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Resumo

O ¢lioblastoma é o cancro maligno do cérebro mais comum, tem um mau
prognostico e € frequentemente resistente a Temozolomida, o quimioterapico de
primeira linha no seu tratamento h& décadas. De igual forma, o osteossarcoma é um
cancro 0sseo raro e muito agressivo, com reduzida taxa de sobrevivéncia. A
Transmembrane BAX Inhibitor-1 Motif-containing (TMBIM4) é uma proteina do
complexo de Golgi que controla os fluxos intracelulares de Ca?* bem como a resisténcia
ao stress apoptotico, regulando assim a viabilidade e metabolismo celulares. Este
trabalho teve como objetivo a avaliagdo do impacto da desregulacdo da expressao da

TMBIM4 no glioma e osteossarcoma.

O silenciamento da expressédo da TMBIM4 resultou na redugédo da motilidade
das células de glioma. Adicionalmente, a viabilidade dessas células apés incubagdo com
Temozolomida foi afetada pela reducdo da expressdo da TMBIM4. As células de
osteossarcoma que sobrexpressam TMBIM4 sobrevivem mais tempo em cultura com
baixa disponibilidade de nutrientes. Este efeito ndo € dependente do aumento de H0O>
gue ocorre por sobrexpressdo da TMBIMA4. Estes resultados sustentam que a TMBIM4
tem um impacto critico em processos celulares associados a progressdo do cancro,
podendo vir a ser utilizada como biomarcador tumoral ou eventualmente como alvo

terapéutico.

Palavras-chave: Glioma; osteossarcoma; TMBIM4; sobrexpressao; temozolomida.
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Abstract

Glioblastoma is the most common malignant brain tumour, has a poor prognosis
and is frequently resistant to Temozolomide, the chemotherapeutic drug used as the first
line of treatment for decades. Similarly, osteosarcoma is a rare and very aggressive bone
cancer with a low survival rate. Transmembrane BAX Inhibitor-1 Motif-containing
(TMBIM4) is a Golgi complex protein that controls calcium intracellular fluxes as well as
resistance to apoptotic stress, regulating cellular viability and its metabolism. This work
had the purpose of evaluating the impact of TMBIM4’s expression dysregulation on

glioma and osteosarcoma.

Silencing of TMBIM4 expression resulted in the reduction of motility of glioma
cells. Additionally, the viability of glioma cells after incubation with Temozolomide was
affected by the reduction of TMBIM4 expression. Osteosarcoma cells overexpressing
TMBIM4 survive longer in starvation culture conditions. This effect is not dependent on
the TMBIM4-dependent increase H,O, of TMBIM4. These results support a critical role
for TMBIM4 in cellular processes associated with cancer progression, thus it could be

used clinically as a cancer biomarker or, eventually, as a therapeutic target.

Keywords: Glioma; osteosarcoma; TMBIM4; overexpression; temozolomide.
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Chapter | - Introduction

Glioma

Overview, prevalence, and incidence

Figure 1 shows the most recent incidence data for brain and central nervous
system (CNS) cancer according to GLOBOCAN and the World Health Organization
(WHO). This group of cancers was more prevalently reported in United States of America
(USA), Canada, Australia and in most European countries in 2020, with a rate of 5.2 or
above per 100 000 habitants (WHO, 2023). Regarding mortality (figure 2), death from
this disease was more frequent in Brazil, Portugal, France, and some other countries in
Europe (WHO, 2023).

ASR (World) per 100 000

238
30-38
19-30

11-19 B votapplicable
<11 No data

Figure 1 — The estimated rate of age-standardized world incidence in both sexes in 2020 for brain and CNS
cancer (WHO, 2023).

ASR (World) per 100 000

252
37-52
21-37

13-21 B Notapplicable
<13 No data

Figure 2 — Estimated mortality rate from brain and CNS cancer worldwide in 2020 for both sexes (WHO,
2023).
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The number of brain and CNS cancer cases is predicted by the WHO to
increase by 41.4 % and 41.2 % in males and females, respectively, of all age groups by
2040. In absolute values, this means that male cancer cases will go up from
approximately 168 000 to 238 000 cases per year and female cases from around
140 000 to 197 000, as seen in figure 3 (WHO, 2023). As presented in figure 4, this
problem is even more evident when predicted data of deaths from brain and CNS cancer
is analysed, as in 2040 it is estimated that yearly losses in both male and female patients
will increase over 46 % (WHO, 2023). Briefly, this data shows that although there is a
clear rising tendency in both genres, these tumours are more frequent in the male
population than in women. Statistics also reveal that Caucasians are more commonly
affected when compared to other races (Davis, 2018; WHO, 2023).

Males Females

250 5

200 + +41 4, 197

0 +41.2%

Estimated number of new cases (in thousands)

Figure 3 — Estimated number of new brain and CNS cancer cases in the world from 2020 to 2040 in males
and females of all age groups (WHO, 2023).

Males Females

166

+46.5%

Estimated number of deaths (in thousands)

Figure 4 — Estimated number of deaths worldwide from 2020 to 2040 in both males and females of all ages
from brain and CNS cancer (WHO, 2023).
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Brain and CNS cancer is a very large and heterogenous group of tumours at a
histological level, with a large impact in our current society, as mentioned above (Davis,
2018). Out of these, 81 % are gliomas, a type of tumour emerging from glial cells, the
most common cells in the CNS. Glial cells have important functions such as providing
oxygen and other nutrients to neurons; and can give rise to either astrocytoma,
oligodendroglioma, ependymoma, or oligoastrocytoma (Davis, 2018; Xu et al., 2020).
Gliomas are also classified considering the presence or absence of isocitrate
dehydrogenase (IDH) and H3F3K27M mutations, 1p/19q co-deletion and ATRX loss,
which is a marker of the astrocytoma lineage (Delgado-Lépez et al., 2020). Malignant
gliomas include glioblastoma (GB), anaplastic astrocytoma and anaplastic
oligodendroglioma and, according to the WHO, their malignancy progresses increasingly
from grade | to IV (R. Chen et al., 2017; Liu et al., 2021; Xu et al., 2020). A schematic
view of this classification process can be seen below in figure 5. GB is the most common
out of the CNS malignant tumours, accounting for approximately 45 % of all gliomas; the
most malignant, as only 5 % of patients survive more than 5 years with this diagnosis;
and the most resistant to Temozolomide (TMZ), which is the main chemotherapeutic
agent used to treat these patients (Gusyatiner & Hegi, 2018; Liu et al., 2021; Ma et al.,
2021; Ostrom et al.,, 2014; Xu et al.,, 2020). Symptoms of GB include headaches,

seizures, and focal neurologic deficits (Liu et al., 2021).

Histology Diffuse astrocytic or oligodendroglial glioma
Midline
location
(OTvd (Bawa) ‘
IDH IDH-mutant IDH-mutant kIDH wild typej \IDH wild type/. IDH wild type
ATRX Nuclear ATRX Nuclear ATRX Nuclear ATRX Nuclear ATRX Nuclear ATRX
retained lost retained lost >retained
(_J P’ :
1p/19q 1p/19q 1pA9q | ..
codel intact H
...... . :
¥ A
CDKN2A/B CDKN2A/B PRmmmmnnon? || Soonoas090g
CDKN2A/B retained homozygously \
deleted V
¥
TERT, EGFR TERT- TERT-mutant, Necrosis
and/or +7/-10 TET EGFR-amplified | and/or
and/or +7/-10 MvP
— ] +
ecrosis
H3.3 G34R/V and/or MVP H3.3G34 H3.3 G34 H3.3 G34R/V-
: wild type wild type mutant
H3 K27M-
H3 K27M mutant (+ loss of
H3K27me3)
Oligodendroglioma, Astrocytoma, Astrocytoma, Glioblastoma, Diffuse Diffuse
In}egrat_ed IDH-mutant and IDH-mutant, IDH-mutant, IDH wild type, hemispheric glioma, midline glioma,
diagnasis 1p/19q-codeleted, WHO grade 2 or 3 WHO grade 4 WHO grade 4 H3.3 G34-mutant, H3 K27M-mutant,
WHO grade 2 or 3 WHO grade 4 WHO grade 4

( MGMT promoter methylation )

Figure 5 — Diagram of the glioma classification process (Weller et al., 2021).
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Prognostic and challenges

Currently, life expectancy regarding glioma has a very wide range as 47 % of
patients with low-grade glioma (LGG), meaning grades | and I, are expected to live more
than 10 years since diagnosis, if treated with suitable therapy. However, GB has a weak
prognosis of about 14 to 15 months, setting off from the same timeframe, falling into the
grade IV category due to its low survival rate and high aggressiveness (Delgado-Lépez
et al., 2020; Liu et al., 2021; Xu et al., 2020). The fact that glioma cells have a high
infiltrative nature and innate resistance to cancer treatment with radio or chemotherapy

(CT) is related to the lack of a better prognosis (Delgado-Lépez et al., 2020).

