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Abstract 

 

Glioblastoma (GBM) is the most lethal and common form of brain tumor. 

Currently, the standard treatment comprises surgery, radiotherapy, and 

chemotherapy with temozolomide (TMZ). However, its prognosis is very deficient 

due to acquired resistance to therapy and frequent tumor recurrence. Despite 

research advances, GBM remains largely incurable, with an average survival 

expectation of 15 months. To improve patients’ response to treatment there is an 

urgent need for new therapeutic strategies. 

Tribbles family members (TRIB1, TRIB2, and TRIB3) are pseudokinases 

known to regulate essential processes such as cell survival and proliferation by 

modulating signaling pathways. The upregulation of Tribbles has been correlated 

with a poor prognosis in different types of cancer, such as colorectal and breast 

cancer, although little is known about their role in GBM. 

Previous studies have linked high levels of Tribbles with the progression 

of different tumors. Preliminary data from our laboratory identified the correlation 

of high mRNA levels in GBM, resulting in a worse prognosis. Thus, we 

hypothesized that Tribbles proteins have a tumorigenic role in GBM. Our project 

focused on generating cell-based tools that allowed the modulation of Tribbles 

protein levels on GBM cells. 

Our results showed that we successfully generated knock-out (KO) GBM 

lines for TRIB2 and TRIB3. Assays with the generated KO lines demonstrated 

that inhibition of TRIB3 resulted in decreased proliferation and cell viability in 

GBM cells. Furthermore, the reduction of TRIB2 levels caused arrest in the 

mTOR signaling pathway. In general, our results lead to the understanding that 

Tribbles proteins contribute to the tumorigenesis of GBM cells. 

 

Keywords: cancer; glioblastoma; temozolomide; Tribbles; TRIB2; TRIB3. 
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Resumo 

 

Os gliomas têm como origem as células da glia e são o tipo mais comum 

de cancro do cérebro. Segundo a Organização Mundial da Saúde, gliomas 

podem ser classificados em quatro graus de acordo com sua malignidade. Os 

gliomas de grau IV são também denominados de glioblastoma (GBM), sendo o 

tipo mais letal. Pacientes com GBM apresentam uma expectativa de vida de 

aproximadamente 15 meses, sendo que apenas entre 0,5 e 4,7% dos pacientes 

sobrevive após 5 anos de diagnóstico. A letalidade deste tipo de tumor pode ser 

em grande parte explicada devido a sua complexidade. De um ponto de vista 

molecular, três vias de sinalização encontram-se frequentemente alteradas 

neste tipo de tumor: via PI3K/AKT, via RB e via P53. 

Atualmente, o tratamento padrão para pacientes de GBM compreende 

cirurgia, radioterapia e quimioterapia com temozolomida (TMZ). No entanto, 

devido à sua alta complexidade, as células de GBM tornam-se invasivas e 

adquirem resistência à terapia. Como consequência, cerca de 90% dos 

pacientes sofre com o reaparecimento tumoral. Nesse sentido, é de extrema 

relevância a descoberta de biomarcadores que nos possibilitem uma melhora no 

prognóstico e a identificação de alvos terapêuticos. Estas descobertas 

permitiriam o desenvolvimento de tratamentos mais eficazes a fim de aumentar 

a sobrevida dos pacientes de GBM. 

Os membros da família Tribbles (TRIB1, TRIB2 e TRIB3) são 

denominados de pseudoquinases por falta de um domínio catalítico que os 

permita fosforilar outras proteínas. As proteínas Tribbles estão envolvidas na 

regulação de processos essenciais (como proliferação, diferenciação e 

metabolismo celular) através da modulação de vias de sinalização, como por 

exemplo PI3K/AKT. Dessa forma, a desregulação dos seus níveis está 

associada a diferentes doenças, entre elas o cancro. Vários estudos 

descreveram a relação entre sobre-expressão de membros da família Tribbles e 

a progressão tumoral. Como exemplo, elevados níveis de expressão de TRIB2 

está relacionado com pior prognóstico em melanoma, cancro do pâncreas, 

cancro do pulmão e leucemias. Em relação à TRIB3, altos níveis desta proteína 
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estão associados à tumorigénese em carcinoma renal, retinoblastoma e cancro 

da bexiga. No entanto, ainda pouco se sabe em respeito a relação entre 

proteínas Tribbles e GBM. 

Análises preliminares de dados da expressão de mRNA em gliomas 

realizadas pelo estudante de doutoramento Bruno Santos indicaram que os 

níveis de mRNA de TRIB1/2/3 estão associados ao grau e à malignidade de 

gliomas. Isto é, GBMs apresentavam altos níveis de Tribbles, bem como um pior 

prognóstico. Em associação, esta mesma categoria apresentava também 

reduzidos níveis de proteínas FOXOs. Levando em consideração esses dados e 

o papel tumorigénico das proteínas Tribbles em outros tipos de cancro, nossa 

hipótese é que os membros de Tribbles contribuem para a progressão tumoral 

de GBM. Portanto, nos propusemos a gerar linhas celulares com níveis de 

expressão de Tribbles modulados a fim de estudar o papel dos membros dessa 

família na biologia do GBM. 

Conseguimos atingir com sucesso nosso objetivo principal de criar 

ferramentas que nos permitiriam estudar o efeito da modulação das proteínas 

Tribbles em GBM. Através da tecnologia CRISPR/Cas9, a partir de linhas 

celulares de GBM, geramos uma linha knock-out (KO) para TRIB3 (U-118 TRIB3 

KO) e uma linha KO para TRIB2 (LN-229 TRIB2 KO).  

Durante este projeto, estudos realizados com a linha U-118 TRIB3 KO 

demonstraram que a inibição de TRIB3 nessas células levou a uma redução na 

viabilidade celular. Ainda, nossos resultados indicam que a redução da 

viabilidade associada ao TRIB3 ocorre devido a diminuição da proliferação 

celular, e não de um aumento de morte celular. Em relação ao status das vias 

de sinalização que poderiam estar a resultar no fenótipo observado, não 

observamos diferenças na regulação da via de sinalização AKT/mTOR e de 

MAPK/ERK após redução de TRIB3. 

Somado a estes dados, também analisamos o comportamento celular 

após 72h de exposição ao tratamento com TMZ. Demonstramos que, apesar das 

células com inibição de TRIB3 não apresentarem aumento à sensibilidade ao 

tratamento com TMZ, devido à diminuição da viabilidade celular causada em 
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níveis basais, pacientes com baixos níveis de TRIB3 poderiam ser mais 

beneficiados à terapêutica com TMZ. 

Em relação as células KO para TRIB2, devido à falta de tempo, não nos 

foi possível realizar estudos para avaliar fenotipicamente o efeito da inibição de 

TRIB2 em células de GBM. No entanto, resultados preliminares da 

caracterização de níveis de proteínas nessas células demonstrou que a redução 

de TRIB2 foi capaz de inibir a via mTOR. Entretanto, ainda é preciso aumentar 

a replicabilidade do experimento e analisar outros parâmetros a fim de podermos 

confirmar um papel tumorigénico de TRIB2 em GBM. 

Em resumo, nossos resultados dão-nos indícios que os membros da 

família de proteínas Tribbles contribuem para a progressão tumoral em GBM. A 

identificação de biomarcadores e alvos farmacológicos no contexto de GBM é de 

extrema importância para o desenvolvimento de estratégias terapêuticas que 

melhorem o prognóstico deste tipo de cancro ainda tão letal. Assim, a geração 

de ferramentas que possam ajudar a possivelmente identificar a família de 

proteínas Tribbles como oncogenes em GBM confere um caráter relevante a este 

projeto. 

 

Palavras-chave: cancro; glioblastoma; temozolomida; Tribbles; TRIB2; 

TRIB3. 
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1. INTRODUCTION 

 

1.1. Cancer 

 

Cancer is the second leading cause of death globally, only behind 

cardiovascular diseases, according to the Institute for Health Metrics and 

Evaluation (IHME)1. The global cancer rate is growing every year due to the aging 

population and the increasing prevalence of cancer risk factors worldwide. The 

International Agency for Research on Cancer (IARC) estimated about 19,2 million 

new cases in 2020 and predicts about 28,8 million new cases by 2040, an 

increase of ≈ 49%2. Not only the incidence but mortality rates are predicted to 

suffer an increase of ≈ 60%, from about 10 million to 16,1 million in the same 

period3. 

The cancer burden continues to grow globally. The scope of the disease 

includes not only massive physical damage but also puts an emotional and 

financial strain on the individual, the family, and the healthcare system. Therefore, 

it is crucial to develop effective strategies that help to overcome this complex 

disease. Improving diagnostic tools for accessible early detection, such as the 

discovery of biomarkers, in association with quality and personalized medicine 

are factors to help obtain an earlier prognosis and improve a patient's life. 

Cancer comprehends a group of diseases characterized by uncontrolled, 

abnormal cell growth. It is a multi-step process by which cells acquire capabilities 

and become “masters of their own destinies”, as Hanahan and Weinberg stated4. 

The process of tumorigenesis is progressive and involves a series of alterations 

and specific characteristics that lead to transforming a normal cell into a cancer 

cell.  

In fact, all cells are susceptible of becoming malignant, but it takes years 

to reach a lethal metastatic stage. Briefly, this multi-step process initiates with a 

sequence of random mutations and epigenetic alterations that accumulate and 

dictate unbalanced cell proliferation5. The uncontrolled cell growth will eventually 

give rise to a small tumor. Sequentially, additional mutation accumulates, giving 
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rise to other characteristics related to the malignant phenotype, such as evading 

apoptosis. The stage in which the tumor has not yet invaded neighboring tissues 

is called carcinoma in situ. The invasion phase begins when the cells acquiring 

the ability to induce angiogenesis, leading to a greater supply of oxygen and 

nutrients. Finally, when the tumor is able to invade neighboring tissues, the 

metastatic phase occurs6. 

Genes involved in signaling pathways that control cell proliferation, cell 

cycle, cell survival and genomic stability are tumor-triggering. The first mutation 

that gives a cell a selective growth advantageous occurs on a gatekeeper gene7. 

Usually, it affects oncogenes or tumor suppressor genes (TSGs)8. During 

carcinogenesis, oncogenes suffer gain of function mutations, being 

overexpressed, whereas TSGs suffer inactivating mutations, losing their function. 

The more a cell proliferates, the more likely it is to mutate. Therefore, those 

cancer cells start accumulating other mutations, which can be categorized as 

driver or passenger mutations. Driver mutations influence the cancer phenotype, 

whereas the passenger ones do not. On average, a solid tumor accumulates 33 

to 66 mutations7. The combination of all mutations turns each cancer singular and 

heterogenous and explains its complexity.  

Following the uncontrolled proliferation, the cells consequently acquire 

other characteristics that contribute to the cancer phenotype, becoming 

transformed cells. Typically, a transformed cell has a clonal growth capacity, is 

independent of surrounding growth stimuli, has adhesion-independent 

proliferation, and loses contact inhibition6. In addition to these transformations, 

cancer cells also accumulate other characteristics. These characteristics have 

been described as the Hallmarks of Cancer4. 

One of the hallmarks is that tumor cells have sustaining proliferative 

signaling. The secretion of growth factors that activates the cell cycle, the 

overexpression (or mutated active form) of receptors of those growth factors, or 

alterations that affect proteins involved in the cell cycle are changes that lead to 

the sustained proliferation of the cancer cells9. Not only tumor cells have 

increased signals to grow, they also can evade growth suppressors, such as loss 

of function of TSGs10, resulting in uncontrolled growth. 
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Typically, normal cells suffer a programed cell death under specific 

reasons, such as DNA damage and apoptosis-inducing stresses11. However, this 

process is limited in cancer due to mutations in stress sensors or effectors of 

apoptosis or autophagy12. Therefore, cancer cells can also resist cell death. Other 

characteristic of cancer cells is their replicative immortality. Normal cells have a 

finite ability to divide due to the lack of activity of the enzyme telomerase, causing 

telomere shortening. However, cancer cells can bypass this obstacle by 

activating this enzyme responsible for adding repeated segments to the 

telomere13.  

Moreover, due to uncontrolled growth, tumor cores often have low oxygen 

and nutrient supply. To overcome this, cancer cells rewire signaling pathways 

that induce processes like angiogenesis14. Therefore, cancer cells can create 

newly formed vessels that allow reoxygenation of tumors and nutrient availability. 

In addition, to sustain uncontrolled growth, cancer cells also shift their energy 

metabolism. By deregulating cellular energetics, tumor cells can degrade glucose 

through glycolysis, even in the presence of oxygen15. 

Tumor cells also present alterations in structural proteins that transform 

the interactions between the cells' extra-cellular matrix (ECM), leading to an 

epithelial-mesenchymal transition (EMT). These modifications help their 

migratory and invasive phenotype and activate invasion and metastasis16. 

Moreover, tumors are also infiltrated with immune system cells that promote 

inflammation and release proinflammatory agents that end up helping the tumor 

progression17. Normally, the immune system is involved in inhibiting the formation 

of many tumors in the body. Therefore, cancer cells must be able to avoid 

immune system destruction for cancer to develop18. 

The acquisition of the characteristics necessary for tumor formation is 

partly due to genome instability and mutation. This susceptibility of cancer cells 

can occur by defects in the DNA repair machinery or increased levels of 

molecules that promote DNA damage19. 

All these capabilities mentioned have been validated to be part of the core 

set of the Hallmarks of Cancer4. In 2022, Hanahan proposed to incorporate two 

more emerging hallmarks (unlock phenotypic plasticity and senescent cells) and 
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two enabling characteristics (nonmutational epigenetic reprogramming and 

polymorphic microbiomes)20 (Figure 1.1).  

 

1.2. Gliomas 

 

Gliomas are solid tumors that originate from the glial cells and account for 

the majority of malignant brain tumors21. Brain tumors, although relatively rare, 

have high mortality and low survival rate22. For comparison, breast and prostate 

cancer presented respectively about 7.3 and 4.6 times more prevalence than 

brain cancer in the year 202023. In short, this can be explained in part by the 

reduced cell proliferation in central nervous system (CNS) cells, which decreases 

the likelihood of mutation occurring. In addition, the presence of the blood-brain 

barrier (BBB) also plays a role in reducing the prevalence of brain cancers by 

Figure 1.1 - Hallmarks of cancer. 

This diagram shows the 10 hallmarks (in black) of cancer consolidated and described by 
Hanahan and Weinberg. In blue, two emerging hallmarks and in green, two enabling 
characteristics proposed for Hanahan in 2020. Adapted from Hanahan, 2020. 
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limiting the entry of toxic substances and potentially carcinogenic agents into the 

brain24,25. These aspects also present an obstacle to the treatment of brain 

tumors as the BBB limits the entry of therapeutic agents into the brain, making it 

difficult for drugs to effectively target and treat cancer cells26.  

It is estimated that more than 251.000 people worldwide died from brain 

cancer in 2020. In Europe, the IACR estimated 67.114 new cases and 53.680 

cases of death caused by brain tumors in the same period, reflecting a mortality 

rate of ≈ 80%23. Globally, the mortality rate is expected to increase to 85% by 

20403. 

Although a new classification for brain tumors was published in 202127, the 

most used classification is the one from 201628. Gliomas are classified according 

to their morphologic and molecular features. From histologic criteria, gliomas can 

be originated from astrocytes, oligodendrocytes, or have a mixed origin. The 

World Health Organization (WHO) incorporated molecular analysis and classifies 

gliomas from grades I to IV according to their increasing level of malignancy. 

Grade I are non-invasive tumors. Grades II to IV are diffuse infiltrating gliomas. 

Grade IV glioma is also known as glioblastoma (GBM), and it is the most 

aggressive and lethal kind of glioma, also being the most common type29. GBM 

displays similarity to different glial lineages, so the cellular origin is not yet 

clear30,31. 

 

1.3. Glioblastoma 

 

GBM is the most frequent and aggressive kind of glioma, representing 

about 45% of all gliomas. Compared to all malignant brain and other CNS tumors, 

GBM also ranks as the most common, comprising nearly 50% of the cases32 

(Figure 1.2). Despite being the most common type of brain tumor, its incidence is 

considered rare, at 3,2 / 100.000 people per year32. In addition to that, GBM has 

the worst glioma prognosis, with a median overall survival (OS) of approximately 

15 months33 and only 0.05% to 4.7% of patients surviving five years past 

diagnosis34, making GBM a lethal disease. 
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GBMs can be distinguished from low-grade gliomas by having some 

striking features. This type of grade IV tumor expresses necrosis and 

microvascular proliferation. However, its hallmark is rapid cell proliferation with 

high infiltrating capacity. As a result, GBMs display intrinsic heterogeneity, 

reflected in the presence of different cells of varying morphology35. The presence 

of stem-like cells also contributes to cellular heterogeneity in this type of tumor36. 

