100
nM between HASTR/ci35 and U-373MG (p<0.05).
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Appendix 14. MTT assay of HASTR/CI35, U-87MG, SNB19 and U-373MG cells
stimulated with different estradiol (E2) concentrations (200 pM, 100 pM and 10 pM)
and vehicle (EtOH < 0.00002%) at 48h. Control: vehicle. Positive control (K+: 50%
EtOH). Statistically significant differences were determined by one-way ANOVA
(n=3).

For the stimuli of E2 with an incubation period of 48h there were no statistically

significant differences found.
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Appendix 15. MTT assay of HASTR/CI35, U-87MG, SNB19 and U-373MG cells
stimulated with different progesterone (P4) concentrations (100 nM, 10 nM and 1 nM)
and vehicle (EtOH < 0.01%) at 48h. Control: vehicle. Positive control (K+: 50%
EtOH). Statistically significant differences were determined by one-way ANOVA
(n=3).

For the stimuli of P4 with an incubation period of 48h there were statistically
significant differences in the concentration of 100 nM between the lines HASTR/ci35
and U-87MG (p<0.0001), U-87MG and SNB19 (p<0.001) and, between U-87MG and
U-373MG (p<0.0001). For the concentration of 10 nM, there were differences between
U-87MG and U-373MG (p<0.01). Within the stimuli with 1 nM, differences were
found between HASTR/ci35 and U-87MG (p<0.05), U-87MG and SNB19 (p<0.001)
and, between U-87MG and U-373MG (p<0.0001).
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Appendix 16. MTT assay of HASTR/CI35, U-87MG, SNB19 and U-373MG cells
stimulated with different dihydrotestosterone (DHT) concentrations (10 nM, 1 nM and
0.1 nM) and vehicle (EtOH < 0.001%) at 48h. Control: vehicle. Positive control (K+:
50% EtOH). Statistically significant differences were determined by one-way ANOVA
(n=3).

For the stimuli of DHT with an incubation period of 48h there were statistically
significant differences in the concentration of 10 nM between the lines HASTR/ci35 and
SNB19 (p<0.05), HASTR/ci35 and U-373MG (p<0.001) and, U-87MG and U-373MG
(p<0.05). For a concentration of 1 nM, there were differences between HASTR/ci35 and
SNB19 (p<0.0001), HASTR/ci35 and U-373MG (p<0.0001), U-87MG and SNB19
(p<0.05), and between U-87MG and U-373MG (p<0.001). Lastly, for a concentration of
0.1 nM, differences were found between HASTR/ci35 and U-373MG (p<0.01), U-87MG
and U-373MG (p<0.05), and SNB19 and U-373MG (p<0.05).
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Appendix 17. MTT assay of HASTR/CI35, U-87MG, SNB19 and U-373MG cells
stimulated with different testosterone (T) concentrations (100 nM, 10 nM and 1 nM)
and vehicle (EtOH < 0.01%) at 48h. Control: vehicle. Positive control (K+: 50%
EtOH). Statistically significant differences were determined by one-way ANOVA
(n=3).

For the stimuli of T with an incubation period of 48h there were statistically
significant differences in the concentration of 100 nM between the lines HASTR/ci35 and
U-87 (p<0.0001), HASTR/ci35 and SNB19 (p<0.001), HASTR/ci35 and U-373MG
(p<0.0001), U-87MG and SNB19 (p<0.001) and, between U-87MG and U-373MG
(p<0.001). For a concentration of 10 nM, there were differences between HASTR/ci35
and U-87MG (p<0.001), U-87MG and SNB19 (p<0.01) and, U-87MG and U-373MG
(p<0.05). Finally, for a concentration of 1 nM, differences were found between
HASTR/ci35 and U-87MG (p<0.01) and also between U-87MG and SNB19 (p<0.01).
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Appendix 18. MTT assay of HASTR/CI35, U-87MG, SNB19 and U-373MG cells
stimulated with different estradiol (E2) concentrations (200 pM, 100 pM and 10 pM)
and vehicle (EtOH < 0.00002%) at 72h. Control: vehicle. Positive control (K+: 50%
EtOH). Statistically significant differences were determined by one-way ANOVA

(n=3).