Regarding GB, it presents a fast progression and frequent relapse with a very
invasive nature (Liu et al., 2021). One of the reasons for GB recurrence and resistance
is frequently attributed to cancer stem cells (CSCs) (Delgado-L6pez et al., 2020). These
stem cells are capable of self-renewing, potentially differentiating into various types of
cells, particularly cancerous ones, and from there initiating a tumour (Delgado-Lépez et
al., 2020; NHI, 2023). CSCs are inherently resistant to TMZ, maybe even selecting
subpopulations that resist this drug in case of recurrence, and, when under ionizing
radiation such as radiotherapy (RT), apoptosis may be suppressed, thus promoting
resistance to this therapy as well (Delgado-Lopez et al., 2020). The other reason why
this type of glioma is so difficult to treat is the high degree of tumour cell heterogeneity.
This may help explain why the development of therapies specific for biomarkers of glioma
was not successful yet. Additionally, the fact that the drugs to treat these tumours need
to cross the blood-brain barrier (BBB) to reach the tumour, as well as remaining in contact
with the malignant cells by avoiding being removed by efflux pumps whose purpose is to
expel unwelcome xenobiotics from that environment, makes it even more challenging to
develop (R. Chen et al., 2017; Delgado-L6pez et al., 2020; Gusyatiner & Hegi, 2018; Liu
et al., 2021; Ou et al., 2021; Xu et al., 2020). Furthermore, glioma diagnosis is hard due
to the lack of methods that reach deep tissues, where these tumours often reside when
the disease is more advanced and chances of survival are lower, depriving patients of
eventual curative therapy (Li et al., 2022). IDH is an oncometabolite enzyme coded by
the IDH1 gene. IDH mutations usually happen very early in the glioma carcinogenesis
process, affecting the overall prognosis of brain tumours for the better, making it a
relevant prognostic marker (Davis, 2018; Delgado-Lépez et al., 2020; Ma et al., 2021).
These mutations are more often found in younger patients and are typically associated
with longer survival time and reduced aggressiveness. Meaning GB IDH1 mutated
tumour patients have a three-time greater survival expectancy than wildtype IDH2
(Davis, 2018; Delgado-Lopez et al., 2020; Ma et al., 2021).
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Mechanisms of carcinogenesis

Although there is not a clear etiological pathway identified to glioma, some
situations and events are known to be related to its emergence (Delgado-Lépez et al.,
2020). That is the case of various rare genetic syndromes inherited through the family,
such as Neurofibromatosis type 1 (NF1) and 2, Tuberous sclerosis, and von Hipple
Lindau, Li-Fraumeni, Lynch, Turcot, Gorlin, Cowden, Familial atypical multiple mole
melanoma (FAMMM) syndromes, Enchondromatosis disorders (including Ollier disease
and Maffucci syndrome) and Rubinstein-Taybi syndrome (Davis, 2018; Delgado-L6pez
et al., 2020). Table 1 links these syndromes to their respective affected genes. Out of all
of these, NF1 is the one that is most frequently associated with tumours of the CNS,
followed by Tuberous sclerosis (Davis, 2018). Li-Fraumeni syndrome is linked with many
different types of cancer besides brain tumours as it is caused by a mutation on p53,
which is a fundamental tumour suppressor (Davis, 2018; C. Zhang et al., 2020). This
leads to cases of brain tumour arising, on average, at 25 years old in 14 % of these
patients (Davis, 2018). Lynch syndrome is usually related to tumours on the colon and
endometrium, but its presence raises the risk of brain cancer by four times, most cases
emerging before the 30-year-old mark (Davis, 2018). These disorders are all related to
alterations on proto-oncogenes or tumour suppressor genes and are inherited by an
autosomal dominant pattern (Davis, 2018; Delgado-Lopez et al., 2020). To promote
carcinogenesis both alleles of the suppressor gene need to be mutated. For this reason,
there are still patients who can be diagnosed with a syndrome but not have their

probability of developing cancer affected (Davis, 2018; Delgado-L6pez et al., 2020).

Table 1 — Genetic disorders and respective involved genes associated with glioma and GB (Davis, 2018;
Delgado-L6pez et al., 2020)

Genetic disorder Gene affected
Neurofibromatosis type 1 NF1

Neurofibromatosis type 2 NF2

Tuberous sclerosis TSC2 and TCS1

Von Hipple Lindau syndrome VHL

Li-Fraumeni syndrome P53

Lynch syndrome MLH1, MSH2, MSH6, PMS2
Turcot syndrome APC, hMLH11, hMSH2, PMS2
Gorlin syndrome PTCH1

Cowden syndrome PTEN
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FAMMM syndrome P16/CDKN2A
Enchondromatosis disorders IDH1, IDH2
Rubinstein-Taybi syndrome CREBBP

In addition to all genetic conditions described above, various risk factors can be
associated with development of brain tumour. Namely, the amount of radiation each
person is exposed to during childhood, both regarding medical procedures and related
to the environment in which the child is growing up (Davis, 2018). The very own treatment
of cancer with RT can lead to genetic damage, which for its part can contribute to the
appearance of a glioma tumour (Delgado-L6pez et al., 2020). Studies have also proven
the existence of a relationship between allergic diseases such as asthma, eczema and
rhinitis, and a lower probability of developing glioma later in life (Davis, 2018). The
protection seems to be stronger in higher grades of glioma and is related to the frequent

and somewhat constant high IgE concentrations these conditions provide (Davis, 2018).

There are three primary signalling pathways that if altered can significantly
contribute to the development of GB: RB, TP53, and PTEN/NF1/RTK pathways
(Delgado-Lopez et al., 2020; Reuss et al., 2023; W. Zhang et al., 2016). The first one is
related to the retinoblastoma (RB) tumour suppressor gene that codes for a protein with
the same name, which controls the G1/S cell cycle checkpoint (Delgado-Lépez et al.,
2020). Consequently, mutations in the RB pathway raise mitotic activity which can
eventually lead to the development of malignancy (Delgado-Lépez et al., 2020). The p53
protein is a tumour suppressor that induces apoptosis in cases of non-fixable DNA
damage during the cell cycle (Delgado-Lépez et al., 2020). The gene that codes for this
protein is tp53 and when mutated, as seen in a majority of glioma cases, helps the cell
avoid death (Delgado-Lopez et al., 2020; Reuss et al., 2023). Cell growth in glioma is
partially controlled by the last pathway as receptor tyrosine kinases (RTKs) epidermal
growth factor receptor (EGFR) and platelet-derived growth factor receptor (PDGFR)
promote cell growth and the tumour suppressors phosphatase and tensin homolog
deleted on chromosome ten (PTEN) and NF1 modulate neural stem cells (NSCs) entry
in the cell cycle (Delgado-Lépez et al., 2020). Studies with NSCs showed that
deactivation of tp53 leads to high-grade glioma (HGG) development (Delgado-Lépez et
al., 2020; Reuss et al., 2023). Epigenetic changes in oncogenes or proto-oncogenes
have also been proven relevant in glioma tumorigenesis since they can result in specific
mutations that allow activation or inactivation of these genes, and consequently control

cell growth and their differentiation rate (Delgado-L6pez et al., 2020). NSCs exist inside
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the brain and can turn into CSCs that later develop into cancer cells, giving rise to a

glioma tumour (Delgado-Lopez et al., 2020; Qin et al., 2023).

Current treatment and therapeutic approaches

Having in mind the challenges mentioned before, the current clinical standard
for glioma care follows the classic Stupp protocol which entails surgical resection
followed by treatment with TMZ and RT within a month after operation, as well as
adjuvant CT, also with TMZ, for 6 to 12 courses (Liu et al., 2021; Ou et al., 2021; Xu et
al., 2020). RT is done during a period of 6 weeks in 30 fractions of 60 Gy (Ma et al.,
2021). TMZ is given 7 days/week in a concentration of 75 mg/m?; maintenance phase
dose of 150-200 mg/m?is administrated daily for 5 days every 28 days (Liu et al., 2021;
Ma et al., 2021). This treatment plan has not suffered adjustments since 2005 and the
5-year survival rate did not show any progress during this time (Liu et al., 2021; Ma et
al., 2021). There are other available CT regiments such as the PCV (Procarbazine,
Lomustine and Vincristine), the previous first-line treatment, but it has been shown that
only progression-free survival (PFS) is extended under this treatment, leaving overall
survival (OvS) stagnant; however, it is still used in recurrent cases (Liu et al., 2021; Ma
et al., 2021). The antiangiogenic drug Everolimus is also used in combination with RT
and TMZ both concurrent and adjuvant in recent GB diagnosis, but it results in increased

toxicities and no significant improvement regarding PFS (Liu et al., 2021).