These stem-like cells are capable of self-renewal and tumor initiation and will be 

discussed later. All these characteristics involved in GBM pathogenesis and 

progression are in accordance with the Hallmarks of Cancer proposed by 

Hanahan20 already described in the text and are schematized in Figure 1.3.  
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Figure 1.2 - Distribution of brain and other CNS tumors by histology type. 

Data from the Central Brain Tumor Registry of the United States showed that 
Glioblastoma accounts for almost half of the cases (48.6%) of malignant tumors patients. 
Data from 2013 to 2017. Figure adapted from Ostrom et al., 2021. 
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1.3.1. GBM cell biology 

 

From a molecular perspective, in the past year, patients with GBM have 

been detected with numerous genetic and epigenetic alterations, reflecting the 

complexity of this kind of tumor37. Three core pathways have been recurrently 

documented as altered in a study made by The Cancer Genome Atlas (TCGA) 

Research Network: (i) receptor tyrosine kinase (RTK) signaling in 88% of the 

cases; (ii) retinoblastoma (RB) pathway in 77% of the cases; and (iii) protein 53 

(P53) pathway, in 87% of cases38. These signaling pathways are involved in the 

cell proliferation process10,39. Changes in the components of these pathways can 

lead to a hyperactivated state. It culminates in contributing to the maintenance of 

cell proliferation and subsequent tumor progression. 

 

Figure 1.3 - Schema of the GBM pathogenesis and its progression. 

GBMs are characterized by a rapid cell proliferation with great invasion capacity. In 
addition to that, this type of tumor expresses microvascular progression by promoting 
angiogenesis and stem-like cells with self-renewing capacity. Despite treatment with 
surgery followed by radiotherapy and chemotherapy with temozolomide (TMZ), about 
95% of patients suffer from recurrence partially due to invasive cells and intense 
intratumoral variability. On average, the life expectancy of people diagnosed with GBM 
is 15 months. Figure created with BioRender.com. 
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1.3.1.1. RAS and PI3K/AKT pathways 

 

In normal cells, RTK signaling regulates cellular processes such as 

growth, survival, differentiation, and migration through the activation of mitogen-

activated protein kinase (RAS/MAPK) and phosphatidylinositol 3-kinase 

(PI3K/AKT) pathways39,40. Growth factors bind to RTK and cause its dimerization, 

promoting a cross-phosphorylation that activates the receptor. This activation 

triggers a signaling by the phosphorylation of intracellular proteins. 

In the case of the RTK/RAS pathway, RTK recruits GRB adaptor protein 

that in turn binds to SOS, a guanine nucleotide exchange factor (GEF) protein 

that can activate RAS by promoting the binding of Ras to GTP. RAS-GTP 

activates a phosphorylation cascade of the mitogen-activated protein kinase 

(MAPk) module, a cascade of three serine/threonine kinases – RAF, MEK1/2, 

and ERK1/2. The phosphorylation of ERK1/2 results in the activation of many 

downstream targets involved in the regulation of cell proliferation, such as Cyclin 

D complexes with Cdk4/639 (Figure 1.4). 
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On the other hand, RTK dimerization can also activate PI3K, a lipid kinase 

that catalyzes the phosphorylation of phosphatidylinositol 3,4-bisphosphate 

(PIP2) to phosphatidylinositol 3,4,5-triphosphate (PIP3). The tumor suppressor 

phosphatase and tensin homolog deleted on chromosome 10 (PTEN) 

antagonizes the PI3K/AKT pathway by reconverting PIP3 back to PIP2
41 (Figure 

1.4). 

Figure 1.4 - Representation of the RAS/MAPK and PI3K/AKT signaling pathways 
activated by RTK. 

Schematic representation of RTK activation and the resultant downstream signaling. 
Black arrows indicate activation whereas red arrows indicate inhibition. Described in 
detail in the introduction. Overactivation of these pathways can lead to an oncogenic 
phenotype. Figure created with BioRender.com. 
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PDK1 and AKT contain pleckstrin homology domains that bind to PIP3 

promoting AKT phosphorylation. The activation of AKT has several downstream 

effects that result in anti-apoptotic or pro-cell proliferation events42. 

AKT directly phosphorylates the forkhead box O (FOXO) family proteins. 

FOXOs are a family of transcription factors composed of FOXO1, FOXO3, 

FOXO4, and FOXO6. In the absence of growth factors, FOXOs translocate into 

the nucleus and can promote the transcription of several genes related to cell 

death, cell cycle, autophagy, and metabolism. When phosphorylated, FOXO1, 

FOXO3, and FOXO4 are retained in the cytoplasm, inhibiting their transcriptional 

activities43. 

One of the key effectors downstream of AKT is the mammalian target of 

rapamycin (mTOR). mTOR forms two complexes characterized by different 

binding proteins, mTOR complex 1 (mTOR1) and mTOR complex 2 (mTOR2). 

The phosphorylation of tuberous sclerosis complex (TSC) by AKT releases RHEB 

protein that, in turn, leads to the activation of mTOR. Activated mTORC1 can 

phosphorylate p70-S6K, leading to protein translation and cell growth40. 

In GBM, frequent genetic alterations were found in these major signaling 

pathways. RTK, such as epidermal growth factor receptor (EGFR) and platelet-

derived growth factor receptor (PDGFR), are commonly activated due to gene 

amplification or mutation44,45. These alterations in RTK converge in the 

stimulation of downstream signaling pathways RAS/MAPK and PI3K/AKT. Other 

mutations on these proteins also contribute to the over-activating of these 

pathways. For example, loss of function of the PTEN protein and AKT 

amplification are also common in GBM38,46. These alterations can lead to an 

oncogenic phenotype by activating invasion and uncontrolled proliferation. 

Studies have demonstrated that the activation of both AKT and RAS in neural 

progenitors induced GBM formation in the murine model47. Also, the activation of 

the AKT pathway resulted in the progression from an anaplastic astrocytoma to 

GBM48. Moreover, inhibition of the PI3K/AKT pathway has been shown to inhibit 

the growth of GBM cells49 (Figure 1.6, A). 
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1.3.1.2. P53 pathway 

 

The P53 is a transcription factor induced in response to DNA damage, for 

example, and regulates a set of genes that leads either to cell cycle arrest or 

apoptosis. P53-target genes include CDK inhibitor P21 and MDM2, which in turn 

are negative regulators of P53. MDM2 binds to P53, inhibiting its transcription 

and catalysis of its ubiquitination for further degradation. P53 and MDM2 have an 

autoregulatory feedback loop in normal cells that regulates both activities50 

(Figure 1.5). 

 

Figure 1.5 - Representation of P53 and RB pathways. 

Schematic representation of P53 pathway and downstream signaling affecting RB 
pathway. DNA damage results in P53 phosphorylation. Consequently, a complex of 
CDK-Cyclin is inhibited and cannot phosphorylate RB. In turn, RB inhibits the 
transcription of genes necessary for the S phase. Therefore, the cell cycle stops. 
Described in detail in the introduction. Figure created with BioRender.com. 
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Inactivating mutations of P53 and amplifications of MDM2 are alterations 

frequently found in GBM cells38 (Figure 1.6, B). As a result, the P53 pathway is 

disrupted and can no longer control the cell cycle. Wang et al. described that 

transfection of P53 and P21 in GBM cells resulted in reduction of tumor cell 

growth and in vitro colony formation51. Moreover, a study comparing GBM cell 

lines differing in P53 and PTEN status showed that the cell lines mutated in both 

P53 and PTEN resulted in the highest invasion rates52. These studies 

demonstrate the capacity of tumor suppressors of regulating GBM growth.  

 

1.3.1.3. RB pathway  

 

In normal cells, RB can restrict cell proliferation by suppressing gene 

expression through inhibition of E2F, a transcription factor that can induce the 

cell to enter the S-phase. However, phosphorylation of RB by a complex of cyclin-

dependent kinases (CDK) 4/6/2 and Cyclin D can inactivate RB, releasing E2F to 

be activated53. Therefore, the deregulation of this pathway leads to sustained of 

proliferative signaling (Figure 1.5). 

RB acts as a tumor suppressor gene and is commonly mutated in GBM 

cells, inactivating its function54 (Figure 1.6, C). In addition, a negative regulator of 

this pathway, cyclin-dependent kinase inhibitor 2A (CDKN2A), is also found to be 

mutated in GBM cells. CDK2A competes with cyclin for CDK binding, preventing 

RB phosphorylation38. A study showed an association between low CDKN2A 

expression and high-grade gliomas in patients’ samples55. Furthermore, 

overexpression of CDKN2A was able to inhibit the colony-forming activity in GBM 

cells55. 
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1.3.2. GBM classification 

 

Depending on the presence or not of a precursor lesion, this tumor can be 

classified into two subtypes. Primary GBM arises de novo, without previous 

lesions, and comprehends most of GMB (≈ 90%). Secondary GBM develops 

through the progression from a prior lower-grade glioma, such as a diffuse 

astrocytoma56. 

Figure 1.6 - Frequent genetic alterations in three critical signaling pathways of 
GBM. 

(A) RTK/RAS/PI3K pathway; (B) p53 pathway; (C) RB pathway. The type of mutation 
and the frequency is indicated in each case. Blue indicates activating alterations, with 
darker shades corresponding to higher percentages. Red indicates inactivating 
alterations, with frequently altered genes showing deeper shades of red. Adapted from 
McLendon et at., 2008. Figure created with BioRender. 

B 

A 

C 



14 
 

These two subtypes normally also differ in the status of isocitrate 

dehydrogenase (IDH) mutation. IDH is an enzyme that acts in the citric acid cycle 

and can be found in three isoforms: IDH1, IDH2, and IDH3. IDH1 is an enzyme 

that catalyzes the oxidative decarboxylation of isocitrate to α-ketoglutarate (α-

KG) with the release of nicotinamide adenine dinucleotide phosphate (NADPH)57. 

NAPDH, in turn, is also a cofactor in the synthesis of glutathione (GSH), an 

abundant intracellular antioxidant. Thus, GSH is related to mechanisms of 

detoxification and protection of cells against reactive oxygen species (ROS)58. 

Mutations in IDH1 were found in most cases (78%) of secondary GBM 

patients59. Moreover, patients with mutated IDH1 showed better OS compared to 

patients with the wild-type (WT) form60. The most frequent IDH1 mutation in 

gliomas results in the loss of the enzyme's catalytic activity by substituting 

arginine, crucial for the recognition of isocitrate, into histidine in position 132 

(R132H)61. Studies have shown that overexpression of mutated IDH1 R132H in 

GBM cells led to decreased GSH levels and increased intracellular ROS levels. 

As a result, the accumulation of ROS induced apoptosis and inhibition of cell 

proliferation62. These findings of the mutated IDH form as a protective factor 

contribute to a better understanding of the association between its occurrence 

and a favorable prognosis. 

On the other hand, primary GBM typically presents the wild-type (WT) form 

of IDH, which is correlated with the worst outcome. In this way, IDH status has 

become a molecular marker for GBM and its aggressiveness63. However, Jiao et 

al. described a group of patients with mutated IDH in different grades of gliomas 

with a poor prognosis64. Therefore, it is essential to discover other biomarkers or 

molecular signatures that may provide a better prognostic. 

GBMs with mutations in IDH1 are also associated with mutation in the a-

thalassemia/mental-retardation-syndrome-X-linked (ATRX) gene65. ATRX 

encodes a protein involved in chromatin remodeling66. Mutations in this gene are 

related to the maintenance of telomere length by non-telomerase mechanisms 

and affect epigenetic regulatory functions67. ATRX appears mutated in about 57% 

of cases of secondary GBM68. 
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Furthermore, a study revealed that 74% of GBM IDH1-WT patients had 

mutations in the Telomerase Reverse Transcriptase (TERT) gene69. The TERT 

gene encodes the enzyme telomerase. As previously mentioned, this enzyme is 

responsible for preventing telomere shortening by adding sequences to the 

chromosomal ends13. Mutations in the TERT gene promoter increase telomerase 

activity that aids in telomere lengthening and are associated with poor prognosis 

in GBM patients69, 

The frequency of other mutations and the genomic profile also differentiate 

primary from secondary GBM. In this way, primary GBM frequently presents 

EGFR amplifications, CDKN2A and RB deletions, loss of chromosome 10, and 

PTEN mutations. On the other hand, the secondary GBM most found alterations 

are P53 mutation, hypermethylation of RB promoter, and PDGFR 

overexpression70. These alterations are summarized in Figure 1.7. 

 

 

Figure 1.7 - Common molecular alterations in primary and secondary GBM. 

Description of frequent genetic alterations that leads to primary and secondary GBM 
progression. Loss of chromosome 10 is frequent in both primary and secondary GBM, 
whereas P53 mutations are more frequent in the pathway leading to secondary GBM. 
Adapted from Ohgaki et al., 2004. Created with BioRender.com. 
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Primary and secondary GBM also differ in the average age of patients at 

diagnosis. Usually, primary GBM is diagnosed in patients over 60 years old, 

whereas secondary GBM is more common in patients over 45 years old71. 

Although GBM is diagnosed at an average age of 64 years, this type of tumor can 

occur at any age, including childhood. However, pediatric GBM is considered a 

rare disease72. In terms of gender, primary GBMs develop more frequently in men 

and secondary GBMs in female patients70.  

In 2010, Vernaak et al. described a new molecular classification for GBM 

based on gene expression studies. Integrated genomic analysis has categorized 

primary and secondary GBM into four subtypes: Pro-neural, Neural, Classical, 

and Mesenchymal. These subtypes were characterized by patterns of specific 

genetic alterations45. The principal molecular alterations are described in Figure 

1.8. 

 

 

Figure 1.8 - Molecular characteristics of GBM subtypes. 

Molecular characteristics of GBM subtypes. Gene expression levels of 840 genes from 
173 TCGA GBM patients’ samples. In red, genes that are overexpression and in green 
gene that has low expression. From this data analysis, a summary scheme of the main 
molecular alterations found in each subtype. Figure adapted from Verhaak et al., 2010 
and Agnihotri et al., 2013. Created with BioRender.com. 

NEFL: Neurofilament light; SLC12A5: Solute Carrier family 12 member 5; GABRA1: 
Gamma-aminobutyric acid type A receptor alpha1 subunit; SHH: Sonic Hedgehog; NF1: 
Neurofibromin 1. 
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Several studies based on the genetic alterations present in GBM 

progression resulted in the definition of molecular profiles that categorize this type 

of cancer. These classifications allowed us to better understand GBM biology and 

may contribute to reducing intratumoral heterogeneity. The advances in the 

characterization of GBM subtypes present prognostic and predictive potential. 

However, biopsy or surgical resection is necessary to perform the genomic 

analysis that determines a patient’s tumor subtype. Due to the invasive nature of 

these approaches and the associated risks, in addition to the enormous genetic 

alterations to be tested, this method is not commonly used with GBM patients. 

Therefore, it is not yet possible to stratify GBM patients in a way that would allow 

offering personalized therapies according to their molecular alterations. 

 

1.3.3. Risk factors for GBM development 

 

So far, the research carried out to find associations between 

environmental and occupational exposures with the development of GBM is still 

inconclusive. Cigarette smoking, for example, is statistically proven to have a high 

carcinogenic effect on the lungs, esophagus, and oral cavity73. However, 

regarding the nervous system and the development of GBM, no significant 

association was found74. 

It is noteworthy that cigarette consumption is a source of exposure to 

components such as nitrosamines. In addition to cigarettes, nitrosamine can also 

be derived from eating processed meats. Studies have shown that the intake of 

these components may increase the risk of developing gliomas75. Nevertheless, 

other studies diverge from these results and demonstrate that processed meat 

does not increase adult glioma risk76. 

One risk factor that does seem to have an impact on the development of 

brain tumors is ionizing radiation77,78. Exposure to ionizing radiation can damage 

genetic material directly and cause the formation of free radicals. As a result, 

there is an increase in the occurrence of mutations in DNA79. 
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Regarding the effects of electromagnetic radiation, such as waves emitted 

by microwave ovens and cell phones, the results are still controversial80,81. Due 

to the relatively short period of massive use of smartphones and inconclusive 

results, more research is still needed to verify whether there is an increased risk 

of GBM associated with the use of these devices. 

 

1.3.4. GBM diagnosis  

 

Clinical description of new GBM patients can vary depending on the size 

and location of the tumor and the anatomic brain structures involved. GBM most 

often develops in the supratentorial and rarely in the infratentorial area. The most 

frequent region for GBM development is in the frontal lobe (42%)68,82 (Figure 1.9). 

However, the patients often present symptoms such as headaches, seizures, and 

neurological deficits due to increased intracranial pressure83.  

 

Figure 1.9 - Schema of human brain anatomy. 

Divisions of the human brain. The supratentorial area is represented in color 
(comprehends frontal, parietal, occipital, and temporal lobes). The infratentorial area is 
represented in grey and is composed of the cerebellum and brainstem. The most 
frequent location of GBM development is in the frontal lobe (blue). Figure created with 
BioRender.com. 
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Upon presentation with neurological symptoms, initial diagnostic for GBM 

includes computed tomography (CT) or magnetic resonance imaging (MRI) scan. 