For the stimuli of E2 with an incubation period of 72h there were statistically
significant differences in the concentration of 200 pM between the lines HASTR/ci35 and
SNB19 (p<0.001) and between SNB19 and U-373MG (p<0.001). For the concentration
of 100 pM, there were differences between HASTR/ci35 and SNB19 (p<0.01) and
between HASTR/ci35 and U-373MG (p<0.05). Lastly, for a concentration of 10 pM,
differences were found between HASTR/ci35 and U-87MG (p<0.001), HASTR/ci35 and
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SNB19 (p<0.01), and HASTR/ci35 and U-373MG (p<0.001).
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Appendix 19. MTT assay of HASTR/CI35, U-87MG, SNB19 and U-373MG cells
stimulated with different progesterone (P4) concentrations (100 nM, 10 nM and 1 nM)
and vehicle (EtOH < 0.01%) at 72h. Control: vehicle. Positive control (K+: 50%
EtOH). Statistically significant differences were determined by one-way ANOVA
(n=3).

For the stimuli of P4 with an incubation period of 72h there were statistically
significant differences in the concentration of 100 nM between the lines U-87MG and
U-373MG (p<0.05) and, SNB19 and U-373MG (p<0.01). With a concentration of 10
nM, there were differences between SNB19 and U-373MG (p<0.05).

XXI



200 -
Bl HASTR/ci35
;2 [ u-87MG
150 4
58 B sNB19
L N ; 1 [] U-373MG
100 - hi N mEEE
8 vs HASTR/ci35
e vs U-87MG
50
Yy vs SNB19
¢ vs U-373MG
.l I i i | ee 0
T
\Q/ x
IS IS RS Q}\\o +
Q@ (\@ Q@ R
Q N N
e Q

Appendix 20. MTT assay of HASTR/CI35, U-87MG, SNB19 and U-373MG cells
stimulated with different dihydrotestosterone (DHT) concentrations (10 nM, 1 nM and
0.1 nM) and vehicle (EtOH < 0.001%) at 72h. Control: vehicle. Positive control (K+:
50% EtOH). Statistically significant differences were determined by one-way ANOVA
(n=3).

For the stimuli of DHT with an incubation period of 72h there were statistically
significant differences in the concentration of 10 nM between the lines HASTR/ci35 and
U-87MG (p<0.01). For the concentration of 1 nM, there were differences between
HASTR/ci35 and SNB19 (p<0.01), U-87MG and SNB19 (p<0.01), and also between
SNB19 and U-373MG (p<0.05).
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Appendix 21. MTT assay of HASTR/CI35, U-87MG, SNB19 and U-373MG cells
stimulated with different testosterone (T) concentrations (100 nM, 10 nM and 1 nM)
and vehicle (EtOH < 0.01%) at 72h. Control: vehicle. Positive control (K+: 50%
EtOH). Statistically significant differences were determined by one-way ANOVA
(n=3).

For the stimuli of T with an incubation period of 72h there were statistically
significant differences in the concentration of 100 nM between the lines HASTR/ci35 and
U-87MG (p<0.05), U-87MG and SNB19 (p<0.01) and between U-87MG and U-373MG
(p<0.0001). Finally, for a concentration of 10 nM, there were differences between
HASTR/ci35 and U-373MG (p<0.01) and between U-87MG and U-373MG (p<0.01).
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Appendix 22. Effect of hormones in astrocyte cell line HASTR/ci35 and glioblastoma cell lines U-87MG, SNB19 and U-373MG

HASTR/ci35 U-87TMG SNB19 U-373MG

Concentration | 24h | 48h 72h 24h 48h | 72h | 24h 48h 72h 24h 48h | 72h

- (vs. 100 pM) -
- (vs. 10 pM)

200 pM

E2 100 pM

10 pM o

100 nM - * *

P4 10 nM

1nM

- + ++ (vs. 0.1 nM) +

CULlY + (vs. 0.1 nM)
+ + (vs. 0.1nM) + (vs. 0.1 nM) +

DHT 1nM + (vs. 0.1 M)

0.1 nM

100 M T -

T 10 nM

1nM

Symbols: (-) decrease with statistical significance of p<0.05; (--) decrease with statistical significance of p<0.01; (---) decrease with statistical
significance of p<0.001; (+) increase with statistical significance of p<0.05; (++) increase with statistical significance of p<0.01. Unless specified,
differences are between concentration and its control (EtOH vehicle).
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