The mechanism of action of TMZ consists in adding methyl groups to purines,
forming three different cytotoxic molecules: OS8-methylguanine (O5-MG), N'-
methylguanine (N’-MG) and N3-methyladenine (N3-MA) (Jiapaer et al., 2018; Ortiz et al.,
2020). If the O®-methylguanine-DNA methyltransferase (MGMT) gene is active in the
tumour, it codes for the enzyme MGMT that repairs the damage caused by TMZ cytotoxic
molecules, allowing the tumour cell to survive (Davis, 2018; Jiapaer et al., 2018; Ortiz et
al., 2020). This gene is found inactive by methylation in most LGGs, supporting the fact
HGGs are more resistant to TMZ (Davis, 2018). During DNA synthesis, O5-MG pairs with
a thymine, a binding that is successively corrected by the DNA Mismatch Repair (MMR)
system, leading to apoptosis, which means that loss of this system prevents cell death
and gives rise to resistance (Jiapaer et al., 2018; Ortiz et al., 2020). The Base Excision
Repair (BER) pathway corrects methylations caused by TMZ, encouraging GB
progression (Jiapaer et al., 2018). Glioma stem cells have a high capacity for proliferation
and contain active DNA repair mechanisms and efflux pumps that expel drugs,

contributing to increased tumour cell survival and to tumour recurrence (Jiapaer et al.,
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2018; Ortiz et al., 2020). Acquired resistance can cause epigenetic changes that

increase cell survival (Ortiz et al., 2020).

Due to the poor results obtained with TMZ treatment, research for better options
kept progressing, leading to the emergence of new therapies like targeted molecular
therapy and immunotherapy (Liu et al., 2021; Xu et al., 2020). This latter alternative is
feasible in glioma due to the existence of lymphatics in the CNS and its ability to cross
the BBB, although limited efficacy has been proven this far in the ongoing clinical trials
and prognosis is not yet satisfactory (Liu et al., 2021; Xu et al., 2020). Additionally, glioma
has an immunosuppressive nature, and tumour cells express increased levels of
immunosuppressive factors (Xu et al., 2020). Bevacizumab is a humanized monoclonal
antibody which targets specifically the vascular endothelial growth factor (VEGF) since
it is usually overexpressed in GB. Therefore, it is classified as an angiogenesis inhibitor
approved for recurrent GB (Liu et al., 2021; Ma et al., 2021; Xu et al., 2020). Its safety
and efficacy have been proven both alone and in combination with irinotecan (Xu et al.,
2020). Studies showed that the use of Bevacizumab from week 4 of RT and during the
subsequent 12 cycles of CT extended PFS but quality of life was precarious, hence its
indication in more difficult and advanced cases (Liu et al., 2021). VEGF is one of the
factors involved in the angiogenic process, as well as angiopoietin 1 and 2 (Ang-1 and
Ang-2), PDGFR, interleukin 8 (IL-8) and hepatocyte growth factor (HGF) (Delgado-L6pez
et al., 2020). The development of other antiangiogenic drugs besides Bevacizumab for
the treatment of GB is a smart approach since it is a common characteristic of this tumour

to have significant microvascular proliferation (Delgado-L6pez et al., 2020).

Tumour-treating fields (TTF) is a selective electromagnetic field therapy that
harms cancer cells by interrupting mitosis and consequently inducing apoptosis through
electric fields that alternate between low field strength and intermediate intensity
frequency of 1 to 3 V/cm and 200 kHz, respectively (Liu et al., 2021; Ma et al., 2021; Ou
et al., 2021; Xu et al., 2020). This technique has minor to no side effects due to its
selectiveness towards proliferating cells. When those occur, they are mainly skin-related
(dermatitis, cutaneous infections, allergies and/or irritation) due to the contact of the
sensors with the scalp (Liu et al., 2021). TTF has the advantage of disrupting the repair
process of the DNA damage caused in tumour cells by RT treatment, boosting its efficacy
(Liu et al., 2021). The technique is currently approved by The Food and Drug
Administration (FDA) even though it is not particularly convenient for the patient money-
wise and because of the large size of the device (Liu et al., 2021; Ma et al., 2021; Ou et
al., 2021). In combination with TMZ, PFS was significantly prolonged since CT provides

synergetic activity to this method, but evidence regarding survival advantage is still weak
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and controversial making it unavailable in Europe as more criteria need to be met (Liu et
al., 2021; Ma et al., 2021).

Innovation and potential new treatment options

The future of glioma treatment depends on the development of precision
medicine, meaning defining relevant biomarkers and coming up with highly bioactive and
specific new drugs. However, the high heterogeneity of glioma cells makes it difficult to
determine targets to specifically treat this disease (Delgado-Lo6pez et al., 2020; Ou et al.,
2021; Xu et al., 2020). To obtain better therapeutic outcomes, nanoparticles (NPs) have
been used to convey TMZ, improving its pharmacokinetics and reducing toxicity (Ortiz et
al., 2020). NPs, while having their own encounters, have the necessary characteristics
to meet the needs of precision medicine, addressing the challenges of glioma treatment
by being used in diagnosis to early detect the disease, being able to cross the BBB, and

their morphology can be modulated accordingly to preference (Li et al., 2022).

Blockage of immune checkpoint inhibitors such as indolamine 2,3-dioxygenase
(IDO), anti-cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) and anti-programmed
cell death protein 1 (PD-L1) has shown promising efficacy, particularly regarding PD-L1
and CTLA-4, since GB tumours usually present high expression levels of these
molecules, which correlates with tumour progression (Ma et al., 2021; Xu et al., 2020).
Mouse models studies done on glioma cells increased survival, but so far clinical trials
with Nivolumab and Ipilimumab, anti-PD-L1 and anti-CTLA-4 monoclonal antibodies
respectively, have not proven any change in OvS (Ma et al., 2021; Xu et al., 2020). IDO
high expression is also linked to a worse prognosis in many cancers. Inhibition of this
enzyme combined with TMZ presented great preclinical results in mice with GB but
lacked in clinical trials in both PFS and OvS (Xu et al., 2020).

There are other new therapies still under refinement such as oncolytic viruses
or tumour vaccines, the first one being an approach where genetically altered viruses,
sometimes including transcripts that induce production of cytokines to improve in situ
inflammatory response, target cancerous cells, infecting and replicating inside them,
activating the immune system against specific tumour antigens (Delgado-Lépez et al.,
2020; Ma et al., 2021). Regarding GB there is data supporting efficacy and safety of this
technique with GB stem cells, Herpes simplex and Zika virus being the most used, the
latter for its tendency to infect neural precursors cells; but additional studies are still
needed for this to become a more standard therapy option (Ma et al., 2021; Xu et al.,

2020). Vaccination against tumours, particularly a GB vaccine targeting EGFRUVIII

25
Universidade Luso6fona — Escola de Ciéncias e Tecnologias da Salde



Marta Sofia Vilhena Serrano — Role of TMIBIM4 on Cancer Cell Survival and Proliferation

mutation underwent clinical trials demonstrating safety and efficacy but failed in
significantly reducing OvS (Ma et al., 2021). Dendritic cells loaded with cancerous cells
or lysates form another type of peptide vaccines explored for cancer treatment which
have shown some success in GB (Ma et al., 2021; Xu et al., 2020). Cytokine therapy
using interleukins and interferons has been approved for cancers like renal carcinoma
or melanoma and has potential to be used in glioma, however further studies and clinical
trials are needed to establish stronger scientific evidence regarding this possible
treatment (Xu et al., 2020). Tumour-associated macrophages (TAM) therapy relies on
antagonizing TAMs since they promote tumour progression, cell migration and,
specifically in glioma, angiogenesis. This technique has potential but has only yet been
tested in in vivo models and modest clinical trials (Xu et al., 2020). Lastly, chimeric
antigen receptor T (CAR-T) cells have been developed and tested on mouse models for
glioma treatment targeting EGFRvIIl, HER2 and other antigens revealing promising
tolerance results and even a case of complete remission. By targeting cancerous cells
with precision, this therapy increases efficacy while simultaneously reducing toxicity.

Various clinical trials are currently in progress (Xu et al., 2020).