Morphological and anatomic aspects and parameters such as the presence of 

cellularity, necrosis, and edema surrounding the tumor are evaluated to 

differentiate GBM from low-grade tumors84. In addition, histopathological analysis 

from biopsy allows the confirmation of the GBM diagnostic. 

 

1.3.5. GBM treatment 

 

A multiple-modality approach is required for the treatment of newly 

diagnosed GBM. The first phase of the treatment requires surgical resection of 

the tumor. Studies showed that the surgery helps to relieve the intracranial 

pressure in the brain and also prolongs the OS rate85. However, an extensive 

resection is usually incomplete due to the infiltrating nature of the tumor. 

Therefore, primary tumor mass cannot be entirely removed by radical resection, 

and the application of complementary treatment to eliminate the remaining cells 

is required to avoid later disease progression or recurrence of the tumor33. 

The standard concurrent treatment after surgery includes the 

administration of radiation therapy (RT) and chemotherapy with temozolomide. 

Studies showed that the surgical resection associated with only RT results in 

median survival of 12.1 months86. However, adjuvant therapy of RT in association 

with TMZ after surgery extended the median survival to 14.6 months, resulting in 

a benefit of 2.5 months86. 

Normally, during the concomitant phase with radiotherapy, TMZ is 

administered daily for 42 days at a dosage of 75 mg/m2. After a 1-month rest 

period, adjuvant treatment with TMZ is administered for 6 months. Initially, a dose 

of 150 mg/m2 is given daily for five days followed by 23 days without treatment 

(totaling a cycle of 28 days). For the remaining 5 months, if supported by the 

patient, the dose is increased to 200 mg/m2 86. 

TMZ is a small lipophilic molecule that can cross the BBB and function as 

a DNA alkylating agent. When absorbed, it undergoes hydrolysis at physiological 



20 
 

pH to form the active metabolite 5-(3-Methyl-1-triazine)imidazole-4-carboxamide 

(MTIC)87. As a result, MTIC can further methylate purine residues in the DNA. In 

turn, the methylation causes breaks in the DNA double-strand, which inhibits the 

cell cycle at the G2/M phase and eventually induces cell apoptosis87.  

The primary cytotoxic target of TMZ is O6-methylguanine. The 

effectiveness of TMZ action depends on the expression of the enzyme 

O6‑methylguanine transferase (MGMT), a DNA repair protein that catalyzes the 

removal of methyl groups from the O6 position of guanine88. Removing the methyl 

group confers resistance for the tumor cells to alkylating agents. In this way, a 

high expression of MGMT produces resistance to the induction of apoptosis 

promoted by TMZ89. However, when MGMT is epigenetically silenced, the 

expression of the enzyme is reduced, which is related to an increased sensitivity 

of GBM cells to the TMZ90. Thus, the methylation of the MGMT promoter 

constitutes a predictive factor of the response to TMZ treatment in GBM91. 

Other factors may be predictive of glioma patient survival. Studies have 

shown that a complete and extensive resection surgery, when possible, has a 

better outcome for patients and a longer progression-free survival (PFS) rate92. 

In addition, the patient's age and the size of the tumor mass are also used as 

prognostic predictors. Less advanced age patients have better survival93. 

Regarding tumor size, those greater than 5 cm are normally associated with 

worse outcomes93. 

Despite the aggressive multimodal treatment that a GBM patient must 

undergo, GBM is still a deadly disease, with a median survival of only about 15 

months94 and less than 5% of patients surviving five years after diagnosis34. 

Furthermore, about 90% of patients experience a recurrence in less than a year95. 

In the past years, new strategies for treating GBM patients are emerging. 

One of the most promising approaches is based on the use of electrical 

fields with alternating polarity, called Tumor Treating Fields (TTF). TTF was 

approved by the U.S. Food and Drug Administration (FDA) in 2011 for the 

treatment of recurrent GBM and in 2015 as treatment in association with TMZ 

after surgery for newly diagnosed supratentorial GBM. This technology delivers 

low-intensity, intermediate-frequency alternating electrical fields to tumor cells 
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and interrupts cell division resulting in apoptosis96. The approval use of TTF for 

specific cases was given after a study with 315 GBM patients showed an 

increased PFS of 7.1 months after TFF plus TMZ treatment against four months 

of PFS in the group treated only with TMZ97. 

Other treatments have also been studied upon the recurrence of GBM, 

besides the TFF approval. For example, in 2009, Bevacizumab (BV) was 

approved for recurrent disease. BV is a monoclonal antibody that targets vascular 

endothelial growth factor (VEGF), a protein important for angiogenesis. Although 

trials showed increased PFS, the OS had no significant effects98, and the 

occurrence of life-threatening side effects such as blood clots and intracranial 

hemorrhage were reported99. 

Clinical trials with agents that affect frequently signaling pathways altered 

in GBM are also being studied including EGFR inhibitors such as erlotinib, 

gefitinib, and dacomitinib100–102. As mentioned earlier, EGFR is a receptor 

tyrosine kinase capable of regulating the RAS/MAPK and PI3K/AKT pathways. 

Although mutations in this receptor are commonly present in GBM progression, 

targeting it has been challenging. Phase I and II clinical trials with these inhibitors 

given as single-agent therapies did not significant improve OS and PFS in GBM 

patients100,101. More studies are still needed involving drug delivery to cross the 

BBB and pre-clinical settings as well103. Improving this knowledge will help to 

target these critical pathways. 

The field of immunotherapy has shown progress in the treatment of GBM, 

especially with the use of tumor vaccines. A phase III clinical trial demonstrated 

favorable results for GBM patients treated with dendritic cell vaccines104. This 

dendritic cell vaccine is loaded with autologous tumor cell lysate and stimulates 

the immune response of the patient, being fully personalized. Trial results showed 

significant improvements in OS in both newly diagnosed and recurrent GBM 

patients104. 
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1.3.6. GBM therapy resistance 

 

As already described, the difficulty of a complete tumor resection may 

cause tumor cell populations to remain around the cavity. The presence of tumor 

cells with stem-like properties in these populations may contribute to therapy 

resistance and tumor recurrence. Advances in GBM genomic studies allowed us 

to reveal the complexity of the cells within the tumor38. Some studies have shown 

that extracellular vesicles (EVs) released from tumor cells can carry prooncogenic 

signals to neighboring cells contributing to maintaining intratumoral 

heterogeneity105. Therefore, this heterogeneous nature of GMB makes it 

extremely challenging to achieve an effective therapeutic target and leads to the 

development of resistance in nontarget clones. 

Several groups demonstrated that brain tumors contain self-renewing 

tumorigenic cells, called cancer stem cells (CSCs)36,106. Moreover, these CSC 

were described as resistant to the standard GBM chemotherapy107, relating their 

role in the disease progression and recurrence. CSC cells isolated from GBM, 

also called glioma stem cells (GSCs), are tumor cells capable of forming 

heterogeneous glial tumors108. These cells can undergo successive symmetric 

and asymmetric divisions, self-renew their population, and generate more 

differentiated progenitors that constitute the majority tumor population109. 

Therefore, CSCs play a critical role in tumor initiation, progression, therapy 

resistance, and ultimately disease recurrence. 

The presence of CSCs in the tumor microenvironment is related to EMT, 

a process that makes the cancer cells more able to migrate and invade110. In 

addition, CSCs play a crucial role in the progression of GBM by suppressing the 

immune system, preventing the immune cells from access to nutrients such as 

glucose and oxygen, and promoting angiogenesis111. As a result, the CSCs are 

more drug-resistant and have increased potential for metastasis112. 

Different propositions rely on the capabilities of CSCs to treatment 

resistance. CSCs are normally found in the G0 phase, a quiescent state. As 

alkylating agents like TMZ target proliferating cells, CSCs become less 

susceptible to this kind of drug113. Moreover, the high expression of ATP-binding 
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cassettes (ABC) helps to expel chemotherapeutic agents from the cell interior. 

Efflux transporters like ABC act as a mechanism for protecting stem cells and 

play a role in tumor cells' multidrug resistance114. High levels of MGMT were also 

found to be expressed in CSCs, collaborating with the TMZ resistance as already 

described115.  

In general, the ability of CSCs to migrate and evade therapeutic 

intervention leads to the persistence of these cells within the tumor and thus 

contributes to the recurrence after treatment. Consequently, CSCs have emerged 

as a promising target for the development of new treatment strategies116. 

A recently published study described a network of rhythmic activity in 

glioblastomas117. Hausmann et al. showed the presence of a small plastic 

population of glioblastoma cells that present rhythmic oscillation of Ca2+ that 

connects them. These periodic oscillations would be able to activate signaling 

pathways such as the MAPK and the NF-kB cascade. Furthermore, the 

pharmacological interference of this rhythmic activity impairs global 

communication, being able to result in reduced cell viability, decrease tumor 

growth in mice, and extended animal survival117. 

In summary, the standard conventional therapy for GBM patients 

includes resection surgery followed by radiotherapy and chemotherapy with 

TMZ. Although many patients’ tumors initially respond to this approach, there 

is currently no efficient therapy for GBM recurrence (that happens in most 

cases), making GBM a lethal disease. In addition, the heterogeneity of GBM 

is a crucial burden for the failure of current therapy. Therefore, it is necessary 

to identify molecular markers that aid in targeting cancer cells that evade 

primary therapy and develop new combinatorial personalized treatments that 

may improve GBM patients’ survival. 
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1.4. Tribbles protein family members 

 

An important regulation of signaling networks occurs through protein 

phosphorylation. Protein kinases, in association with the Ubiquitin system, are 

responsible for post-translation modifications on proteins that result in their 

activation or degradation. As a result, they modulate signaling pathways that 

control most biological processes in eukaryotic cells, such as cell differentiation, 

growth, and death118,119. 

Typically, protein kinases possess a conserved kinase domain fold that 

catalyzes the transference of phosphate from adenosine triphosphate (ATP) to 

target proteins in specific residues (serine, threonine, or tyrosine)120. However, 

about 10% of kinases lack one or more canonical domains required for 

phosphorylation, being called pseudokinases121. Despite losing their catalytic 

activity and therefore not being able to phosphorylate other proteins, 

pseudokinases can still modulate cellular processes through protein-protein 

interactions, acting as allosteric regulators or scaffolding proteins122,123. However, 

several cases described an affinity for ATP binding even with the loss of the 

catalytic domain124. In this way, instead of directly phosphorylating target 

proteins, pseudokinases act as adaptors to regulate and integrate signaling 

pathways important for cellular processes and are often found dysregulated in 

various diseases, including cancer125,126. 

Members of the Tribbles protein family are serine/threonine 

pseudokinases composed of three isoforms, TRIB1, TRIB2, and TRIB3. They are 

named after the homologs of the Drosophila pseudokinase Tribbles (Trbl) and 

indeed share highly conserved domains127. Trbl was first shown as a regulator in 

coordinating mitosis and morphogenesis during Drosophila development, 

inducing the degradation of CDC25 homolog String by promoting proteasome-

mediated degradation128. 

In mammals, this family of pseudokinases is ubiquitously expressed in the 

body, although with different expression patterns, as each isoform expression is 

highly regulated and context-dependent129. Furthermore, the expression of each 

isoform varies according to the developmental phase130. Regarding their cellular 
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location, studies have shown that the Tribbles family can act both in the 

cytoplasm and in the nucleus. However, TRIB1 and TRIB3 are frequently 

detected in the nucleus, whereas TRIB2 is found mainly in the cytoplasm131. A 

recent study from the host lab showed that TRIB2-GFP is expressed in both the 

nucleus and the cytoplasm and inhibition of the CRM1-mediated nuclear export 

by leptomycin B did not affect its subcellular localization. These data suggest that 

TRIB2 is not a substrate of the CRM1 export receptor132. 

 

1.4.1. Tribbles members' protein structure 

 

In mammalian cells, Tribbles family members are three-domain proteins 

characterized by an N-terminal PEST region, an atypical pseudokinase core 

(without the catalytic domain), and a C-terminal tail that binds E3 ligases127 

(Figure 1.10). 

 

Figure 1.10 - Schema of Tribbles' structure. 

Tribbles are three-domain proteins. The N-terminal PEST region mediates degradation 
to control protein turnover. The pseudokinase domain serves as a scaffolding region for 
substrate proteins. The C-terminal contains binding motifs involved in interactions with 
MEKs and ubiquitin E3 ligases. C-terminal is also involved with AKT interaction, which 
promotes phosphorylation of serine 473. Adapted from Eyers et al., 2017 and Mayoral-
Varo et al., 2021. Figure created with BioRender.com. 
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The N-terminal PEST domain characterizes each TRIB variant by distinct 

motifs. This fragment is very high in serine and proline content. The abundance 

of these amino acids is involved with the stability, regulation, and cellular 

localization of the proteins133,134. Some studies have associated the proline-rich 

region with other functions, such as an anchoring site for SH3 or WW domains of 

other proteins135. 

A protein kinase usually has the canonical catalytic domain. This domain 

is, in general, composed of the N-lobe and the C-lobe (Figure 1.11). The N lobe 

is formed by five β chains (where motifs responsible for ATP union are located) 

and one α helix (important for the transition from the active state to the inactive 

state of the kinase). Regarding the C lobe, it is composed of six α helices, where 

the activation loop and the catalytic loop are located. In this activation loop, also 

called loop A, is the DFG motif, responsible for chelating Mg2+ that regulates ATP 

binding136. 

 

Figure 1.11 - Canonical structure of a kinase domain. 

The figure illustrates the structure of a typical protein kinase domain. It is possible to 
observe the different elements that make up the N and C lobes and the ATP binding site 
of the kinase domain. Adapted from Modi and Dunbrack, 2019. 
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Members of the Tribbles family of proteins are known to have an atypical 

pseudokinase domain. This domain differs from a conventional kinase domain in 

the absence of the DFG motif (Asp-Phe-Gly), which chelates the Mg2+ ion 

regulating ATP binding necessary for the catalytic activity137. Due to these 

alterations, TRIB2 and TRIB3 show low affinity to ATP, whereas TRIB1 has no 

affinity127. 

The TRIB C-terminal tail contains two unique sequences: the HPW (F/L) 

and DQXVP (D/E). These sequences are related to protein-protein interactions. 

It was described that the HPW (F/L) sequence is involved in the binding of MEK1 

as well as other MAPKK to Tribbles138,139. On the other hand, the DQXVP (D/E) 

promotes the interaction with ubiquitin E3 ligases, including COP1140. This 

domain is characteristic of Tribbles family members and has not been described 

in other protein kinases127. 

 

1.4.2. Mechanism of action of Tribbles proteins and implication in 

cancer 

 

The characteristic lack of enzyme activity of the Tribbles pseudokinases 

prevents the phosphorylation capacity of these proteins. However, members of 

the Tribbles family retain the ability to interact with signaling proteins. Therefore, 

they can modulate different signaling pathways, such as those involved in cell 

proliferation141, cell differentiation142, metabolism143,144, inflammation145, 

immunity146, stress response147, and drug resistance148.  

Tribbles protein members can act in different ways. They can function as 

protein scaffolds, can lead to protein degradation by binding to ubiquitin ligases 

and further ubiquitylation of substrates149, can stabilize proteins by suppressing 

sumoylation150, and can bind to signaling molecules, such as MEK and AKT, 

affecting signal pathways138. Tribbles proteins could have redundant and non-

overlapping functions130. However, the functional role of each isoform, as their 

expression pattern, depends on the tissue and the cell type in which they are 

expressed. For example, studies described that TRIB2 could promote the 

phosphorylation of AKT and activate the pathway, inducing drug resistance151. 
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Nevertheless, other groups demonstrated that TRIB3 has the opposite effect on 

the AKT axis. By inhibiting AKT phosphorylation in neuronal cells, TRIB3 can 

induce cell death in Parkinson’s disease152. 

Even in the same context, each member of Tribbles has differences in 

functional role and expression levels, as described in acute myeloid leukemia 

(AML). Analysis of expression levels in hematopoietic cells showed that TRIB1 is 

highly expressed in granulocyte/monocyte and B-cell lineages. However, TRIB2 

was significantly increased in T-cells. Regarding TRIB3, high expression levels 

were found in the erythrocyte lineage153. Studies indicate that TRIB1 and TRIB2, 

but not TRIB3, can promote tumor progression of AML through regulation of the 

ERK pathway and degradation of CEBPα, a transcription factor involved in the 

differentiation of myeloid cells154–156. Therefore, TRIB1 and TRIB2 appear to have 

an oncogenic role in AML. 

The upregulation of TRIB3 was associated with the worst outcome for non-

small cell lung cancer (NSCLC) patients by regulation of Notch signaling157. 

Furthermore, in colorectal cancer patients, high expression of TRIB3 was related 

to susceptibly recurrence and poor overall survival158. 