Combining multiple immunotherapies might be the way to go moving forward as
it should prevent the emergence of resistant subtypes of cancer cells, although it could
lead to exacerbated side effects and difficulty to determine which of the treatments is

displaying actual results (Delgado-Lopez et al., 2020; Ma et al., 2021; Xu et al., 2020).
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Figure 6 - Representation of the mechanism of action of some potential new immunotherapy treatment
options for glioma treatment. Adapted from (Xu et al., 2020) using BioRender.

26
Universidade Luso6fona — Escola de Ciéncias e Tecnologias da Salde



Marta Sofia Vilhena Serrano — Role of TMIBIM4 on Cancer Cell Survival and Proliferation

Osteosarcoma

Overview, prognostic, and challenges

Osteosarcoma (OS) belongs to the group of bone and joint cancers, where
majority of new cases appear before the age of 20 years old (24.2 %), as seen in figure
7a. Nevertheless, the median age at diagnosis is 46 and the median age of death falls
in the age group of 65 to 74, at 66 years old, as shown in figure 7b (National Cancer
Institute, 2023). Although OS is very rare, with only about 400 cases per year, it is the
number one primary bone and joint cancer, as more than half of all bone sarcomas are
OS (C. Chen et al., 2021; Gill & Gorlick, 2021). Most located in long bones as well as
spine and pelvis, it has a high capacity to invade other tissues, leading to early
metastasis, particularly in the lung, where mortality is elevated (Gill & Gorlick, 2021,
Nirala et al., 2023). These tumours are classified as either osteoblastic, chondroblastic
or fibroblastic based on their histological pattern, even though this cancer is very
heterogenous and therefore hard to sub-classify due to most tumours having multiple
patterns (Gill & Gorlick, 2021). There are two main peaks in incidence: one in teenage
years, due to the growth peak that happens around this time, and one after the 65-age
mark, mostly because of Paget disease (Gill & Gorlick, 2021). The survivance rate over
5 years of around 68 % in cases of localized tumour (which amounts to 85 % of OS)
treated with standard care, consisting of surgery and CT, drops to 20 to 30 % in case of
metastatic disease or recurrency (C. Chen et al., 2021; Gill & Gorlick, 2021). This cancer
has a high recurrency frequency due to resistance to CT drugs mostly related to CSCs
(C.Chenetal., 2021). No progress has been made over the last three decades regarding
the prognosis of this disease, although classifying OS into different subgroups based on
their genomic alterations, makes approaching a future precision medicine treatment
easier (C. Chen et al., 2021; Gill & Gorlick, 2021; Nirala et al., 2023).
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Figure 7 — (a) Percentage of new cases of bone and joint cancer by age group from 2016 to 2020 and (b)
percentage of deaths by bone and joint cancer in the same period (National Cancer Institute, 2023).
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Mechanisms of carcinogenesis

As in most cancers, tumorigenesis is complex and happens due to a
combination of different reasons and processes. OS emerges from the mesenchymal
cells that form the bone and is associated with major genetic instability, chromosomal
abnormalities, and rearrangements; for instance, the presence of chromothripsis in about
77 % of OS cases, which is related to tumour progression and, therefore, a worst
prognosis (Harada et al., 2015; Nirala et al., 2023). This event is described as a mutation
where multiple chromosomal relocation occurs at once in a small genomic region and is
stated to contribute to amplification of oncogenes and inactivation of tumour suppressor
genes, two other processes deeply related to carcinogenesis (Cortamp et al., 2020; Swift
& Golsteyn, 2016). Multiple tumour suppressor genes are commonly inactivated in OS,
namely rbl, atrx and dig2, but tp53 is the most common, with the p53 pathway found
altered to some extent in all OS cases (Gill & Gorlick, 2021; Nirala et al., 2023). Other
genes related to OS carcinogenesis are tumour promoting genes myc and mdmz2 which
are usually hyperactive in this cancer; MYC takes part in regulation of cell cycle in
addition to other relevant events regarding cell viability and metabolism, and MDM2
inhibits p53 (Nirala et al., 2023). Besides this, epigenetic alterations also have a crucial
role in the pathogenesis of many cancers, that being the case of OS. The immune
system, as expected, has an impact in tumorigenesis of OS by regulating tumour
development and proliferation. This occurs through dysregulation of signalling pathways
such as PI3K/AKT/mTOR, JAK/STAT, RTKs and others, influencing metastasizing and

resistance to chemotherapy (Nirala et al., 2023).

Current treatment and therapeutic approaches

There are very few molecules known to be effective in treating this disease,
meaning the standard treatment for localized OS consists of CT using three different
drugs out of the five that are active on this type of tumour: methotrexate, doxorubicin,
cisplatin (the most common trio), ifosfamide and etoposide; administered before and
after surgical resection (Gill & Gorlick, 2021; Nirala et al., 2023). In metastatic and
relapsing cases, surgery to remove metastasis is the main treatment option as well as
CT with ifosfamide and etoposide or gemcitabine and docetaxel (Gill & Gorlick, 2021).
Although the combination of surgery and CT to treat OS cases has proven to improve
results, it is still insufficient on more aggressive tumours, hence the introduction of

immunotherapy as a new way of treating these patients (C. Chen et al., 2021).
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Innovation and potential new treatment options

Subcategories of OS have been differentiated through better understanding of
its biological properties and molecular characterization. Thus, allowing the development
of innovating approaches through personalized medicine, mostly immunotherapies (C.
Chen et al., 2021; Gill & Gorlick, 2021). Proteins such as B7-H3, GD2 and HER2 are
present at OS cells surface allowing the use of antibody-drug conjugates as a possible
therapeutic approach (Gill & Gorlick, 2021). Other options include onco-vaccines,
cytokines, genetic altered T cells or a combination of these (C. Chen et al., 2021). Cancer
vaccines boost the immune system reaction to tumours by developing antibodies
specifically against antigens that exist at the cancer cell surface (C. Chen et al., 2021).
Vaccines based on dendritic cells are the most common but although immune response
is improved, success in OS is limited (C. Chen et al., 2021). Some cytokines can boost
proliferation and differentiation of T and B cells and induce Natural Killer (NK) cells but
for dosages to be efficient, toxicity occurs in patients of OS (C. Chen et al., 2021). CAR-
T cells showed great potential for treating HER-2 positive sarcomas, even when HER-2
expression is low, which is the case in OS, without toxicity that required restricting
dosage (C. Chen et al., 2021). Although all these different immunotherapies are available
and currently under clinical trials, most results fall short of expectations regarding efficacy
in solid tumours such as OS, making treatment possibilities for this cancer still very
limited (C. Chen et al.,, 2021; Nirala et al., 2023). To contradict this tendency, it is
necessary to identify more adequate immune checkpoints and decrease toxicity of

current immunotherapy (C. Chen et al., 2021).

OS cells express several RTKs which led to the use of tyrosine kinase inhibitors
(TKIs) as treatment in relapsed and non-reactive cases (Gill & Gorlick, 2021). Some of
these drugs are Sorafenib, Regorafenib, Cabozantinib, Lenvatinib and Pazopanib.
Combining TKls with already used chemotherapeutic agents such as Lenvatinib and
Etoposide or Sorafenib and Everolimus was considered but overlapping toxicities and
lack of better results interrupted treatment (Gill & Gorlick, 2021). The possibility of using
TKls as maintenance treatment after CT is under evaluation but prospects are set on
finding active new drugs targeting other signalling pathways implicated in OS
tumorigenesis, who are active on their own in relapsed cases, with different toxicities to
the ones already used so that combining them is easier and there is lesser need to adapt
dosages of the currently used CT (Gill & Gorlick, 2021; Nirala et al., 2023). Numerous
drugs are in the clinical trial process indicating good results, but there is always the
possibility of developing resistance as cancerous cells are usually able to compensate
targeted therapies by acquiring replacement paths to their end goal (Nirala et al., 2023).
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TMBIM4 and its importance on hallmarks of cancer