An oncogenic role was also associated with TRIB2 as a promoter of tumor 

progression in liver cancer cells. It was shown that TRIB2 could reduce the 

expression of TCF4 and β-catenin through associated-ubiquitin E3-ligases, 

resulting in negative regulation of the Wnt signaling140. Moreover, high levels of 

TRIB2 favored the survival and proliferation of melanoma cells by activating AKT 

and, consequently, inhibiting FOXO159. Studies showed that the E3 ubiquitin 

ligase COP1 domain of TRIB2 promotes phosphorylation of AKT at serine 473 

and activates the pathway. As a direct target, FOXO3 is phosphorylated by AKT, 

being repressed151.  

On the other hand, TRIB3 was found to be acting as an inhibitor of AKT160. 

Studies demonstrated that TRIB3 loss facilitated hyperphosphorylation of AKT at 

serine 473 by mTORC2. Consequently, it led to FOXO3 repression and 

contributed to enhanced tumorigenic features on TRIB3-deficient cells161. Thus, 

it demonstrates that TRIB3 could have a tumor-suppressing role. Therefore, 
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depending on the cell context and the family member, Tribbles proteins might 

exhibit an oncogenic or tumor suppressive behavior in tumor progression.  

Tribbles’ members could be used as valuable molecular biomarkers for 

prognosis and prediction of response to therapeutic in different kinds of tumors. 

For example, high expression of TRIB2 is correlated with antiapoptotic BCL-2, 

which confers sensitivity to therapy in blood cancer162. Therefore, TRIB2 could 

be used as a predictive biomarker for treatment response in these patients. 

Overexpression of TRIB3 was correlated with the promotion of tumorigenic 

properties, such as cell proliferation and migration, in renal cell carcinoma163. In 

gastric cancer, TRIB3 overexpression is also positively correlated with VEGF-A 

expression and angiogenesis, resulting in a higher incidence of tumor 

recurrence164. 

Studies suggest that high expression of TRIB2 could confer a resistance 

mechanism for tumor cells. The induced phosphorylation of AKT by TRIB2 results 

in activation of the pathway and thus FOXO inhibition. Therefore, the expression 

of FOXO targets, which include genes involved in apoptosis, is also reduced. 

These findings suggest that drugs that induce apoptosis can be attenuated by 

TRIB2151. In this way, TRIB2 could serve as a predictive biomarker in cancer. 

 

1.4.3. TRIB3 

 

Tribbles homolog 3 (TRIB3, also known as NIPK or SIKP3) pseudokinase 

is the most studied member of the Tribbles family. Studies from the past years 

have shown that TRIB3 has multiple effects on critical metabolic processes, 

including glucose and lipid metabolism, inflammation, oxidative stress, apoptosis, 

and proliferation165,166. Indeed, TRIB3 deregulation has been linked to 

pathological conditions, such as metabolic disorders and cancer167. Studies 

suggest that TRIB3 has different metabolic functions and interacts with several 

transcriptional mediators. For example, it has been shown that TRIB3 is a 

negative regulator of AKT168. Indeed, Salazar et al. proposed that TRIB3 interacts 

with AKT and inhibits its phosphorylation on serine 472 by mTORC2 (Figure 1.12, 
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A). Moreover, inhibition of TRIB3 facilitates the AKT hyperphosphorylation by 

mTORC2, thus subsequent inactivation of FOXO3161 (Figure 1.12, B). In this way, 

TRIB3 acts as an inhibitor of the PI3K/AKT/mTOR pathway. Moreover, TRIB3 

has been described to interact with other pathways, such as TGF-β, MAPK, and 

JAG1/NOTCH169,170. 

 

Since TRIB3 can act in several cellular pathways and is involved in 

different cell processes depending on the context, it is essential to study how 

TRIB3 is regulated to understand how its modulation generates different 

responses. The mRNA that codes to TRIB3 is formed by four exons located on 

chromosome 20 (20p13-p12.2), and the translated protein is composed of 358 

amino acids with approximately 45 kDa. TRIB3 expression can be regulated at 

the level of mRNA processing. The 5’ UTR of the gene is an important site of 

regulation for gene expression levels171, and different human TRIB3 mRNA 

B A 

Figure 1.12 - Representation of the proposed interaction of TRIB3 with the AKT 
pathway. 

Proposed role of TRIB3 acting as tumor suppressor in the AKT pathway. (A) In a wild 
type cells, TRIB3 interacts with AKT and disturbs its phosphorylation by mTORC2. (B) 
After inhibiting TRIB3, AKT is hyper-phosphorylated by mTORC2. Sequentially, AKT 
inactivates FOXO by phosphorylating it. Inactivation of FOXO contributes to enhanced 
tumorigenic features of TRIB3-deficient cells. Adapted from Salazar et al., 2014. Figure 
created with BioRender.com. 



31 
 

transcript variants have been reported due to alternative transcription initiation 

and alternative splicing of the first exon172. 

At a protein level, TRIB3 can be regulated by post-translational 

modifications. These modifications could affect the protein stability or modulate 

TRIB3 interactions with other proteins. Studies demonstrated that TRIB3 protein 

could be regulated by acetylation173, methylation174, and phosphorylation175. 

However, the most known post-translational modification that TRIB3 protein can 

suffer is ubiquitination. TRIB3 ubiquitination results in proteasome-mediated 

degradation of TRIB3 and was reported to occur by interaction with different E3-

ubiquitin ligases176,177. 

TRIB3 has been described to be expressed in a range of cells and tissues. 

For example, in mammal cells, TRIB3 is highly expressed in the spleen, heart, 

lung, kidney, prostate, skin, white adipose tissue, liver, small intestine, stomach, 

skeleton muscle, hematopoietic tissues, thymus, and neurons129. By interacting 

with different molecules, TRIB3 can modulate distinct pathways and affect 

several cellular functions. 

 

1.4.3.1. TRIB3 functions and role in cancer 

 

It is estimated that TRIB3 is a regulator of cellular responses to stresses. 

For example, in prostate carcinoma cells, the lack of glucose or amino acids 

results in increased TRIB3 protein levels, acting as a nutrient sensor178. 

Moreover, in a hypoxic environment, a hallmark of solid tumors, TRIB3 is 

overexpressed in multiple human tumors such as colorectal and prostate 

cancer179. Furthermore, it is known that TRIB3 is induced by endoplasmic 

reticulum (ER) stress through ATF4 and CHOP. Indeed, overexpression of both 

ATF4 and CHOP activated TRIB3 promotor activity in HEK293 cells180. In fact, 

Ord et al. described that TRIB3 could act in a negative feedback loop, reducing 

the levels of ATF4 and CHOP172. 

Some other studies also relate the role of TRIB3 to the regulation of cell 

survival processes. Depending on the cellular context involved, TRIB3 has been 
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described as a promoter of apoptosis in chondrocytes181, pancreatic beta cells182, 

neuronal cells183,184, and endometrial cancer cells via inhibition of AKT185 and also 

in human monocyte-derived macrophages186. On the other hand, studies showed 

that TRIB3 enhances cell viability in glucose-deficient conditions in  HEK293 

cells187. Moreover, TRIB3 also acts as an anti-apoptotic factor in erythroid 

progenitor cells starved of erythropoietin188  and contributes to the survival of 

primary cultured mast cells189. In this sense, it is also estimated that TRIB3 plays 

a role in modulating the immune response. 

TRIB3 is also involved in cell cycle regulation. Sakai et al. demonstrated 

that the levels of Cdc25A protein, an activator of cyclin-dependent kinases 

(CDKs), are suppressed by the over-expression of TRIB3, whereas TRIB3 

knockdown enhances endogenous Cdc25A levels190. In fact, the decrease of 

Cdc25 expression by TRIB3 leads to G2 cell cycle arrest128,191. Furthermore, 

TRIB3 can regulate the cell cycle at other levels, such as inhibiting Cyclin B1 

transcription, which also causes cell cycle arrest192. 

TRIB3 is associated with underlying molecular mechanisms of a wide 

variety of cancers and seems to have dual roles, such as acting as an oncogene 

or as a tumor suppressor gene in carcinogenesis193. 

Acting as an oncogene, TRIB3 is associated with a poor prognosis in 

different cancers such as colorectal cancer194, non-small cell lung cancer157, renal 

cell carcinoma163, and oral squamous cell carcinoma (OSCC)195. In this context, 

a few mechanisms have been described. Overexpression of TRIB3 supported 

cell proliferation in vitro by promoting AKT and mTOR phosphorylation and thus 

activating the AKT signaling pathway in OSCC. Conversely, TRIB3 knockdown 

decreased AKT and mTOR phosphorylation195. This mechanism was also 

described by Bao et al. in retinoblastoma cells, where overexpression of TRIB3 

promoted cell proliferation and invasion by AKT and mTOR phosphorylation196. 

In lung cancer cells, it was found that TRIB3 could interact with EGFR and affect 

its stability, thus promoting NSCLC progression197. Other studies in lung cancer 

also showed that TRIB3 could interact and activate β-catenin recruitment, 

resulting in lung cancer progression198. JAG1/Notch is another pathway 

described as being regulated by TRIB3. In fact, Notch 1 was downregulated by 

TRIB3 knockdown in adenocarcinoma cell lines, inhibiting the cell’s malignant 
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behavior157. Finally, TRIB3 was described to interact with and stabilize SMAD3. 

Knockdown of TRIB3 inhibited migration and invasion in vitro in hepatocellular 

carcinoma cells199. 

Wennemers et al. described that TRIB3 mRNA levels are not correlated 

with TRIB3 protein levels in breast cancer134. Curiously, it was found that high 

levels of TRIB3 mRNA were associated with a poor prognosis, while high levels 

of TRIB3 protein were associated with a good prognosis for breast cancer 

patients200. However, TRIB3 mRNA and protein levels were found to be 

correlated in tumor samples from colorectal cancer patients158. 

Nevertheless, TRIB3 has also been described as a suppressor of 

proliferation and invasion in other tumor contexts, such as endometrial cancer185. 

Therefore, TRIB3 could act as a tumor suppressor. In fact, overexpression of 

TRIB3 promoted apoptosis and suppressed the proliferation of endometrial 

cancer cells, in addition to decreasing the levels of matrix metalloproteinase 

(MMP) 2 and 9185. 

 

1.4.4. TRIB2 

 

A taxonomic analysis described Tribbles homolog 2 (TRIB2) as the most 

ancestral member of the Tribbles protein family127. TRIB2 can regulate a wide 

range of signaling pathways and is associated with various cellular processes, 

such as apoptosis, cell proliferation and differentiation, inflammation, and drug 

resistance146,201,202. Therefore, TRIB2 presents diverse roles in healthy and 

pathological processes, such as metabolic diseases, neurological disorders, and 

cancer203. 

Although the structure of TRIB2 is similar to other members of the Tribbles 

family, there are some peculiarities. For example, the N-terminal domain of TRIB2 

is more evolutionarily conserved across different species than the other 

isoforms131. As previously mentioned, the N-terminal domain is rich in serine and 

proline, and that the abundance of these amino acids is related to the stability 

and regulation of Tribbles. Studies have shown that the phosphorylation of serine-
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83 present in this domain by p70S6 kinase is essential for the ubiquitination of 

TRIB2 mediated by Smurf-1133. Phosphorylation and ubiquitination in this region, 

called  TRIB2 degradation domain (TDD), was linked to the stability of the TRIB2 

protein in human liver cells133. 

The catalytic pseudokinase domain also shows a difference. The α-helix 

present in the N-lobe of TRIB2 contains three unusual cysteine residues that are 

not found in TRIB1 or TRIB3204. 

As with the other isoforms, TRIB2 expression is dependent on context and 

cell type. However, it has already been reported that TRIB2 is expressed in the 

heart, lungs, thymus, brain, skin, kidneys, spleen, and T and B lymphocytes129. 

TRIB2 expression can be regulated in different manners. The activation or 

repression of TRIB2 can occur by transcriptional factors and through microRNAs 

(miRNAs)205,206, for example. The expression of TRIB2 was described to be 

regulated cyclically during the cell cycle. However, the underlying mechanism still 

needs to be established207.  

 

1.4.3.1. TRIB2 functions and role in cancer 

 

TRIB2 can regulate different downstream pathways that control processes 

like stem cell pluripotency, cell survival, and cell cycle. To do so, TRIB2 can 

interact with a wide range of proteins, such as OCT4, CDC25, MAPK, AP4, and 

AKT208.  

The pseudokinase TRIB2 has been described as a regulator of stem cell 

fate decisions. In embryonic stem cells, TRIB2 can interact with OCT4, a 

transcription factor related to induced pluripotent stem cells. TRIB2 increases 

OCT4 activity, being an important factor in the maintenance of self-renewal ability 

in embryonic stem cells and for pluripotency induction209. In terms of stem cell 

differentiation, studies have shown that gene silencing of TRIB2 in mesenchymal 

stem cells was able to increase adipocyte differentiation in vitro210. Another study 

demonstrated that the suppression of adipocyte differentiation by TRIB2 was 

related to the inhibition of AKT and degradation of transcription factor C/EBP211. 
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Down-regulation of C/EBP by TRIB2 is also related to the hematopoiesis process. 

During this process, TRIB2 is overexpressed in B cells, natural killers, and CD4+ 

T cells212. 

During reproduction, TRIB2 also appears to have a regulatory role. Studies 

have shown that, in granulosa cells, TRIB2 is involved in the regulation of gene 

expression and signaling pathways relevant to ovarian follicular development213. 

TRIB2 expression levels vary during oocyte maturation. While TRIB2 levels tend 

to decrease, TRIB1 and 3 levels tend to increase during the process. This 

variation may indicate that TRIB2 is more involved in cell proliferation than in 

oocyte maturation214. 

Oscillations on TRIB2 levels were also described during the cell cycle 

process. In this context, TRIB2 can interact with CDC25, promoting its 

ubiquitination and consequent degradation. The resulting decrease in CDC25 

levels led to the arrest of the cell cycle in HeLa cells207. 

MAP kinases, such as p38, were described to be activated by TRIB2. p38 

can control cell cycle regulators that are hyperactivated in myeloid leukemia. By 

activating this p38 pathway, TRIB2 demonstrated a tumor suppressor role in 

myeloid leukemia215 (as summarized in Table 1.1). On the other hand, other 

groups demonstrated that TRIB2 can induce the progression of acute myeloid 

leukemia via the degradation of C/EBP. Thus, TRIB2 would also play an 

oncogene role in myeloid leukemia216. The apparent contradictory role of TRIB2 

in leukemia progression could be explained by TRIB2 expression levels and their 

correlation with different subtypes of leukemia. For example, leukemia patients 

with deletions on chromosomes 5 or 7 show overexpression of TRIB2, whereas 

TRIB2 expression is decreased in patients with translocations on chromosomes 

9 or 11212. 
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Table 1.1 - Summary of TRIB2 role in different human cancers. 

 

Cancer type TRIB2 function Target References 

Leukemia 
Tumor suppressor p38 (215) 

Oncogenic C/EBP (216) 

Colorectal Oncogenic AP4/p21 (217) 

Liver Oncogenic C/EBP, YAP (219) 

Melanoma Oncogenic FOXO (159) 

 

 

Elevated expression of TRIB2 was found in colorectal cancer tissues. 

Interaction of TRIB2 with AP4 induced the downregulation of p21 levels, resulting 

in decreased senescence and apoptosis of colorectal cancer cells. These 

findings associate TRIB2 with oncogene functions217. TRIB2 has also been 

described as upregulated in hepatocellular carcinoma218. Studies have pointed to 

TRIB2 as a direct target of the Wnt pathway. In turn, the activation of TRIB2 

relieves the liver tumor suppressor protein C/EBPα-mediated inhibition of YAP 

transcriptional activation in liver cancer cells219. 

TRIB2 is also strongly related to melanoma progression. Studies have 

shown that TRIB2 expression is correlated with disease stage and clinical 

prognosis, and may be a valuable biomarker for the treatment response220. 

Indeed, it has been shown that TRIB2 is a FOXO repressor and contributes to 

the carcinogenic phenotype in melanoma. Furthermore, in melanoma xenograft 

models, the inhibition of TRIB2 was able to reduce tumor growth159. 

The inhibition of FOXO by TRIB2 is also related to mechanisms of 

resistance to therapies. Indeed, the interaction between TRIB2 and AKT can 

induce AKT phosphorylation on serine 473, resulting in FOXO inhibition151. It 

results in increased MDM2 activity, which degrades p53, a transcription factor of 

apoptotic genes. Thus, drugs that induce apoptosis by these genes can be 

attenuated by TRIB2, conferring a resistance mechanism to tumor cells with high 

expression of TRIB2 (Figure 1.13)151. In addition, studies from our laboratory 

have described two natural compounds capable of promoting FOXO nuclear 
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translocation, as well as the transcription of FOXO target genes. Thus, the use of 

this type of compound may be effective in reversing drug resistance mediated by 

TRIB2221. 