The Transmembrane BAX Inhibitor-1 Motif-containing (TMBIM) family is a group
of six cell death regulatory proteins, TMBIM1 to TMBIM6, capable of altering cellular
adhesion, metabolism, motility, and calcium (Ca?*) fluxes (Almeida et al., 2020; Carrara
et al., 2017; Rojas-Rivera & Hetz, 2015). TMBIMSs are cation channels located at different
intracellular organelle membranes (Figure 8). TMBIMA4, also known as human Golgi anti-
apoptotic protein (hGAAP), is an ion channel (figure 8) located in the membrane of the
Golgi complex. It has a fundamental importance for cell viability, as it regulates Ca?
intracellular fluxes from the Golgi and the response of the cell to apoptotic stimuli. Thus,
the increase of TMBIM4 expression leads to a higher resistance to apoptotic stress
(Almeida et al., 2020; Carrara et al., 2017). Ca?* influx can occur via store operated Ca?*
entry (SOCE) in response to reduced Golgi Ca?* concentration due to TMBIM4
overexpression. The consequent activation of SOCE by TMBIM4 has been linked to
increased cell motility by contributing to focal adhesion turnover through activation of a
Ca?*-dependent protease named calpain2 (Saraiva et al., 2013). Studies from our group
showed that cell invasion through extracellular matrix was also stimulated by tumour
cells overexpressing TMBIM4, thus advocating that this protein has a crucial impact in
the metastatic process, projecting the tumour from early to invasive stages. For instance,
it was found that TMBIM4 overexpressing cells enter the lungs and are more easily
retained there than control cells. Additionally, TMBIM4 silenced cells had much lower
invasion rates versus control cells (Almeida et al., 2020). TMBIM4 overexpression leads
to an increase in adenosine triphosphate (ATP) production and oxygen (O)
consumption, by increasing mitochondrial respiration. Therefore, leading to an
accumulation of reactive oxygen species (ROS), impacting cell migration and invasion.
ROS levels are higher in cells overexpressing TMBIM4 and that is known to have a part
in cell motility and adhesion, particularly H.O5, that is a relevant second messenger on
which the cell depends for controlling processes such as metabolism and invasiveness
(Almeida et al., 2020). Unpublished data from our group suggest a strong correlation
between increased TMBIM4 mRNA levels (TCGA data) in gliomas and a reduced
survival rate in glioma patients. Thus, suggesting that TMBIM4 is indeed associated with
cancer progression and that it could possibly be used or as a cancer biomarker. All these
data support that this protein has the potential to be used as a therapeutic target to
control various hallmarks of cancer or as a biomarker for cancer progression. The work
presented here is focused on glioma and OS, both very invasive types of cancer.
Consequently, the impact of TMBIM4 expression dysregulation on these cancer types

was studied.
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Figure 8 — TMBIM4 predicted structure, based on the bacterial homologue, adapted from (Carrara et al.,
2017). The ion channel pore is highlighted by a white square and the numbers represent the transmembrane
domains.
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Objective

The main goal of this work was to evaluate the impact of TMBIM4 in tumour
progression-related cellular processes, such as cancer cell survival and proliferation, and
therefore explore the potential mechanisms underlying the observed correlation between
TMBIM4 expression and patient prognosis and survival, particularly in OS and glioma
tumours. As explained above, this protein influences many different processes regarding
cellular motility and metabolism and consequently tumour progression and metastasis.
This way, we hypothesise that TMBIM4 may be a good biomarker for these cancers and

may eventually be useful in the clinical context.

TMBIM4

Golgi apparatus

Figure 9 — Schematic illustration representing the impending impact of TMBIM4 in glioma and OS. Created
using BioRender.
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Chapter Il — Role of TMBIM4 on glioma cell viability

and proliferation

Methods

Cell culture

The cell lines used in this work are primary human GB. The U87 line was
provided by Dr Diogo Castro from the Instituto Gulbenkian da Ciéncia (IGC) and Instituto
de Investigacdo e Inovacdo em Saude (i3S) while the U251 GFP line was provided by
Dr Hélene Castel from Normandie University. Cells were maintained in T-25 and T-75
flasks (VWR) with Dulbecco's Modified Eagle's Low Glucose Medium (DMEM, Corning)
complemented with 10 % Fetal Bovine Serum (FBS, Corning) and 1 % Penicillin-
Streptomycin Antibiotic (PEN-STREP, Grisp). U87 cells were supplemented with 1 %
Non-Essential Amino Acids (MEM NEAA 100x, Gibco®) and U251 with Puromycin
Antibiotic (4 pg/mL, Alfa Aesar) for GFP gene maintenance. Both were kept in an
incubator (Esco CelCulture®) with 5 % CO at a temperature of 37 ° C.

Sub-cultivation was performed in the vertical laminar flow chamber (Esco Class
Il Biological Safety Cabinet (BSC)) when cells were at 80 % confluence. After removal
of the medium and the addition and subsequent disposal of Phosphate Buffer Saline
(PBS, Corning) for washing, trypsin (Sigma) was added to detach the cells from the flask
surface for 2 to 3 minutes in the incubator. After detaching the cells, trypsin action was
inactivated by adding medium to that same flask. Finally, the detached cells were
homogenized by resuspension and transferred to a new flask. To know the necessary
number of cells for seed for each assay, the density of cells in the suspension was
verified using the formula presented in figure 10, which provides the existing number of

cells/mL of suspension.

Y Cells per quadrant

Cell density (cells/mL) = x 10*

number of quadrants counted

Figure 10 — Equation for determination of cellular density.
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For the cell counting procedure the Neubauer Chamber, that consists of grids
divided into 4 quadrants (figure 11b), was used as seen in figure 11a. The grid area was
first covered with a coverslip, and then 10-12 L of cell suspension was pipetted into one
of the two chamber compartments. The chamber was placed on the inverted microscope
(Olympus CKX41) for observation. Counting was done quadrant by quadrant, in zigzag,
as represented in figure 11c, discarding cells under two consecutive sides chosen by the
operator (figure 11d). After counting, the average between the values obtained in each

quadrant was calculated.

Figure 11 — Cell counting procedure using the Neubauer Chamber (also known as Hemacytometer). (a)
Neubauer chamber (Santos & Mariano, 2014). (b) Chamber dimensions and an indication of the four lateral
guadrants (Al to A4) and the central quadrants adapted from (Absher, 1973). (c) Counting method in zigzag
(Santos & Mariano, 2014). (d) Example of two laterals discarded in the counting process (Barbedo, 2013).

3D cell culture

Cell spheroid production was initiated by depositing U87 cells, previously
transfected with siRNA on the inside of the lid of 35 mm Petri dishes (VWR). Every plate
contained 4 drops, each with 50 uL of cell culture, corresponding to 5 x 10* cells. After
applying the drops to the lid, the plate was closed with a quick up and down movement
to prevent the drops from losing their shape by sliding out of place. Spheroids formed
after 24-48h in the incubator. 5 mL of PBS was added to each Petri dish to prevent the

cell-containing drops to lose volume during the spheroid formation period.

siRNA transfection

This procedure required cells to be at 60 to 70 % confluence at the moment of
the transfection. Thus, 1.0 x 10° cells were seeded in a 12-well plate well (VWR) the day
before transfection. The following day 45.9 pL of OptiMEM (Gibco) and 2.25 pL of siRNA
(100 nM) were added to tube 1 while tube 2 contained 43.2 yL of OptiMEM and 4.8 pL
of oligofectamine transfection reagent (invitrogen). After incubation at room temperature
for 5 to 10 min, tube 2 was added to tube 1, forming the vesicle with SiRNA to be

transfected. After incubating again for 20 min at room temperature, 30 pL of this mix was
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added dropwise to each well. The transfected siRNA contained a sequence that silenced

TMBIM4, which can be seen below in table 2.

Table 2 — Double-stranded oligonucleotide sequence used in TMBIM4 transfection

SiRNA Sequence sense and antisense Gene KD Source/Reference
Sense
TMBIM4 5’-CGAUCGAGGACGACUUCAACU-3
TMBIM4
SiRNA #1 Antisense )
(Gubser, Bergamaschi,
5’- UUGAAGUCGUCCUCGAUCGAG-3’
Hollinshead, Lu,
Sense
Kuppeveld, et al., 2007)
TMBIM4 5-CUGUACGGACAUUUGUACAUG-3’
TMBIM4
SiIRNA #2 Antisense
5’- UGUACAAAUGUCCGUACAGAC-3’
Control ) ) )
RNA Proprietary sequence from Invitrogen GFP Invitrogen
Si

pcDNA transfection

Plasmid DNA (pcDNA) transfection was performed with 1.0 x 10° cells seeded
the day before in 300 pL of antibiotic-free DMEM in a 48-well plate well (VWR) so that
cell confluence was 70 % at the moment of transfection. In this case, the plasmid
ptdTomato-C1 (clontech) encodes the tandem dimer Tomato (tdTomato) gene, a red
fluorescent protein. After the procedure, cell lines should express free tdTomato. In the
case of the U251 cells, they also express the green fluorescent protein (GFP). The
transfection reagent used was XtremeGene9 (Roche). The protocol started by preparing
tube A which contained 5.5 pL of OptiMEM (Gibco®) and 2.0 pL of the reagent, and tube
B contained 6.75 pL of OptiMEM and 0.75 uL of plasmid (at 200 pug/mL), each tube
containing a total of 7.5 pL. Tube A+B was incubated for 15 min at room temperature,
followed by pipetting 15 pL into each well to be transfected. Image acquisition was

performed on a Zeiss Axiobserver microscope using an x20 objective and ZEN software.