 

1.4.5. Tribbles and glioblastoma 

 

Regarding the role and regulation of Tribbles protein members in GBM, 

the existing literature is still limited. A few studies have been published in the last 

decade. In 2020 Tang et al. described that TRIB3 overexpression of TRIB3 

increased cell proliferation migration and invasion of GBM cells. Accordingly, the 

silencing of TRIB3 resulted in decreased tumorigenic properties. Moreover, they 

suggested that this oncogenic phenotype caused by TRIB3 was due to a 

suppress of autophagic flux by TRIB3222. 

Figure 1.13 - Proposed model of TRIB2-mediated drug resistance. 

Schematic representation of the resistance mechanism mediated by TRIB2. On the left 
side, when TRIB2 levels are low, the treatment can inhibit AKT activation. Consequently, 
MDM2 does not inhibit the transcription of p53-target genes. In addition, FOXO3 can 
translocate into the nucleus and promote the transcription of FOXO-target genes. On 
the right side, when TRIB2 is expressed in high levels, it induces AKT activation. As a 
result, MDM2 is phosphorylated and inhibits the transcription of p53-target genes. 
Moreover, FOXO3 is also phosphorylated and remains on the cytoplasm, not being able 
to promote the transcription of its target genes. Adapted from Hill et al., 2017. Figure 
created with BioRender.com. 
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Two studies associated Tribbles with treatment resistance in GBM cells. 

In 2015 it was published that inhibition of TRIB1 could attenuate radioresistance 

in GBM cells. The study showed that irradiation could upregulate TRIB1 in GBM 

cell lines, and this increase of TRIB1 could interfere with irradiation-induced 

apoptosis by binding to the p53 promoter223. In 2019, another study suggested 

that high levels of TRIB2, in combination with MAPK, could indicate a poor 

prognosis and chemoresistance to TMZ in GBM cells202. 

Recently, a single-cell RNA-seq data analysis identified TRIB2 as a glioma 

neoplastic cell marker in GBM samples, indicating that TRIB2 could potentially 

become a drug target in GBM224. 

Together, these data suggest that Tribbles protein family members could 

be involved in both tumorigenesis and resistance to therapy in GBM cells. Thus, 

further studies about the role of Tribbles members in GBM should be relevant in 

the context of this lethal disease. 
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2. HYPOTHESIS AND OBJECTIVES 

 

GBM is one of the most lethal and common forms of brain tumor, 

demonstrating a poor prognosis due to acquired resistance to treatment and 

frequent recurrence. Tribbles protein family members are known to be involved 

in a wide range of tumors, and their upregulation is correlated with poor prognosis 

in some types of cancers. However, little is known about the role of Tribbles in 

GBM. 

Unpublished data obtained in the host laboratory show that transcript 

expression of Tribbles family members increases in glioma with the tumor grade, 

being highest in GBM. Moreover, higher levels of Tribbles mRNA are also 

associated with a worse prognosis. The host lab also observed that lower 

expression of FOXO3/4 mRNA also contributes to bad prognosis in glioma. High 

levels of TRIB1/2/3 and low levels of FOXO3/4 transcripts are predominantly 

found in GBM samples.  

Based on these preliminary data and the known relevance of Tribbles in 

tumorigenesis, this project aims to delve into the study of the role of Tribbles in 

GBM. Our main hypothesis is that the members of the Tribbles protein family 

have an oncogenic role in GBM, supporting tumorigenic properties in GBM cells. 

Therefore, the main objective of this project is to generate cellular-based 

tools that will be crucial to carry out a range of assays to validate our hypothesis. 

To achieve this objective, we proposed the following specific objectives: 

1. Generate GBM knockout cell lines for Tribbles’ members based on 

CRISPR/Cas9 system. 

2. Characterize these generated cell lines phenotypically. 

A diagram representing our approach to achieving our main objective is 

shown in Figure 2.1. 
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Figure 2.1 - Flowchart representing the steps of the project. 

The main object of this project is to generate cell-based tools of GBM cell lines. 
Modulation of Tribbles expression levels in GBM cell lines will help us to understand if 
indeed Tribbles have an oncogenic role in GBM progression. 
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3. MATERIALS AND METHODS 

 

3.1. Cell culture 

 

This project's scope includes understanding the role of Tribbles protein 

family members in GBM biology. To achieve this, we have selected a panel of 

GBM cell lines that will be used hereafter. The cell lines used in this study are 

characterized according to Table 3.1. 

All the cell lines were maintained under standard culture conditions at 37°C 

and 5% carbon dioxide (CO2) and were cultivated with Dulbecco's Modified 

Eagle's Medium (DMEM) with High Glucose, 4 mM L-glutamine and sodium 

pyruvate (HyClone, USA), supplemented with 10% Fetal Bovine Serum (FBS) 

(Corning, USA) and 1% Penicillin – Streptomycin (100X) (PanReac AppliChem, 

Germany). 

All the cell lines used grow on a single layer. When the cells reached about 

80% confluence, they were transferred to a new culture plate at a 1:6 or 1:10 

dilution. After removing the medium, the cells were washed with Phosphate 

Buffered Saline (PBS) (VWR, USA) and incubated with 1x Trypsin 0.25% EDTA 

solution (Santa Cruz Biotechnology, USA) at 37°C. Trypsin is a proteolytic 

enzyme that digests adhesive proteins and releases adherent cells into the 

medium. After 5 minutes, complete DMEM with serum is added to inactivate the 

reaction. Next, the cells are detached from the plate, and it is possible to re-seed 

in a new plate diluted in a fresh medium. We used 60- or 100-mm culture dishes 

(SPL Life Sciences, Korea) to seed the cells.  

The cells were manipulated inside a Class II Laminar Flow Hood (Telstar, 

UK) to provide a sterilized environment. All the materials used for cell 

maintenance were autoclaved and sterilized previously. DMEM, PBS, and 

Trypsin were preheated in a 37°C bath. 
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Table 3.1 - Panel of GBM cell lines and their characteristics. 
 

A-172 LN-18 LN-229 U-118 MG U-87-MG 

ORIGIN ATCC ATCC ATCC ATCC ATCC 

TISSUE Brain Brain Brain Brain Brain 

CULTURE 

PROPERTIES 
Adherent Adherent Adherent Adherent Adherent 

DISEASE Glioblastoma Glioblastoma Glioblastoma Glioblastoma Glioblastoma 

GENE 

DELETION 
PTEN CDKN2A CDK2NA - - 

GENE FUSION ABL1-CBFB - - - - 

MUTATION IDH1; TP53 PIK3CB; TP53 
LIFR; RAD21; 

TERT; TP53 

IDH1; PTEN; 

TP53 

IDH1; NF1; 

PTEN; TERT; 

TP53 

 

 

3.1.1. Cell line cryopreservation 

 

Long-term storage of cell lines is maintained in freezers at -180°C with 

90% DMEM and 10% of cryoprotective agent Dimethyl sulfoxide (DMSO) (VWR, 

USA) to prevent dehydration. The process of freezing the cells is done gradually 

up to -180°C to avoid the formation of ice crystals that can cause the rupture of 

the cell membrane. 

The process of cell thawing is done more rapidly to avoid cell exposure to 

high DMSO concentrations, which is toxic225. The cryo-vials were directly from 

the storage to a 37°C bath wash for about 1 minute. Once thawed, cells were 

transferred to a 15 mL conical tube with medium to centrifuge for 5 minutes at a 

speed of 216.3 g to remove DSMO residues. Cells were resuspended with fresh 

DMEM and seeded onto 100 mm culture plates with a pre-warmed medium. 

 

3.1.2. Cell counting 

 

For specific applications, we do need a specific cell number. For that, we 

stained the cells with Trypan Blue (Sigma Aldrich, USA) (1:1), a dye that can 

penetrate the membrane of dead cells, but not the living ones. Hence, dead cells 
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appear dyed in blue, and viable cells in white. Once labeled, cells were counted 

in a Neubauer Chamber (Marienfeld, Germany). Cells from the four quadrants of 

the chamber were counted according to Figure 3.1 and the cell concentration by 

mL was obtained as follows:  

𝐶𝑒𝑙𝑙 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 / 𝑚𝐿 =
(𝐴 + 𝐵 + 𝐶 + 𝐷)

4
 ×  𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 ×  104 

 

 

 

 

 

 

 

 

3.2. Assessment of protein levels by Western Blot 

 

The evaluation of protein relative expression of the studied cell lines was 

performed by Western Blot. In this technique, the use of specific antibodies allows 

the identification of proteins after their separation by molecular weight on a 

polyacrylamide gel by electrophoresis. 

 

 

 

Figure 3.1 - Scheme of Neubauer chamber counting. 

We counted the cells from each quadrant (A, B, C and D) and calculate the average 
number. We included cells touching the top or right edges (in green) but not those 
touching the bottom or left edges (in red). Each quadrant of the chamber represents the 
volume of 1 x 10-4 ml. Created with BioRender.com. 
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3.2.1. Protein extraction 

 

We obtained pellets from the GBM cell lines used in this study when they 

were at 80% confluent by centrifuging the cells for 5 minutes at 216.3 g. To collect 

the protein lysates, the pellets were resuspended in 80 – 120µl of lysis buffer, 

depending on the pellet size. The components of the lysis buffer are described in 

Table 3.2. The lysis buffer help to lysate the cell membrane to extract all the 

proteins avoiding their degradation. Once resuspended, the samples were 

vortexed 4 times at 5-minute intervals. Finally, they were centrifuged at 16.200 g 

for 20 minutes at 4°C. The supernatant containing all the proteins was collected 

into a 1,5 ml centrifuge tube. 

 

Table 3.2 - Cell lysis buffer composition 

Cell Lysis Buffer 

1M Tris pH 7.5 

5M sodium chloride (NaCl) 

5% Triton X-100 

1M β-glycerophosphate 

0.5M ethylenediaminetetraacetic acid (EDTA) 

0.5M ethylene glycol-bis (2-aminoethyl ether) tetraacetic 
acid (EGTA) 

1M sodium fluoride (NaF) 

200mM Pyrophosphate 

100mM sodium orthovanadate (OVO4) 

10nM Calyculan A 

Protease Inhibitors Cocktail (PIC) (Sigma Aldrich, USA) 

 

3.2.2. Protein quantification and calibration 

 

To measure the concentration of total protein obtained in our samples we 

performed the Bradford Assay (Alfa Aesar, USA). This method relies on the 

binding of protein molecules in a dye that changes its color according to protein 
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concentration. The resultant blue color from the unknown samples is measured 

at 595nM and compared with a standard sample. 

The calibration curve was prepared with Bovine Serum Albumin (BSA) 

(Thermo-Fisher Scientific, USA) in known concentrations between 2000 and 0 

µg/mL, according to the schema in Figure 3.2. The samples were diluted 1:15 in 

Milli-Q H20. The calibration curve and the diluted samples were analyzed at a 96-

well plate. 250 µl of Bradford reagent was added to each well. After 10 minutes 

of incubation at room temperature, the absorbance was measured at 595 nm 

using SpectraMax iD3 (Molecular Devices, USA).  

The final concentration of all the samples were normalized for the same 

concentration of 4 µg/µl. The data was analysed with Microsoft® Excel® 365. 

 

 

 

Figure 3.2 - Scheme of Bradford assay for protein quantification. 

Protein quantification was done by Bradford assay in a 96-well plate. Calibration curve 
was calculated using BSA in serial dilution from 2000 to 0 µg/ml. Bradford reagent is 
added to each sample. The resultant colour corresponds to protein amount and was 
measured at 595nM. Each reaction is set up in duplicate to check for reproducibility. 
Figure created with BioRender.com. 
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After quantifying the samples, they were calibrated and prepared for 

electrophoresis. We added Laemmli loading buffer that contains sodium dodecyl 

sulfate (SDS), β-mercaptoethanol, glycerol, Bromophenol blue, and Tris 1M pH 

6.8. SDS is a detergent that disrupts non-covalent bonds and provides a negative 

charge to them. The negative charge will allow the proteins to migrate toward the 

positive electrode in response to an electrical impulse. β-mercaptoethanol breaks 

covalent bonds helping to denature the protein structure. Glycerol is used to give 

density and bromophenol blue dyes the samples. Finally, the samples were 

heated for 5 minutes at 99,8°C for helping the protein denaturation. 

 

3.2.3. Polyacrylamide gel electrophoresis (SDS-PAGE) 

 

For the electrophoresis, we prepared an acrylamide gel to run the samples. 

The gel is composed of two parts: a stacking (on the top) and a running gel (at 

the bottom). The stacking gel has a lower concentration of acrylamide and lower 

pH compared to the resolving gel. It has the function of concentrating the proteins 

and lining them up.  

The gels were prepared according to the laboratory protocol, as described 

in Table 3.3. Ammonium persulfate (APS) is necessary for the polymerization of 

acrylamide, whereas tetramethylethylenediamine (TEMED) (AppliChem, 

Germany) catalyzes it. A running gel of 10% acrylamide, ideal for studying 

proteins of 15-100kDa, was prepared due to the molecular weight of studied 

proteins, which ranged between 35 and 97kDa.   

 

Table 3.3 - Composition of 1 gel for SDS-PAGE. 

Stacking gel Running gel (10%) 

1M Tris pH 6.8 312,5 µl 1M Tris pH 8.8 3 ml 

dH20 2,6 ml dH20 2,9 ml 

40% bis-acrylamide 312,5 µl 40% bis-acrylamide 2 ml 

10% SDS 25 µl 10% SDS 80 µl 

25% APS 12,5 µl 25% APS 32 µl 

TEMED 7,5 µl TEMED 12 µl 
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Once the gel was polymerized, the samples were loaded. The total amount 

of protein varied according to the experiment. We loaded 3 µl of the protein ladder 

NZYColour Protein Marker II (NZYTECH, Portugal) to map the molecular weight 

of each protein. 

The run occurred in an electrophoresis chamber (BioRad, USA) filled with 

running buffer (constituted by 1x Tris, glycine, and SDS). The system was 

subjected to an 85V voltage until the samples reached the running gel. Then, the 

voltage was increased to 145V to allow proteins to migrate until the bottom of the 

gel. The molecules migrate according to their size. Smaller proteins migrate faster 

whereas larger proteins are slower and therefore higher up in the gel. 

 

3.2.4. Protein transfer to PVDF membranes 

 

After separating the proteins according to their size, they were transferred 

to a polyvinylidene difluoride (PVDF) (Cytiva, Germany) membrane. To do so, we 

used a cassette forming a “sandwich” consisting of a sponge, filter paper, gel, 

PVDF membrane, filter paper, and sponge, according to Figure 3.3. The cassette 

is placed inside a chamber submerged with Transfer buffer (composed of 1x Tris, 

glycine, and methanol). A 75V current was applied for 90 minutes in ice. 

 

 

Figure 3.3 - Representation of the "sandwich" assembly for protein transfer. 

After running, the proteins are separeted by molecular weight on the acrylamide gel. To 
transfer them to a PVDF membrane, a “sandwich” in the same order as representated is 
made. A voltage of 75V were applied in the system for 90 minutes so the proteins can 
migrate from the gel to the membrane. Created with BioRender.com. 
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3.2.5. Immunodetection 

 

After the protein transference, the membrane carries all the proteins from 

the sample. Before proceeding directly with the immunodetection, it is important 

to block the membrane. The blocking is important to avoid unspecific binding 

besides the interested antibody. For that, the membrane was incubated with 5% 

non-fat milk in 1x Tris-Buffer saline 0,1% Tween (TBS-T) solution for 1 hour 

rocking at room temperature. Next, the membrane was washed 3 times with TBS-

T. 

For the immunodetection, specific antibodies were used for the interest 

proteins, as detailed in Table 3.4. The membranes were incubated with the 

primary antibody overnight on a roller at 4°C. The primary antibody recognizes 

and binds specifically to the epitope of the protein of interest.  

Table 3.4 - List of primary and secondary antibodies used in Western Blot in this 
study. 

Primary Antibodies 

Antibody Dilution Specie Reference Company 

Actin 1:1000 milk Goat sc-1616 Santa Cruz Biotechnology 

AKT total 1:1000 BSA Rabbit CST #9272 Cell Signaling 

ERK1/2 total 1:300 BSA Rabbit sc-94 Santa Cruz Biotechnology 

FOXO1 1:500 BSA Rabbit CST 2880 Cell Signaling 

FOXO3 1:500 BSA Rabbit CST 12829 Cell Signaling 

FOXO4 1:500 BSA Rabbit CST 9472 Cell Signaling 

FOXO6 1:500 BSA Rabbit PA5-106411 Invitrogen 

FOXO6 1:500 BSA Rabbit PA5-35117 Invitrogen 

GAPDH 1:5000 BSA Rabbit sc-25778 Santa Cruz Biotechnology 

P-AKT (Ser 473) 1:1000 BSA Rabbit CST #4060 Cell Signaling 

P-ERK1/2 
(Thr202/Tyr204) 

1:1000 BSA Rabbit CST #4370 Cell Signaling 

P-S6K (Thr389) 1:500 BSA Rabbit CST #9234 Cell Signaling 

S6K total 1:1000 BSA Rabbit sc-230 Santa Cruz Biotechnology 

TRIB1 1:1000 BSA Rabbit 09-126 Millipore 

TRIB2 1:1000 milk Rabbit CST 13533 Cell Signaling 

TRIB3 1:1000 BSA Rabbit ab 75846 Abcam 

Tubulin 1:15000 BSA Mouse T9026 Sigma 
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Secondary Antibodies 

Antibody Dilution Specie Reference Company 

Anti-Goat IgG 1:10000 milk Donkey sc-2020 Santa Cruz Biotechnology 

Anti-Mouse IgG 1:10000 milk Sheep NA931 GE Healthcare 

Anti-Rabbit IgG 1:10000 milk Donkey NA934 GE Healthcare 

 

The next day, the membranes were washed with TBS-T three times. 