Kill curve with geneticin

To select the cells that present the previously transfected pcDNA, geneticin was
used, since the plasmid had a resistance gene to this antibiotic. For this, a cell death
curve was performed with a stock concentration of geneticin 50 mg/mL (Gibco®), to
obtain the minimum concentration required to induce the death of the non-transfected
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cells. Several concentrations were tested, choosing for selection the lowest
concentration that led to the death of all cells in the well after 6 days. After seeding U87
and U251 cells in 48-well plates (4 x 10* U87 cells and 6 x 10* U251 cells), and when
their confluence was 30 %, geneticin was added at concentrations of 0 (control); 0.5; 1;

1.5 and 2.0 ug/mL for both lines. A medium exchange was performed every two days.

MTT cellular viability assay

The MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, Sigma)
cell viability assay measures the ability of mitochondria to reduce MTT reagent to
formazan crystals, according to figure 12a. These crystals are only formed if
mitochondria are metabolically viable. This assay was used to analyse the impact of
reducing TMBIM4 expression and to assess the resistance of U251 and U87 cells to
TMZ. The first procedure started 24 hours (h) after transfecting cells with siRNA by
seeding 1.7 x 10 previously transfected cells in each well of a 96-well plate with 200 uL
of DMEM. After 48 h (total of 72 h post transfection), a wash was performed with warm
PBS, and MTT was added to each well. This reagent was prepared previously by
dissolving 0.5 mg/mL in a heated culture medium, added to the cells, and incubated for
2 h at 37 °C. After washing with warm PBS, 200 uL of dimethyl sulfoxide (DMSO,
EMSURE® ACS) was added to every well. This reagent solubilizes the crystals that
formed and precipitated at the bottom of the wells. The scale of purple coloration is
shown in Figure 12b. The absorbance is measured at 595 nm in a Multiskan FC reader
(Thermo Scientific™, USA). This methodology was also applied to determine the
concentration of TMZ with the greatest impact on the viability of both cell lines. The
procedure was identical except that the cells used are non-transfected and the cell
viability measurements were performed at 24, 48 h or 72 h, instead of 72 h in the case

of the first assay.

(@) (b)

7\ Mitochondrial
N/ Reductase
N~pN N=N
IN N )<
—/ NNy N=N
N TS

_ \ '
MTT NADH NAD* Formazan

Figure 12 — (a) Equation that represents the MTT reduction to formazan by mitochondrial reductase,
indicating the colour of the reagent and product adapted from (Prabst et al., 2017) (b) Example of plate
obtained after MTT assay (Sularsih et al., 2019).
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Cellular proliferation assay

Variations in cell biomass were estimated at 24 h, 48 h, 4, 5, and 6 days, using
the crystal violet proliferation assay. On the first day of the assay, 1.4 x 10° U251 cells
and 1.0 x 10°U87 cells were seeded in 200 puL of DMEM in 96-well plates. This way, the
wells were at a confluence of about 20 % the next day. On day 1, which corresponds to
the 24 h test, the medium was removed by washing with 100 pL of 1x PBS before adding
100 pL of 10 % crystal violet solution in 96 % ethanol for 10 minutes. After, the plate was
washed with plenty of water, and a solution containing 10% ethanol and 1 % acetic acid
was added before the absorbance was read in the Multiskan FC microplate reader at

595 nm. This was repeated at the indicated time points.

Cellular viability assay in 3D culture

Propidium iodide (PI, Sigma), at a final concentration of 0.5 pug/mL, was added
to previously performed 3D cell cultures and incubated for 20 min at 37 °C. When a cell
is alive, its membrane is impermeable to PI, preventing it from entering the cell. DMSO
(10 %) was used as a cell death inducer for this assay, which allows PI to enter the
spheroid cells. This method granted analysis of cell viability in 3D and eventually will
allow to validate how the transfection affected the spheroid cells viability. Image
acquisition was performed with a Zeiss Axiobserver microscope using x20 objective and
ZEN software, used to measure the average intensity of the PI fluorescence emitted by

the area of the spheroids.

Statistical analysis

Statistical analysis was performed in GraphPad Prism software version 8.0.
Error bars indicate the standard deviation (SD) or standard error of the mean (SEM) as
indicated in the figure legends. Data was analysed using the T-student test, Logrank, or
one-way ANOVA analysis with Turkey or Kruskal-Wallis’s test and Dunn post-test.
Significant results are highlighted with * p<0.05, ** p<0.01 or *** p<0.001.
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Results and Discussion

Assessment of TMBIM4 impact on proliferation and viability of U251
and U87 cells

The results presented below in figure 13 show that cell viability was not
significantly affected on both U251 and U87 cell lines by the reduction in TMBIM4
expression following siRNA transfection. This result is visible at 72 h post-transfection
since the percentage of viable U251 and U87 cells transfected with siRNA1 and siRNA2
were kept above 90 % and close to control values. This data is complemented by the
crystal violet assay results in figure 14 since it shows that siRNA transfection does not
affect cellular proliferation. This information allowed for the development of protocols to

assess the impact of TMZ on 3D cell culture.
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Figure 13 — MTT viability assay results in U251 (a) and U87 (b) cell lines. Percentage of U251 (a) and U87
cells (b) transfected with control SiRNA, siRNA1, and siRNA2 viable at 72h after the beginning of the assay.
Results are shown as mean + SD from a representative experiment from 3 independent experiments,
Student’s t-test compared to cells transfected with siRNA. Differences between results were not significant.
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Figure 14 — The crystal violet absorbance of the three conditions (SiRNA control, SiRNA1 e siRNA2) was
measured on days 1, 2, 4, 5, and 6 of the crystal violet viability essay with U251 (a) and U87 (b) cells. Results
are shown as mean * SD from a representative experiment from 3 independent experiments, Student’s t-
test compared to cells transfected with siRNA in each time point. Differences between results were not

significant.
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Preliminary evaluation of TMBIM4 influence on 3D viability of U87

cells

To test U87 cell viability in 3D culture a protocol with Pl was applied. If the cell
is viable this reagent is unable to cross its cellular membrane; on the contrary, if cell
death is present, Pl crosses the membrane staining the cell nucleus red. In figure 15,
treatment with 10% DMSO was used on U87 as a positive control for cell death. DMSO
toxicity killed the U87 cells, meaning that the red seen in figure 15 (d-f) represents non-
viable spheroids, validating this assay for the evaluation of U87 cells viability in 3D cell
culture. Through a collaboration with i3S, an assay to assess the viability of U87 and

U251 cell lines when under silencing of TMBIM4 is being developed.

Phase contrast Td Tomato Merge

U87 Control

u87 DMSO 10 %

Figure 15 — Spheroids at the fluorescence microscope treated with PI. The U87 control (a-b) shows U87
cell line without DMSO, while U887 DMSO 10 % (d-f) shows the positive control, with DMSO. Red colouring
represents Pl-positive non-viable cells.

Impact of TMBIM4 knock-down on TMZ resistance

Considering the importance of TMZ in the treatment of GB, the impact of
TMBIM4 lower expression on the effect of TMZ was assessed. This protocol was
developed to assess the effect of TMBIM4 expression reduction on U87 and U251 cell
resistance to TMZ. The TMZ concentration optimization on both cell lines was done
through MTT viability assay to determine the half-maximal inhibitory concentration
(IC50), that is, the minimum concentration necessary to cause death to 50 % of cells. In
these assays, DMSO was used as a solvent, since TMZ is solubilized in DMSO.

However, DMSO is cytotoxic at the concentration used as control, since the
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concentration used corresponded to the highest concentration of TMZ being tested, and
the same in every TMZ concentration level. Because of this, the results were
inconclusive since it was impossible to determine if cell death occurred due to TMZ or
DMSO. Figure 16 presents data from these first assays where DMSO concentration
cloaked the results since cells most likely died from DMSO excess instead of TMZ. It is
relevant to note that the TMZ ranges used in literature for these cell lines vary greatly,

which enforced the necessity to test many different concentrations, as seen below.

(@) U251 - 24h + 48h (b) U8T - 24h + 48h
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Figure 16 — First MTT viability assay at 24 and 48h in U251 (a) and U87 (b) cell lines treated with TMZ
concentrations varying from 0 and 500 uM to assess cell resistance to TMZ. Preliminary data. No statistical
analysis was performed since it was an optimization step.