Following, they were incubated with the secondary antibody (described in Table 

3.4) rocking for 1 hour at room temperature. The secondary antibody is species-

specific and binds to the primary antibody. The enzyme horseradish peroxidase 

(HRP) is conjugated with the secondary antibody, necessary for posterior 

detection. The membranes were then washed again three times with TBS-T. 

Finally, the membranes were incubated with a home-made enhanced 

chemiluminescence (ECL) solution for 3 minutes protected from the light. The 

ECL solution contains luminol 250 mM, acid coumaric 90 mM, 1 M Tris pH 8.5, 

30% hydrogen peroxide (H2O2), and H2O. Basically, the luminol will be oxidated 

by H2O2 in a reaction that emits light, and it is catalyzed by the HRP enzyme. The 

luminescence production is proportional to the amount of secondary antibody 

conjugated with HRP and therefore indirectly measures the presence of the target 

protein. The signal was detected by ChemiDoc XRS+ (BioRad, USA). The 

images were analyzed in Image Lab 5.2.1. The protein bands were quantified by 

densitometry with Image-J. 

 

3.3. Quantitative Reverse Transcription Polymerase Chain Reaction 

analysis of mRNA levels 

 

Gene expression evaluation of GBM cell lines was assessed by 

Quantitative Reverse Transcription Polymerase Chain Reaction (RT-qPCR). This 

technique enables the detection of specific mRNA molecules presents in a 

sample. Basically, RNA is first extracted from the cells, and the complementary 

DNA (cDNA) is synthesized and then amplified, as schematized in Figure 3.4. 

Monitoring the PCR products is possible because of the addition of a fluorescent 
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dye to the cDNA molecules throughout the process. The measured fluorescent 

emitted allows for quantifying the levels of the target gene expression. 

 

 

3.3.1 RNA extraction and purification 

 

RNA was collected from GBM cultures at 80% confluency. The cell pellet 

was collected by centrifugation at 216.3 g for 5 minutes. 

To extract RNA from the pellets, the cells were lysed with lysis buffer 

containing 1% of 2-mercaptoethanol. The RNA purification was performed using 

PureLink™ RNA Mini Kit (Invitrogen, USA), according to the manufacture’s 

protocol in annex I. The total concentration of the purified RNA was assessed in 

NanoDrop2000c Spectrophotometer (Thermo-Scientific, USA). The tubes were 

stored at -80°C for posterior use since RNA is very unstable and easily 

degradable. 

 

3.3.2. cDNA synthesis 

 

To proceed with the RT-qPCR, first, we need to convert the purified RNA 

into cDNA. To do so, the NZY First-Strand cDNA Synthesis Kit (NZYTECH, 

Portugal) was used. The manufacturer protocol followed is in annex II. The 

Figure 3.4 - Stages of RT-qPCR for RNA detection. 

RT-qPCR allows to detect specific RNA molecules from a sample for gene expression 
evaluation. First, the RNA obtained from the cells acts as template for the synthetization 
of cDNA by reverse transcription. Then, the binding of fluorescent dye to cDNA 
molecules during the PCR reaction enables to quantify the PCR product. The measured 
emitted fluoresce is proportional to the target gene expression. Figure created with 
BioRender.com. 
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quantity of RNA used was 2µg. The additional step of adding RNase was done 

to degrade the RNA template in cDNA-RNA hybrids after the first-strand cDNA 

synthesis. The thermal reaction was performed using C1000 Touch Thermal 

Cycler (BioRad, USA). The cDNA product was then diluted into 1:10 in dH20 and 

the remaining volume was stored at -20°C. 

 

3.3.3. RT-qPCR 

 

The synthesized cDNA was used as the template for the qPCR. For this 

technique, we used iTAq Universal SYBR Green Supermix Kit (BioRad, USA). 

The manufacturer protocol and instructions were followed and can be assessed 

in annex III. The experimental design of the plate was previously prepared. The 

volumes of the reagents used are described in Table 3.5. First, the Mastermix 

was prepared and pipetted into a 384 well-plate. Then, the samples of cDNA 

products were added. The sequence of the primers previously designed used is 

detailed in Table 3.6. We used triplicated samples to reduce technical variability. 

No-template controls (NTC) were also included as negative controls. For 

normalization, housekeeping gene expression was also evaluated. We used 

glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as a reference gene in 

this study.  

 

Table 3.5 - Volume of reagents used for the qPCR technique per well. 

Reagent Volume (µl) / well 

iTaq Universal SYBR Green Supermix 1,25 

Forward primer (10µM) 0,5 

Reverse primer (10µM) 0,5 

Nuclease free H20 2,8 

DNA template 5,0 

Total volume 20,0 
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Table 3.6 - List of primers used for RT-qPCR in this study. 

Gene Direction Sequence 5’ > 3’ 

FOXO1 
Forward AAGAGCGTGCCCTACTTCAA 

Reverse CTGTTGTTGTCCATGGATGC 

FOXO3 
Forward ACAAACGGCTCACTCTGTCC 

Reverse TCTTGCCAGTTCCCTCATTC 

FOXO4 
Forward GCCTGGGGAAATCAGTCATA 

Reverse GCCTCGTTGTGAACCTTGAT 

FOXO6 
Forward ACCTCATCACCAAAGCCATC 

Reverse AGCATCCACCACGAACTCTT 

GAPDH 
Forward CAATGACCCCTTCATTGACC 

Reverse TTGATTTTGGAGGGATCTCG 

TRIB1 
Forward ATCGCCGACTACCTGCTG 

Reverse GTAATGTTGCTGTGCGATGG 

TRIB2 
Forward GACTCCGAACTTGTCGCATT 

Reverse ATGAGCAGACAGGCAAAAGC 

TRIB3 (I) 
Forward TGCCCTACAGGCACTGAGTA 

Reverse GTCCGAGTGAAAAAGGCGTA 

TRIB3 (II) 
Forward TCAAGCTGTGTCGCTTTGTC 

Reverse AGGCCCGTGAGCTGAGTAT 

 

The RT-qPCR reaction occurred in a C100 Touch Thermal Cycler CFX384 

Real-Time System machine (BioRad, USA). The reaction protocol was set as 

follows: first, a polymerase activation period of 30 seconds at 95°C; then, for 

amplification, 40 cycles of 5 seconds at 95°C for denaturation, followed by 30 

seconds at 60°C for annealing and extension. Finally, 5 seconds starting at 65°C 

until 95°C for the melting curve analysis. The results were analyzed using Bio-

Rad CFX Maestro 1.0 software.  

 

3.4. Gene modulation 

 

To understand the role of Tribbles protein family members in GBM biology, 

we wanted to modulate Tribbles in GBM cell lines. To do so, we decided to (i) 

create a TRIB3 KO cell line and (ii) a TRIB2 KO cell line with Clustered Regularly 

Interspaced Short Palindromic Repeats (CRISPR/Cas9) system, (iii) a TRIB2 
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silenced cell line with short interfering RNA (siRNA) and (iv) induce TRIB2 

overexpression (as schematized in Figure 3.5).  

 

 

3.4.1. Cell transfection for gene modulation 

 

3.4.1.1 Cell transfection with plasmid vectors 

 

We used plasmids to generate the KO cell lines and to promote protein 

overexpression. For the insertion of the plasmids into the studied cells, we used 

Lipofectamine 2000 (Invitrogen, USA). For the generation of the U-118 TRIB3 KO 

cell line, we plated 0,4 x 106 cells in 60mm dishes. In the case of LN-229 TRIB2 

KO cell line generation, 0,3 x 106 cells were plated in 60 mm dishes. To induce 

TRIB2 overexpression, we plated 0,4 x 106 LN-229 cells in 60 mm dishes. On the 

next day, the cell lines were about 80% confluent, and we proceed following the 

manufacturer’s protocol. 

Figure 3.5 - Representation on how we modulated Tribbles in GBM cell lines. 

We decided to have different approaches to modulate Tribbles proteins in GBM cell lines. 
We generated U-118 TRIB3 KO cell line and LN-229 TRIB2 KO cell line using 
CRISPR/Cas9 system. Besides, we silenced TRIB2 in LN-229 using siRNA. Moreover, 
we overexpressed TRIB2 in U-87 with plasmids. Figure created with BioRender.com 
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Briefly, we diluted 3 µg of the plasmid to be transfected into 250 µl of Opti-

MEM (Gibco, USA) and 10 µl of Lipofectamine reagent into 250 µl of Opti-MEM. 

After 5 minutes, both dilutions were mixed and incubated for 20 minutes. We then 

added the DNA-lipid complex to the cells and incubated them in standard 

conditions.  

For the KO generation with CRISPR/Cas9, we transfected the plasmid 

pSpCas9(BB)-2A-Puro (PX459) V2.0 (Addgene plasmid #62988). For the 

overexpression of TRIB2, we used the plasmid pBABE-flag-TRIB2. 

 

3.4.1.2. Cell transfection with siRNAs 

 

Short-interfering RNAs (siRNAs) are used to knock down gene expression 

to study protein function in different cell types. siRNA are small molecules 

normally composed of 21 base pairs length. These molecules can bind to specific 

mRNAs and act as a post-transcriptional control mechanism, causing gene 

silencing through repression of translation. 

This biological approach was used to help validate the specificity of the 

antibodies used in this project in the UACC-62 melanoma cell line. Moreover, 

siRNAs were used to modulate TRIB2 in the LN-229 GBM cell line by silencing 

TRIB2 gene expression. 

To do so, 0,4 x 106 cells of each cell line were plated in 60 mm the day 

before the transfection. On the next day, the cells were about 80% confluent and 

suitable for being transfected. We used different SMARTpools from Dharmacon, 

USA, as described in Table 3.7. For transfecting siRNA, we used DharmaFECT 

transfection reagent according to the manufacturer’s protocol. Briefly, we diluted 

15 µl of siRNA [5 µM] into 285 µl of OPTI-mem and 6 µl of DharmaFECT reagent 

into 294 µl. After 5 minutes, the dilutions were mixed and incubated for 20 

minutes. Finally, the transfection mixture was added to the cells. Corresponding 

analyzes were performed 48 hours after transfection. The non-targeting 

sequence siRNA (non-targeting siRNA) was used as a negative control for the 

siRNA experiment. It is designed and chemically modified to have no known 
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mRNA targets in the cells used. It was used for determining the non-specific 

effects of siRNA delivery to provide a baseline to compare to siRNA-treated 

samples. 

 

Table 3.7 - List of siRNA used for gene silencing. 

Gene Name Reference 

FOXO1 
SMARTpool ON-TARGETplus Human FOXO1 

siRNA 
SO-2871756G 

FOXO3 
SMARTpool ON-TARGETplus Human FOXO3 

siRNA 
SO-2871756G 

FOXO4 
SMARTpool ON-TARGETplus Human FOXO4 

siRNA 
SO-2871756G 

FOXO6 
SMARTpool ON-TARGETplus Human FOXO6 

siRNA 
SO-2871756G 

TRIB1 
SMARTpool ON-TARGETplus Human TRIB1 

siRNA 
SO-2997341G 

TRIB2 
SMARTpool ON-TARGETplus Human TRIB2 

siRNA 
SO-30736607G 

TRIB3 
SMARTpool ON-TARGETplus Human TRIB3 

(57761) siRNA 
SO-2997341G 

Non-targeting siRNA ON-TARGETplus Non-targeting siRNA D-001810-01-05 

 

3.4.2. Generation of knock-out cell lines by CRISPR/Cas9 

 

To study the effects of TRIB3 and TRIB2 modulation on GBM, we 

generated a U-118 TRIB3 KO cell line and an LN-229 TRIB2 KO cell line using 

the CRISPR/Cas9 system, a tool that allows gene editing with high precision. 

CRISPR/Cas is part of the microbial adaptive immune system that has been 

adapted to edit the genome. It relies on RNA-guided nucleases to cleave specific 

sites on target genes. After cleavage, the cell uses the non-homologous end 

joining repair (NHEJ) mechanisms that can lead to the formation of non-functional 

genes. 

The introduction of the CRISPR/Cas9 machinery into the cells was done 

by Lipofectamine transfection as described in the previous point. In this project, 

we used the plasmid pSpCas9(BB)-2A-Puro (PX459) V2.0 (Figure 3.6). The 
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advantage of using this plasmid is the presence of the gene encoding Cas9 and 

the designed guided RNA for the target gene in the same vector. 

 

 

The guided RNAs (gRNAs) for TRIB3 and TRIB2 used in this project were 

previously designed by Dr. Bibiana Ferreira. Two different gRNAs for each gene 

were used to minimize the off-target probability. For TRIB3 KO, gRNAs #1170 

and #1172 were transfected with the vector to U-118 cells. For TRIB2 KO, gRNAs 

#1167 and #1169 were transfected into the LN-229 cell line. We chose not to 

disclose the specific sequences of the gRNAs as these results have not yet been 

published. 

To select the cells that had incorporated the plasmid, we treated the cells 

with Puromycin (1µl/1ml) 48 hours after the transfection, since the plasmid used 

Figure 3.6 - Map image for pSpCas9(BB)-2A-Puro (PX459) V2.0 used in 
CRISPR/Cas9 KO. 

We used plasmid PX459 (Addgene plasmid #62988) as a vector to generate KO cell 
lines. This figure indicates the region where the gRNA sequence was inserted in blue, 
after the U6 promoter, and sequence that codes for Cas9 in purple. 
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has the gene for Puromycin resistance. We maintained selection with this 

antibiotic for 48h. As a result, only the successfully transfected cells will survive. 

To be able to pick colonies formed by clones from one single cell, we 

performed a serial dilution. We used rings to isolate the clones, trypsinized them, 

and collected the cell clones to a different plate. We maintained the clones until 

they reached 80% confluently and then expanded them. This allowed us to 

generate cell stocks for clone maintenance and to obtain pellets for protein 

extraction. With this material, we were able to confirm KO efficiency by Western 

Blot. 

 

3.5. Crystal Violet Staining 

 

To assess the viability of the U-118 TRIB3 KO cells in basal conditions and 

upon TMZ treatment, we used crystal violet staining. Crystal violet is a 

triarylmethane dye that binds to ribose-like molecules such as DNA. 

For this assay, we plated 1 x 104 cells in 24-well in triplicate. Then, the 

cells were exposed to TMZ or DMSO (which is the drug vehicle) for 72 hours. 

After this time, the cells were washed twice with PBS, so the dead cells can be 

washed away, as they detach from the plate. The remaining cells were then fixed 

with 400µl of 4% paraformaldehyde (PFA) for 15 minutes at room temperature. 

Once fixed, they were washed again with PBS three times and stained with a 

solution of 1% Crystal violet (Panreac, Spain) and 20% methanol for 30 minutes 

in agitation. Sequentially, the plates were washed with water and left to try 

overnight. On the next day, the stain was solubilized in 250µl of Triton 0,125% in 

PBS for 30 minutes in agitation. Then, 200µl of each sample was transferred to 

a 96-well plate so the absorbance could be read in wavelength of 570nm in 

SpectraMas iD3 Microplate Reader (Molecular Devices, USA). 

As only the attached cells were stained, the measurement of the 

absorbance is proportional to the number of viable cells on the plate. In other 

words, a reduction in absorbance related to a control indicates reduced viability. 
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This assay allows for estimating how different treatments affected the survival of 

the seeded cells. 

 

3.6. Trypan Blue exclusion assay 

 

Trypan Blue is a dye that can penetrate through the membranes of non-

viable cells. Trypan Blue exclusion assay enables us to assess the quantification 

of cell viability by light microscopic. By differentiating blue non-viable cells from 

white viable cells, it allows us to quantify cell proliferation and cell death in an 

assay and infer more information about cell viability. 

We performed this assay to analyze if there are differences in cell 

proliferation and cell death upon TRIB3 abrogation in the U-118 cell line. We 

quantified the total number of cells and the percentage of cell death of U-118 

parental and TRIB3 KO cell lines under basal conditions and upon TMZ 

treatment. 

The cell lines were seeded into a 6-well plate with an amount of 5 x 104 

cells per well in DMEM complete. On the next day, the medium was replaced with 

fresh DMEM containing DMSO (which is the drug vehicle) or TMZ [500 µM] and 

the cells were incubated for 72 hours. After this time, the cells were trypsinized 

and collected in a 15 ml conical tube in addition to the medium containing the 

cells in suspension. After centrifuging for 5 minutes at 216.3 g, the cells were 

resuspended in DMEM. We diluted 10 µl of cell suspension in 10 µl of Trypan 

Blue (Sigma Aldrich, USA) and 10 ul of this mixture was loaded on a Neubauer 

chamber. Viable and non-viable cells were counted on the microscope as 

described in section 3.1.2. 

To quantify cell proliferation, we account for the total number of cells 

(viable + non-viable cells). To quantify cell death, we calculated the percentage 

of dead cells over the total number of cells. The results were analyzed with 

GraphPad Prism 7.03. 
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4. RESULTS 

 

As previously mentioned, the standard therapy for treating GBM is based 

on surgical resection of the tumor followed by a combined administration of 

radiotherapy and chemotherapy with the alkylating agent TMZ. However, the 

average survival of these patients is only slightly improved by these treatments33. 

To improve patients’ response to therapy, it is extremely relevant to discover new 

biomarkers and develop better therapeutic strategies. 

Our hypothesis is that TRIB2 and TRIB3 proteins have an oncogenic role 

in GBM. To achieve our goal, we divided this project into different phases. First, 

we need to (i) characterize the expression of Tribbles proteins in a panel of 

glioblastoma cell lines. Then we could select the best cell lines to modulate 

Tribbles expression. After that, we want to (ii) create tools that allow us to study 

the effects of the presence or absence of Tribbles proteins on cellular 

phenotypes. Hence, we generated Tribbles knock-out (KO) cell lines using the 

CRISPR/Cas9 system to better understand the effect of Tribbles abrogation on 

GBM cells. Next, we (iii) characterize those GBM cells to study how the KO genes 

would affect their phenotype. 

Data from our laboratory showed that Tribbles’ mRNA expression levels 

correlate with GBM patients’ survival. Our analysis demonstrated that high 

Tribbles levels are often associated with glioma grade, being higher in GBM. 

Moreover, the phenotype with high levels of Tribbles in association with low levels 

of FOXO3/4 mRNA is correlated with the worst prognosis. Thus, we hypothesize 

that Tribbles may contribute to GBM aggressiveness and patients’ poor survival. 

 

4.1. Tribbles’ antibodies validation 

 

Our aim is to generate isogenic GBM cell lines that express different 

Tribbles protein levels. To do that, and because there are three different Tribbles 

family members, we proceed to validate the specificity of different antibodies 

using siRNA. We transfected different siRNAs against each of the Tribbles family 
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members in the UACC-62 melanoma cell line (routinely used cell line in the lab 

that expresses mRNA levels for all Tribbles isoforms, not shown) (see section 

3.4.1.2). 

Our data shows that siRNA against TRIB2 and TRIB3 successfully 

reduced protein levels. Our results also show that the antibodies against TRIB2 

(CST 13533, Cell Signaling Technology, USA) and TRIB3 (ab 75846, Abcam, 

UK) are specific for TRIB2 and TRIB3, respectively, without reducing other family 

members' protein levels (Figure 4.1, A). On the other hand, siRNA against TRIB1 

did not have any effect on TRIB1 protein levels using the TRIB1 antibody 

(Millipore 09-126, Merck, Germany). This might indicate that the antibody is not 

specific to TRIB1 or that the siTRIB1 is not binding to the TRIB1 isoform in this 

experiment. We also checked mRNA levels by RT-qPCR to validate the efficiency 

of siRNA transfection. Our data shows that siRNA indeed reduced TRIB1 mRNA 

levels compared to the control (Figure 4.1, B). Therefore, TRIB1 might not be 

specific against TRIB1. It is important to note that the experiment was only 

performed once, so it is difficult to conclude with certainty. 
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As previously mentioned in the introduction section, Tribbles' family 

members act upstream and modulate different key signaling pathways that 

regulate the activity of  FOXOs proteins. Thus, FOXOs proteins are often used 

as a possible readout of Tribbles' activation status. With this in mind, we will also 

evaluate FOXOs’ levels in our experiments. Therefore, we also validated the 

specificity of antibodies against FOXOs proteins. 

Because Tribbles proteins act upstream of FOXO and might regulate their 

activity161, we also screened for FOXOs’ antibodies. Our results demonstrated 

that siRNA against FOXO1 and FOXO3 translated into a reduction of FOXO1 and 

FOXO3 protein levels, respectively. Our data also shows that antibodies against 

FOXO1 (CST 2880, Cell Signaling Technology, USA) and FOXO3 (CST 12829, 

Cell Signaling Technology, USA) are isoform-specific (Figure 4.2). Regarding 

FOXO4, our data show that the siRNA against FOXO4 reduces FOXO4 mRNA 
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Figure 4.1 - Expression levels of Tribbles members in UACC-62 after siRNA. 

(A) Analysis of levels of Tribbles protein in UACC-62 cell line after siRNA transfection by 
Western Blot. GAPDH was used as loading control. Non-targeting siRNA (Neg control) 
was used as negative control for the transfection assay. We loaded 60 µg of protein and 
3 µg of NZY Blue Protein Marker into the wells. The gels are 10% of acrylamide. The 
signal was detected by Chemidoc XRS+ System and images were treated in Image Lab 
6.1 software. MW = molecular weight. (B) TRIB1 mRNA levels in UACC-62 after siRNA 
quantified by RT-qPCR. Data correspond to TRIB1 mRNA levels normalized to loading 
housekeeping gene (GAPDH) and are expressed as mean ± SEM fold change of treated 
condition versus negative control. Data analysed in BioRad CFX Maestro. 

MW 
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levels. Moreover, the FOXO4 antibody (CST 94725, Cell Signaling Technology, 

USA) is specific for FOXO4 and does not detect other FOXOs’ isoforms (Figure 

4.2). Silencing of FOXO6 did not show a reduction in FOXO6 protein levels using 

the FOXO6 antibody PA5-106411 (Invitrogen, USA) (Figure 4.2). This result can 

be due to an unsuccessful silencing of FOXO6. 

Moreover, RT-PCR analysis of these samples showed that levels of 

FOXO6 were barely detectable (not shown). This result might explain the 

inefficient siRNA experiment against FOXO6. As a consequence, we were unable 

to confirm FOXO6 antibody specificity. Taking all of this into account, we chose 

not to include this antibody during the rest of the study. Until now, tools to analyze 

FOXO6 activity are scarce because little is known about the role of FOXO6, but 

we are still in the process of validating alternative antibodies.  

 

Figure 4.2 - Levels of FOXOs proteins in UACC-62 after silencing RNA expression. 

Specificity of FOXOs’ antibodies were assessed by siRNA in UACC-62. Protein levels 
were evaluated by Western Blot. FOXO1 and FOXO3 protein levels were reduced after 
silencing FOXO1 and FOXO3, respectively. Despite of the low signaling of the band, 
FOXO4 antibody also showed a reduction of the signal. However, FOXO6 protein levels 
are not changing and therefore will not be used in the following experiments. GAPDH 
was used as loading control. Non-targeting siRNA was used as a negative control. Each 
well was loaded with 60 µg of protein and 3 µg of the NZY Blue Protein Marker. Gels of 
10% acrylamide were used. The signal was detected by Chemidoc XRS+ System and 
images were treated by Image Lab 6.1 software. MW = molecular weight. 

MW 
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4.2. GBM cell line screening  

 

To study the role of Tribbles family members in GBM biology, we wanted 

to generate isogenic GBM cell lines that express different Tribbles protein levels. 

To do so, we needed to select suitable cell lines. Therefore, we need to 

characterize different GBM cell lines according to Tribbles family members' 

expressions. 

We selected a panel of five different GBM cell lines (A-172, LN-18, LN-

229, U-118, and U-87) and evaluated Tribbles’ mRNA expression levels and 

endogenous protein levels. It is described that all GBM cell lines from our panel 

have mutations in the P53 gene. Also, U-118 and U-87 have mutations on the 

PTEN gene, and A-172 has a deletion on this TSG. A full description of the GBM 

cell lines can be seen in Table 3.1. 

 

4.2.1. Characterization of GBM cell line panel at mRNA level 

 

To evaluate the expression of Tribbles’ mRNA levels in our GMB cell 

panel, we performed RT-qPCR. We used TRIB1, TRIB2, and TRIB3 specific and 

previously validated primers, as described in section 3.3. Our results showed that 

LN-229, U-118, and U-87 cell lines have higher TRIB1 and TRIB2 mRNA levels, 

whereas A-172 and LN-18 have lower TRIB1 and TRIB2 mRNA levels (Figure 

4.3, A, B). Regarding TRIB3 expression, the U-118 cell line showed the highest 

level of this protein (Figure 4.3, C). 

Since data from our lab showed a characteristic phenotype that associates 

high levels of Tribbles and low levels of FOXOs with GBM aggressiveness, we 

also decided to verify the transcriptional levels of FOXO1, FOXO3, and FOXO4. 

Our data also showed that, overall, all the GBM cell lines express higher levels 

of FOXO3 and FOXO4 compared to FOXO1 expression levels (Figure 4.3, D, E, 

F). 
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Figure 4.3 - Transcriptomic profile of GBM cell line panel regarding Tribbles and 
FOXOs. 

We used RT-qPCR technique to assess Tribbles ((A) TRIB1; (B) TRIB2; (C) TRIB3 (I)) 
and FOXOs ((D) FOXO4 (E) FOXO1; (F) FOXO3) mRNA levels in a GBM cell line panel 
composed by five different cell lines: A-172, LN-18, LN-229, U-118 and U-87. GAPDH 
was used as housekeeping gene to normalize gene expression. Data are expressed as 
mean ± SEM fold change related to U87 cell line. Data reflects three technical replicates 
from one single biological experiment. Results were analysed using Bio-Rad CFX 
Maestro 1.0 Software.  
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4.2.2. Characterization of GBM panel cell line panel at the proteomic 

level 

 

The mRNA levels do not always correlate with the protein levels due to 

post-transcriptional, post-translational, and protein degradation regulation 226. 

However, proteins are the major effectors of cellular functions. Since we are 

interested in modulating Tribbles protein family members in GBM cells, we 

evaluated Tribbles protein levels in our panel of GBM cell lines. For that, we used 

specific antibodies previously validated in section 3.1. Figure 4.4 shows that the 

U-118 cell line has a high expression of TRIB3 protein. The LN-229 cell line is 

the only GBM cell line from our panel that seemed to express high levels of 

TRIB2. Overall, none of the glioma cell lines showed high levels of TRIB1 protein. 

Taking all the data together, we chose the U-118 and LN-229 cell lines for the 

following experiments. The U-118 and LN-229 cell lines were used to generate 

the TRIB3 and TRIB2 isogenic knockout cell lines, respectively. Additionally, we 

selected the U-87 cell line to generate an isogenic cell line that overexpresses 

TRIB2 since this cell line showed low levels of TRIB2 protein expression by 

Western Blot (Figure 4.4).  

Regarding FOXOs protein levels, FOXO3 seems to be expressed in all the 

cell lines tested, although expression levels differ from cell line to cell line. FOXO1 

protein expression was only detected in the LN-229 cell line. Interestingly, 

FOXO4 protein expression was not detected in any of the cell lines tested (Figure 

4.4). In fact, this result agrees with findings from Qi et al., which described that 

FOXO4 expression was downregulated in GBM cell lines. Indeed, they showed 

that FOXO4 was reduced according to glioma’s grade, namely, normal brain 

tissue presented higher FOXO4 levels and grade V glioma (GBM) had the lowest 

levels227. 
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4.3. Generation of U-118 TRIB3 knockout cell line 

 

Since we aim to create GBM cell-based models to study Tribbles’ 

contribution to GBM development, we decided to generate a TRIB3 knockout 

(KO) cell line. KO cell lines are powerful tools to study disease mechanisms and 

investigate the relationship between genotype and phenotype. Since U-118 

presented a high expression of TRIB3 protein level (Figure 4.4), we chose to KO 

TRIB3 in this GBM cell line. The generation of the KO cell line was done using 

the CRISPR-Cas9 technique. CRISPR-Cas9 is a gene editing tool adapted from 

the bacterial immune system. This technique uses gRNAs to direct the Cas9 

enzyme to cleave a target location in the genome.  

The protocol for this experiment has been followed as described in section 

3.4.1. Clones were selected and validated by Western Blot using a specific 

antibody against TRIB3 (ab 75846, Abcam). As previously mentioned, we 

transfected cells with two different gRNAs against TRIB3 (#1170 and #1172) to 

minimalize the off-target effects. In total, we tested 16 clones obtained from gRNA 

Figure 4.4 - Tribbles and FOXOs protein levels in GBM cell line panel. 

We assessed the protein expression levels on our GBM panel by Western Blot. Tribbles 
and FOXOs proteins were detected using specific antibodies. A total of 80µg of protein 
and 3 µg of the NZY Blue Protein Marker was loaded onto each well. We used 10% 
acrylamide gels. Tubulin was used as loading control. The signal was detected by 
Chemidoc XRS+ System and images were treated in Image Lab 6.1 software. MW = 
molecular weight. 

MW 
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#1170 and 20 clones from gRNA #1172. Figure 4.5 shows five different clones 

from each gRNA that had been positively selected. 

None of the clones from figure 4.5 showed a band of the expected size of 

TRIB3, which is around 43kDa. For the following experiments, we proceeded with 

clones #7 and #16 from gRNA #1170 and clones #2 and #6 from gRNA #1172 

since they were the only ones that did not show additional bands.  

 

 

 

 

 

 

 

 

 

 

 

4.4. Tribbles protein profile in U-118 TRIB3 KO cell line 

 

Considering that Tribbles family members may be functionally redundant, 

TRIB3 abrogation could be compensated by the other Tribbles family members. 

Therefore, we decided to analyze TRIB1 and TRIB2 protein levels in the U-118 

TRIB3 KO clones and compare them to the U-118 parental cell line (WT). 

We saw no differences in the TRIB1 expression levels between WT and 

the KO clones (#7, #16, #2, #6) (Figure 4.6). As for the TRIB2 protein expression, 

both clones from U-118 cells transfected with gRNA #1170 (#7, #16) seem to 

have a slight expression of TRIB2 compared with the WT.  

Figure 4.5 - Selection of U-118 TRIB3 KO clones. 

U-118 cell line was transfected with plasmid PX459 containing gRNAs #1170 or #1172 
for TRIB3 abrogation. First lane was loaded with control sample U-118 WT. The other 
lanes were loaded with isolated clones obtained after transfection with Lipofactamine 
2000. Red arrow indicates the expected band size for TRIB3, which is around 43kDa. 
Red boxes highlight the selected clones for further experiments. Specific antibody 
against TRIB3 (ab 75846) was used. A total of 80µg of protein were loaded per well into 
10% acrylamide gels. Tubulin was used as reference gene for loading control. The signal 
was detected by Chemidoc XRS+ System and images were treated by Image Lab 6.1 
software. MW = molecular weight. 

MW 
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Next, we evaluated the effect of TRIB3 depletion on FOXOs protein levels 

in U-118 WT and U-118 TRIB3 KO cells GBM cells. We could not detect any 

differences in FOXO1 expression levels. Concerning FOXO3, the KO cells seem 

to present a slightly increased expression of the FOXO3 protein levels, especially 

the clones #2 and #6 of gRNA #1172 (Figure 4.6). 

 

4.5. TRIB3 KO cells have reduced viability in the U-118 cell line 

 

Our hypothesis is that TRIB3 has an oncogenic role in GBM and 

consequently, TRIB3 abrogation could have a negative impact on cell viability. 

Therefore, we analyzed how the abrogation of TRIB3 in the U-118 cell line could 

affect cell viability. To do so, we quantified the number of viable U-118 TRIB3 KO 

cells by crystal violet staining and compared it to the parental cell line (see section 

2.5 for details). The absorbance measure of the staining is proportional to the 

  

           

    3

     

  
     

  

         

        

       

    3
  

Figure 4.6 - Tribbles and FOXOs protein levels in U-118 TRIB3 KO clones. 

First lane corresponds to U-118 WT and was used as control. Second and third lane 
were loaded with two different clones (#7, #16) transfected with gRNA 1170. Fourth and 
fifth lanes were loaded with two different clones transfected with gRNA 1172 (#2, #6). 
Protein levels were assessed with specific antibodies. A total of 80µg of protein were 
loaded per well in 10% acrylamide gels. Tubulin was used as reference gene for loading 
control. The signal was detected by Chemidoc XRS+ System (BioRad, USA) and images 
were treated by Image Lab 6.1 software. Figure representative from 3 experiments that 
had been performed. MW = molecular weight. 