After some experimental adjustments, namely carrying out a DMSO control for
each concentration of TMZ used and determining the correct TMZ concentration and
incubation time to evaluate MTT results, the assay was optimized and repeated. The
data obtained are data shown below in figure 17. Data for U87 cells seen in figure 17b
indicates that the percentage of viable cells under treatment with 125 yM TMZ is lower
when TMBIM4 is silenced, compared to cells transfected with the control siRNA. The
same cannot be said about U87 cells under 250 yM TMZ concentration. Regarding the
U251 cell line in both 75 yM and 125 uM concentrations, the reduction in viable cells was

not significant when compared with cells transfected with the control siRNA (figure 17a).
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Figure 17 — Percentage of siRNA-transfected U251 (a) and U87 (b) viable cells after treatment with TMZ
concentrations varying from 75 and 250 uM. Incubation time was 72 hours. Results are shown as mean +
SD from a representative experiment from 1 independent experiment, *p<0.05 (Student’s t-test compared to
control siRNA cells treated with the same concentration of TMZ).

Impact of TMBIM4 overexpression in U887 and U251 proliferation

The generation of BG cell lines overexpressing TMBIM4 is essential to evaluate
the effect of the observed increased expression of TMBIM in GBs. Tho generate GB cell
lines overexpressing TMBIM4, a plasmid coding for a fusion protein of TMBIM4 with
tandem Tomato (tdTomato) were used. This plasmid contained an antibiotic (geneticin)
resistance gene to select for transfected cells. To determine the optimum geneticin
concentration to select transfected cells, a kill curve with geneticin was performed for
both cell lines. Figure 18 shows the results, where the U87 cell line was tested for 0.5
and 1.0 mg/mL and U251 cells for 1.5 and 2.0 mg/mL. Geneticin concentrations that Kill
all cells after one week were selected. These corresponded to 1.0 mg/mL and 2.0
mg/mL, to U87 and U251 respectively, and were added to cells every 48 hours after the

transfection procedure.
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Control 0,5 mg/mL 1,0 mg/mL

us7

U251

Control 1,5 mg/mL 2,0 mg/mL

Figure 18 — Kill curve of geneticin in U87 cells (upper row) in concentrations of 0.5 and 1.0 mg/mL, and in
U251 cells (bottom row) in concentrations of 1.5 and 2.0 mg/mL.

To assess the efficacy of the transfection and selection protocol in these cell
lines, the U87 and the U251-GFP cell lines were transfected with the TdTomato plasmid
(without TMBIM4) and selected for several weeks with antibiotic. Figure 19 shows the
results obtained after transfection with TdTomato on both cell lines. Results from U87
cells (upper row) were non-satisfactory most likely because this cell line is very
genetically unstable, meaning that every small disturbance can lead to failed results.
These cells also lost TdTomato expression overtime. U251-GFP successfully expressed

TdTomato and GFP genes as can be seen on the bottom row of figure 19.

After optimizing the transfection, the plasmid encoding the TdTomato and the
TMBIM4-TdTomato fusion was transfected on U251 cells. Results obtained are
presented below in figure 20. U251 TdTomato expression (upper row) acts as control
since it is the model plasmid and was used to optimize the method. In figure 20 bottom
row we can see TMBIM4 in red, and consequently the Golgi complex since this is a Golgi
protein, due to the transfection with the plasmid. These cells were maintained in culture
with geneticin selection of 0.5 mg/mL. Further characterization of the obtained cell lines
will be performed. Namely, the co-stain with another Golgi-resident protein to confirm the
TMBIM4 subcellular localisation.
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GFP Td Tomato Merge

87

U251-GFP

Figure 19 — U87 cells (upper row) and U251-GFP (bottom row) transfected with TdTomato (in red) observed
at the fluorescence microscope. Preliminary assay. Scale bar of 200 um.
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Figure 20 — U251 cells transfected with TdTomato (upper row) and U251 transfected with TdTomato-tagged
TMBIM4. Image obtained at 40x zoom. Scale bar of 50 um.
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Chapter lll — Role of TMBIM4 on osteosarcoma cell

survival

Methods

Cell culture in normal and starvation conditions

The U20S cell lines were provided by Professor Geoffrey Smith (Oxford
University) (Gubser, Bergamaschi, Hollinshead, Lu, Van Kuppeveld, et al., 2007)
maintained in T-25 and T-75 flasks (VWR) with DMEM (Corning) complemented with 10
% FBS (Corning) and 1 % PEN-STREP (Grisp). Cells were preserved in an incubator
(Esco CelCulture®) with 5 % CO; at 37 ° C and supplemented with 0.5 mg/mL geneticin
antibiotic (Alfa Aesar) every one to two weeks for cell maintenance ensuring that the

integrated plasmid is preserved.

To study the impact of TMBIM4 overexpression, the group of Prof Geoffrey
Smith developed a model of the protein overexpression pattern as seen in table 3, where
Neo cell line corresponds to the endogenous protein, which means its expression level
and activity are both low; TMBIM4 has both parameters high and TMBIM4 CtMut has the

same protein overexpression as TMBIM4, but is not functional, making it equal to Neo.

Table 3 — Cell lines description

Expression level Activity
Neo Low (endogenous) Low (endogenous) Emply plasmid pcDNA 3.1
) ) ) TMBIM4

TMBIM4 overexpression High High ]
overexpression
C-terminal Mutant TMBIM4

TMBIM4 CtMut ) .

] High Low (endogenous) (not functional)

overexpression (Mut) ]

overexpression

Cells were kept at 100% confluence in complete media for 14 days without
media changes to more closely mimic the nutrient starvation conditions found in the
tumour environment, that is, low accessibility to nutrients and the presence of pro-
proliferative signals. Sub-cultivation and cell counting was executed as described for U87
and U251 cell lines in Chapter Il ‘Cell Culture’.
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Cell treatment

For this assay, cells were kept in starvation conditions as described before. This
protocol took place over a period of 14 days. On day one, 2 x 10* cells of Neo and Z cell
lines were seeded in two 24-well plates, as well as 3 x 10* Mut cells. Days 2 to 13 were
treatment days, in which cells were treated with H>0> every day and with Catalase (CAT)
and Disulfiram (DF) every two days. Photos were acquired with a Zeiss Axiobserver
microscope using x20 objective and ZEN software approximately every four days. On

day 14, cells were stained with Hoechst in a 5.0 x 103 concentration.

The solutions used in this assay were prepared beforehand. The initial H2O-
stock solution at 9.8 M concentration was kept at 4 °C and used to make the procedure’s
stock and working solutions. Our stock solution at 0.5 M was prepared every 3 days by
adding 51 pL of H>0, and 949 uL of double distilled water (ddH.O) to an Eppendorf. The
working solution (WS) with a concentration of 2500 uM consists of 5 L of stock solution
added to 995 L of ddH-O and was prepared every day that cells needed treatment, that
is, from day 2 to day 13 of this assay. To obtain a final concentration of 20 uM, 4 uL was
added per 500 L (contents of one Eppendorf tube); in the same way 2 L was added
per 500 uL to obtain 10 uyM of final concentration. In a preventive measure to avoid
possible operator errors, the volumes pipetted into the 24 well plates with H>O»
concentrations of 0.25 uyM and 0.5 pM, were done from 250 uM Eppendorfs instead of
the 500 pM used on the rest of the wells as that allowed to not pipet volumes below 1

ML, as can be seen on table 4.

Table 4 — Volumes of working solution (WS) and concentrations used in each well in both 24 and 6 well
plates of the U20S cell cycle assay

24 well plate
[H20;] 6 well plate
[500 uM] WS [250 uM] WS
0.25 uM 0.5 uL 1.0 L 1.0 L
0.5 uM 1.0 L 2.0 pL 2.0 pL
1.0 uM 200l | 4.0 L
2.0 uM 40l | 8.0 L
50uM | | 20.0 L

CAT stock solution of 20 000 U/mL was kept at - 20 °C and used to prepare the
WS of concentration 400 U/mL by adding 10 pL in 500 uL of final volume. DF stock
solution of 50 mM contained 20 mg of DF in 1240 yL of DMSO and was kept at - 80 °C.

45
Universidade Luso6fona — Escola de Ciéncias e Tecnologias da Salde



Marta Sofia Vilhena Serrano — Role of TMIBIM4 on Cancer Cell Survival and Proliferation

The WS consisted of 1 uL of stock solution plus 999 uL of DMSO. To obtain a final
concentration of 0.05 uM, 0.5 yL of WS was added in DMSOQO per 500 pL.

Cell collection for cell cycle analysis by flow cytometry

In this protocol, the cells used were prepared following the exact same
treatment scheme as explained in the previous section with the difference that they were
harvested at the end. Only cells seeded in the 6 well plates were applied here. The goal
of using the flow cytometry technique is to quantify the percentage of cells in the sub-G1

population, which corresponds to dead cells.

After the initial 14-day period of the assay, cells needed to be prepared for the
Flow Cytometry technique for sub-G1 determination by being stained with PIl. The whole
process is done on ice and begins with harvesting the cells into a 15 mL falcon tube,
washing them with 1 to 2 mL of PBS, and collecting the PBS into a falcon tube. The
attached cells were then harvested with 1 mL of warm EDTA PBS of concentration 1 to
5 mM, previously incubated for 5 minutes at 37 °C, into the same falcon tube using a
1000 pL pipette tip to help with the detachment. Next, a wash with 1 mL of cold PBS was
performed by spinning in the centrifuge at 160 g force for 8 min, followed with
resuspension in the 100 yL remaining of cold PBS in the falcon tube after removing the
1 mL used to wash. Fixing and permeabilization of the cells were done by adding 1 mL
of 80% ethanol at 4 °C drop by drop while the falcon tube was on the vortex at slow
speed. After, falcons were incubated for 2 h at 4 °C. Tubes were spined at 200 g for 8
min and then washed twice with 1 mL of PBS using the centrifuge for 8 min, resuspending
cells gently with a pipette every time. At the end, cells were resuspended again in 100
ML PBS and then stained through resuspension in 200 uL of Pl staining solution,
consisting of 25 pg/mL of Pl and 50 ug/mL RNase A. Pl was kept in stock at 2 mg/mL
and RNase A at 5 mg/mL. After incubating the cells for 20 minutes at 37 °C and adding
300 pL of PBS, the samples were ready for running. The red intensity (excitation: 488
nm and emission: 661/16 nm) of each individual cell was measured by flow cytometry
using a FACS Flow Cytometer (BD Biosciences) and data was analysed using the
FlowJo_V10 software, following doublet cell discrimination and Pl-stained dead cell
exclusion. Three independent experiments were performed, each including three internal

replicates.
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Results and Discussion

The overexpression of TMBIM4 but not of a non-functional C-terminal mutant of
TMBIM4 lead to an increased ability of cells to survive for long periods (14 days) in
culture with low nutrient concentration. Mass spectrometry proteomic analysis of the
U20S cell lines overexpressing TMBIM4 was previously performed by our group to
understand which proteins were deregulated when the expression of TMBIM4 was
altered. Proteins with a similar expression pattern in Neo and TMBIM4 CtMut
overexpression but different from TMBIM4 overexpression were analysed. This included
Cystathionine beta-synthase (CBS) and Cystathionine gamma-lyase (CTH), synthetized
by genes cbs and cth respectively and a series of cellular-redox status-related proteins.
These two proteins (CBS and CTH) are related to de novo cysteine production (H. F.
Zhang et al., 2022; Zhu et al., 2019) within the cell. Since TMBIM4 has been previously
described to induce the accumulation of H,O», the intracellular levels of this molecule
were manipulated artificially to determine if this was relevant for the observed TMBIM4-

dependent increase in cell survival.

Analysis after the first four days showed that the viability of all the cells form all
three cell lines was maintained. However, after 14 days of starvation conditions, only
TMBIM4 overexpression cell line remained with a cell viability close to 100% (unpublish
data) (Figure 21, PBS condition). Figure 21 shows that TMBIM4 overexpression cell line
endured starvation culture conditions better than the rest, surviving for longer periods of
time, meaning that increased TMBIM4 expression protects OS cells. The phenotype was
identified as cell death after 14 days under starvation conditions. To check if this
TMBIM4-dependent phenotype is dependent on the ability of TMBIM4 to increase H20:
cell concentrations, these were altered by addition of catalase or H,O; as described
before, since overexpression of TMBIM4 leads to an increase of H,O-inside the cell. The
results can be seen in figure 21, and they suggest that the increase or reduction in H,O»
concentration did not make cells more or less resistant to cell death after long periods in
culture. Simultaneously, CAT, an enzyme that degrades H.0,, was tested and, once
again, no changes were observed in the phenotype as cell and nucleus morphology
remained unchanged by treatment with both H>O, and CAT (figure 21). This way, it is
suggested that H,O, does not play an important role in this phenotype. Figure 21 also
shows a minor increase in toxicity, as can be seen by the slight greater cell death. Results
regarding flow cytometry analysis of sub-G1 cell cycle phase are currently being

analysed by our group as well as more tests are being carried out.
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PBS CAT 400U/ml H,0, 1uM  H,0, 10 pM

b2

TMBIM4  neo

TMBIM4
CtMut

Figure 21 — Fluorescence and phase contract images showing U20S cell line with fluorescent marker DAPI
staining the nucleus in blue and the cell morphology in the various conditions of the assay. Cells were kept
in culture for 14 days without media changes in the presence of the indicated compounds. Scale bar of 200
um. Representative image of 3 experiments, where results remained the same across experiments.
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Conclusion

Non-published bioinformatic data from our group states that the higher the
stage of the glioma tumour, the greater TMBIM4 expression in those tumours. Regarding
this statement it was of interest to observe that when this protein is highly expressed,
there is an impact on the cancer patient survival, suggesting that it is important for glioma
progression (TCGA data). The protocols and results obtained during this project will allow
the further exploration of the impact of the overexpression of TMBIM4 on several glioma
cell biology processes that are relevant for cancer progression and the dissection of the
role of TMBIM4 in those processes. The data obtained will allow to evaluate the impact
of TMBIM4 on the TMZ resistance of GB cells. The next step in this work will be to closely
mimic the current treatment protocol in a 3D biology cell culture model, including RT and
CT therapy, to assess if TMBIM4 silencing has the same effects in the closest to reality
in vitro model available. This assay is currently being performed by our group in

collaboration with another group.

With the silencing of TMBIM4 there was a reduction in motility (migration and
invasion) of glioma cancer cells; ideally, we will investigate if with the overexpression of
this protein, the opposite effect occurs, that is, if there is an increase in motility the higher
the expression. Regarding the importance of TMBIM4 for osteosarcoma, the findings
conveyed in this work support that H>O3 is not the reason behind the observed TMBIM4
overexpression-dependent increase in cell survival under starvation conditions. Future
experiments are planned to explore the role of de novo cysteine synthesis in the TMBIM-
dependent phenotype. The production of cysteine through the transsulfuration pathway
is essential for the progression of several cancers as it may provide several elements
essential for cellular proliferation and survival (Boniféacio et al., 2021; Ruiz-Rodado et al.,
2022). This is relevant as cancer cells counteract the increase of ROS such as H20>
through antioxidant protection, and cysteine takes on a very important role in this redox
stability, so much so that studies have showed that compromising the equilibrium of the
transsulfuration pathway seems to reduce tumour growth in vivo, becoming a hopeful

strategy to induce death in tumour cells (Daher et al., 2020; Zhu et al., 2019).

Other TMBIM proteins have also showed impact on cancer progression. For
example, TMBIM®6, similarly to TMBIM4, was found to be frequently overexpressed in
many different cancers and its knockdown further diminishes tumour development (Kim
et al., 2020). The tumours with high levels of TMBIM6 had a worse prognosis regardless
of the type of cancer. This protein was also associated with promotion of the metastasis

process through motility of cells and their invasiveness, and regulates glucose

49
Universidade Luso6fona — Escola de Ciéncias e Tecnologias da Salde



Marta Sofia Vilhena Serrano — Role of TMIBIM4 on Cancer Cell Survival and Proliferation

metabolism by opposition to TMBIM4, which is related to Ca?* metabolism (Kim et al.,
2020). Specifically in GBM, TMBIML1 is another protein found to be overexpressed (Cai
et al., 2022). Studies done on U87 and U251 cells indicate that this protein decreases
apoptosis and stimulates resistance to TMZ (Cai et al.,, 2022). TMBIM1 expression
reduction reduces cells viability which is not the case for TMBIM4. The same study
showed that a TMBIM1 knockdown group had a significant increase in survival time in
an in vivo experiment done on mice (Cai et al., 2022). This way, the results present in
literature combined with our data further establish the potential and role of the TMBIM

protein family in future cancer therapy.

The hypotheses here presented are currently being explored and further
investigated by our group to better understand the impact of TMBIM4 expression
dysregulation in the context of cancer progression-associated cellular processes. This is
relevant in cancers with high mortality rates such as glioma and OS, with the goal of
contributing to the development of alternative therapeutical approaches by making

tumours more susceptible to therapy or by defining new markers for prognosis.
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