MW 
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number of viable cells attached to the plate. Our results indicate that the two 

clones from gRNA #1170 (#7 and #16) and the other two clones from gRNA 1172 

(#2 and #6) have significantly less viability in comparison with the WT cells 

(Figure 4.7). Our results show that TRIB3 abrogation decreased U-118 cell 

viability compared to the parental cell line that does express TRIB3. Indeed, our 

results agree with another published study by Tang et al. that shows that TRIB3 

knockdown impairs cell proliferation, whereas overexpression of TRIB3 increases 

proliferation in GBM cell lines222. 

 

4.6. TRIB3 inhibition decreases cell proliferation but does not induce 

cell death in the U-118 cell line 

 

Since the U-118 TRIB3 KO cell line showed lower cell viability than the 

parental cell line, we wanted to understand whether this was due to less cell 

proliferation or increased cell death. Therefore, we performed a Trypan Blue 

exclusion assay in U-118 WT and TRIB3 KO cell lines. Our results showed that 

all TRIB3 KO clones have a less total number of cells compared to the U-118 WT 

Figure 4.7 - TRIB3 reduces cell viability in U-118 cell line. 

U-118 WT and TRIB3 KO clones were stained with crystal violet after 72h in culture. 
Absorbance was read in a wavelength of 570nm. Parental cell line was used as control 
(WT). All the four clones tested (#7, #16, #2 and #6) showed a statistically significant 
decrease in cell viability compared to WT. Statistical analysis was done using the 
GraphPad Prism 7.03 program. Statistical significance was determined by 1way ANOVA 
(Dunnett's multiple comparisons) * p ≤ 0.05; ** p ≤ 0.01. Data from triplicates of 2 
biological replicates. 
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cell line. However, only clone #2 from gRNA #1172 reached statistical 

significance (Figure 4.8, A).  

Cell death analysis revealed that, on average, 4,88% of the U-118 parental 

cell line was non-viable after 72h. Regarding the isogenic TRIB3 KO clones, they 

varied in a range from 3,4% (in clone #7) to 6,69% (in clone #2) of non-viable 

cells for the same period. Except for clone #1170 #7, the three other TRIB3 KO 

clones tended to show a slightly increased cell death rate. However, none of the 

results were statistically significant, and the standard deviations were very high 

(Figure 4.8, B).  

 

 

Taking all the data together, these results indicate that TRIB3 inhibition 

decreases cell proliferation in the U-118 GBM cell line, resulting in less cell 

viability. It is described that down-regulation of TRIB3 can inhibit the proliferation 

of ovarian cancer cells228, oral squamous carcinoma cells195, and renal carcinoma 

cells163. In this sense, our results lead us to believe that TRIB3 may indeed 

A B 

Figure 4.8 - Evaluation of cell proliferation and cell death between U-118 WT and 
TRIB3 KO cells. 

To verify if the difference between cell viability was due to a decrease in the cell 
proliferation or to an increase in the cell death, we performed a Trypan Blue exclusion 
assay. (A) Total number of cells normalized by WT represented in fold change. (B) 
Percentage of cell death in total number of cells normalized by WT and represented in 
fold change. Statistical analysis was done using the GraphPad Prism 7.03 program. 
Statistical significance was determined by 1way ANOVA (Dunnett's multiple 
comparisons) * p < 0.05. N= 4 independent experiments. 
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contribute to the malignant phenotype in GBM. However, it is necessary to 

understand how the inhibition of TRIB3 can lead to a decrease in cell proliferation. 

 

4.7. Status of signaling pathways involved in cell proliferation in U-

118 cell line upon TRIB3 abrogation 

 

Recent studies have shown that TRIB3 is able to activate the AKT/mTOR 

and MAPK/ERK pathways196,229. These pathways are strongly associated with 

cell proliferation, and their activating status leads to increased cell proliferation. 

GBM cells often have mutations on these core pathways, as described in the 

introduction section. Our results showed that U-118 TRIB3 KO clones have less 

cell viability accompanied by a reduction in cell proliferation. Therefore, we 

decided to verify if the TRIB3 inhibition is associated with the modulation of AKT 

and MAPK pathways. 

Our results show that all TRIB3 KO cells have increased levels of S6K 

phosphorylation. However, the quantification of these data did not show to be 

significant (Figure 4.9, A, C, D). Phosphorylation of AKT at serine 473 did not 

change depending on the TRIB3 status, indicating that TRIB3 is not able to 

modulate AKT activity in the U-118 cell line. Analysis of the MAPK pathway 

revealed that ERK1/2 phosphorylation status was clone-specific and not 

significant (Figure 4.9, B, D). However, including more biological replicates is 

necessary to increase the significance and validate our findings. 

Taken together, the abrogation of TRIB3 does not appear to interfere with 

either the AKT or the MAPK pathway in GBM cells. However, these pathways are 

composed of several intermediate players that, in turn, can be regulated. Thus, it 

would be valuable to evaluate the status of these other proteins, such as the 

phosphorylation of MAPK1/2 and the phosphorylation of mTOR, to understand 

what is indeed happening in these signaling pathways.  
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Figure 4.9 - Phosphorylation levels of key proteins from AKT and MAPK pathways 
in U-118 WT and TRIB3 KO cells. 

Phosphorylation levels of key proteins from AKT and MAPK pathways in U-118 WT and 
TRIB3 KO cells. (A) Effect of TRIB3 KO on AKT pathway by analyzing AKT 
phosphorylation at serine 473 and S6K phosphorylation at threonine 398 in U-118 WT 
and TRIB3 KO cell line. (B) Quantification by densitometry of the levels of AKT 
phosphorylated in S473 (pAKT Ser473) and (C) S6K phosphorylated at threonine 389 
(pS6K Thr389). The data correspond to the optical density in arbitrary units for each 
experimental condition normalized with respect to total AKT and the loading control 
(tubulin) and total S6K and loading control (tubulin), respectively. (D) Effect of TRIB3 KO 
on MAPK pathway by analyzing ERK1/2 phosphorylation at threonine 202 and tyrosine 
204 in U-118 WT and TRIB3 KO cell line. (E) Quantification by densitometry of the levels 
of ERK1/2 phosphorylated in threonine 202 and tyrosine 204) (pERK1/2 Thr202/Tyr204). 
The data correspond to the optical density in arbitrary units for each experimental 
condition normalized with respect to total ERK1/2 and the loading control (tubulin). For 
the Western Blot, 80µg of protein were loaded per well in 10% acrylamide gels. Tubulin 
was used as reference gene for loading control. The signal was detected by Chemidoc 
XRS+ System and images were treated by Image Lab 6.1 software. Results represents 
two biological replicates for WT and clones #7, #16 and #2 but just one for clone #6. MW 
= molecular weight. 

MW 

MW 
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4.8. TRIB3 inhibition does not affect AKT and ERK pathways under 

starvation in the U-118 cell line 

 

Metabolic stress caused by starvation triggers responses to re-establish 

homeostasis and maintain cellular functions. In the absence of nutrients, the cell 

shuts down all the processes that consume energy230. For example, the mTOR 

pathway, usually activated when cells are proliferating, is inactivated when ATP 

levels are low in the cell231. 

TRIB3 is known to coordinate stress-adaptative mechanisms. It is 

described that TRIB3 is upregulated by stress-induced transcriptional factors, 

such as CHOP and ATP4 178. Studies also showed that the induction of TRIB3 

by these transcription factors could suppress AKT signaling232. Therefore, we 

hypothesized that TRIB3 inhibition could affect the PI3K/AKT/mTOR pathway 

more acutely under starvation-induced stress.  

Basely, U-118 TRIB3 KO cells showed no significant differences in the 

status of the PI3K/AKT and MAPK pathways. Therefore, we re-analyzed the 

status of these pathways upon inducing metabolic stress. Overall, our results 

showed that TRIB3 expression did not have any effect on the activity of these 

pathways after inducing metabolic stress (Figure 4.10). We concluded that, in the 

U-118 cell line, AKT and ERK pathways are not modulated by TRIB3 levels.  
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4.9. U-118 cell viability and cell death upon TMZ treatment after TRIB3 

inhibition 

 

TMZ is the standard chemotherapy used for glioblastoma treatment. 

However, patients often recur and develop therapy resistance. To evaluate the 

effect of TRIB3 expression on cell resistance to TMZ, we performed proliferation 

assays (Trypan Blue exclusion assay) and cells’ viability assays (crystal violet 

assay) upon TMZ treatment. 

First, we exposed the U-118 parental cell to serial dilutions of TMZ 

concentration and performed a Crystal violet assay to assess the drug's half-

maximum inhibitory concentration (IC50). The IC50 value indicates the amount 

of drug needed to produce half of its maximum effect. Our data show that IC50 

for TMZ in the U-118 cell line is 500µM for 72h (Figure 4.11). 

Figure 4.10 - Phosphorylation levels of key proteins from AKT and MAPK pathways 
in U-118 WT and TRIB3 KO cells upon starvation. 

U-118 WT and TRIB3 KO cells were starved by EBSS incubation. After 6 hours, the 
pellet was collected for protein extraction. For the Western Blot, 80µg of protein were 
loaded per well in 10% acrylamide gels. Tubulin was used as reference gene for loading 
control. The signal was detected by Chemidoc XRS+ System and images were treated 
by Image Lab 6.1 software. MW = molecular weight. 

MW 
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Studies showed that in the U-87 cell line, the most common cell line 

studied, the median TMZ IC50 value at 72h was 230.0 μM. However, TMZ 

sensitivity was inconsistent with other GBM cell lines233. Other reports indicate 

chemoresistance of U-118 cells to TMZ by escaping from TMZ-induced cell death 

through the PI3K/AKT and MAPK pathways234, that together with a 

hypermethylated status of the MGMT promoter235, could explain the high 

concentration IC50 levels that we established.  

 

4.9.1 Absence of TRIB3 expression does not alter cell sensitivity to 

TMZ  

 

We hypothesized that TRIB3 has an oncogenic role in GBM. Thus, TRIB3 

could be involved in the resistance of tumor cells to therapy. Therefore, inhibition 

of TRIB3 could result in decreased cell viability upon TMZ administration. 

We analyzed the cell viability of U-118 WT and TRIB3 KO upon TMZ 

treatment (500µM) for 72 hours. Our results show that (1) inhibition of TRIB3 does 

not seem to increase the sensitivity of cells to TMZ, as the viability of TRIB3 KO 

cells is halved after treatment with TMZ, as well as in the control cells. However, 

(2) as TRIB3 inhibition under normal conditions already affects cell viability, TMZ 

Figure 4.11 - TMZ concentration for IC50 in U-118 cell line. 

10.000 cells of U-118 WT were plated in 24-wells plate. They were exposed to 100 - 
500µM of TMZ. 24- and 48-hours treatments weren’t effective. The figure represents the 
experiment after 72-hour treatment. Cells were fixed and stained with Crystal violet. The 
absorbance was read in the wavelength of 570nm. The results were normalized by the 
effect of DMSO, which is the drug vehicle. Results expressed in fold change from the 
vehicle treatment. Data was analyzed using GraphPad Prism 7.03 program. 
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treatment turns out to be more effective when comparing the cell viability of TRIB3 

KO cells with WT control cells (DMSO) (Figure 4.12). 

 

 

 

4.9.2. U-118 TRIB3 KO cell death by Trypan Blue exclusion assay 

upon TMZ treatment 

 

Next, we performed a Trypan Blue exclusion assay to evaluate the 

contribution of TRIB3 expression on cell death induction after TMZ treatment. 

Overall, the absence of TRIB3 appears to induce more cell death upon TMZ 

treatment when compared to U-118 WT cells. However, only clone #1172 #2 

showed a statistically significant increase, as shown in Figure 4.13, A. The total 

number of cells does not seem to vary between cells that express TRIB3 and 

cells that do not express TRIB3 in the presence of TMZ (Figure 4.13, B). Again, 

the total number of cells in the DMSO control samples is significantly higher than 

the total number of cells where TRIB3 has been depleted, as seen in our previous 

experiments (Figure 4.8, A). Therefore, the decrease in cell viability seen after 

TRIB3 inhibition is due to a decrease in cell proliferation of the U-118 cell line.  
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Figure 4.12 - Cell viability of U-118 TRIB3 KO cells after TMZ treatment. 

U-118 TRIB3 KO cells were exposed to 500µM of TMZ for 72h. Four clones, two from 
each gRNA against TRIB3 were tested. Results are represented normalized from DMSO 
treatment, the diluent of the drug. Data was analysed using GraphPad Prism 7.03 
program. 
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In summary, inhibition of TRIB3 does not significantly affect the cellular 

response of U-118 GBM cells after 72 hours of exposure to TMZ, the standard 

drug for GBM treatment. However, patients expressing low levels of TRIB3 could 

benefit from TMZ treatment compared to patients with high levels of TRIB3, as 

the decrease in TRIB3 reduces cell viability. 
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Figure 4.13 - Cell death by Trypan Blue of U-118 TRIB3 KO cells upon TMZ 
treatment. 

Four clones from U-118 TRIB3 KO (#7, #16, #2 and #6) and U-118 WT cell line were 
exposed to DMSO and 500µM of TMZ. After 72-hours treatment, (A) dead cells and (B) 
total number of cells were counted with Trypan blue stain. Y axis shows fold change of 
the results from WT cells treated with DMSO. Data from 3 independent experiments was 
analysed with GraphPad Prism 7.03 program. Statistical significance was determined by 
1way ANOVA (Dunnett's multiple comparisons) * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001. 
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4.10. Characterization of TRIB2 silencing in LN-229  

 

This project aims to generate cell-based tools that allow us to study the 

role of Tribbles family members in GBM biology. So far, we have successfully 

generated TRIB3 KO cell lines. In the process of generating TRIB2 KO cells, we 

encountered technical problems that delayed the obtention of these cell lines. To 

overcome this problem, we have simultaneously modulated TRIB2 levels using 

siRNA. We used siRNA to silence TRIB2 in the LN-229 cell line, which has 

endogenously high expression levels of TRIB2 protein. With this approach, we 

were able to obtain preliminary data on the effects of TRIB2 silencing while we 

were generating a TRIB2 KO cell line. 

TRIB2 silencing validation was done using a specific TRIB2 antibody (CST 

13533. LN-229 cell line transfected with a siRNA against TRIB2 showed reduced 

levels of TRIB2 expression as expected (Figure 4.14). Our results showed no 

differences in the protein levels of FOXO3 nor AKT and ERK pathway activation 

(Figure 4.14). Taken together, the silencing of TRIB2 in LN-229 does not seem 

to affect the levels of these proteins. Moreover, TRIB2 may not be affecting the 

phosphorylation of AKT or MAPK pathways in the LN-229 cell line. However, this 

experiment was performed only once. It is necessary to have more biological 

replicates to verify the results obtained. 
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4.11. Generation of LN-229 TRIB2 KO cell line 

 

Since TRIB3 modulation does not seem to have a significant impact on 

GBM cells, we decided to generate a TRIB2 KO cell line. To that end, we used 

CRISPR/Cas9 technology to generate the LN-229 TRIB2 KO cell line. It is 

important to note that this cell line was the cell line that showed the highest TRIB2 

levels (Figure 4.4). After transfection of the CRISPRC/Cas9 plasmid to deplete 

TRIB2 expression, we screened for 8 clones using gRNA #1167 and 11 clones 

using gRNA #1169. From these, clones #1, #6, #7, #10, and #22 (from gRNA 

#1167), and clone #21 (from gRNA #1169) were positive for TRIB2 depletion 

(Figure 4.15). The parental cell line LN-229 WT was used as a control sample. 

Figure 4.14 - Protein levels of siTRIB2 on LN-229 cell line. 

TRIB2 protein was silenced with siRNA in L-229 cell line. The proteomic levels were 
assessed by Western Blot. First lane was loaded with LN-229 siCONTROL (siC) sample. 
The second lane was loaded with LN-229 transfected with siTRIB2. Transfection control 
was verified by TRIB2 specific antibody (CST 13533). The wells were loaded with 80µg 
of protein in 10% acrylamide gels. House-keeping gene Tubulin was used for loading 
control. The signal was detected by ImageQuant LAS 500 (GE Healthcare Bio-Sciences, 
Sweden) and images were treated by Image Lab 6.1 software. MW = molecular weight. 

 

MW 
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4.12. LN-229 TRIB2 KO cell line protein characterization 

 

The generation of an isogenic GBM cell line KO for TRIB2 was 

successfully achieved. LN-229 TRIB2 KO cell line now can be used to study the 

effects of TRIB2 abrogation on GBM cells. 

We tested 3 clones (#6, #7, #9) that originated from the gRNA #1167 of 

CRISPR/Cas9 TRIB2 KO transfection to characterize them upon protein levels 

by Western Blot. However, this new analysis revealed that 2 of the selected 

clones (#7 and #9) were no longer TRIB2 KO, but showed reduced levels of 

TRIB2 protein compared to WT. Probably, these two clones were composed of a 

mosaic population, with cells that still express TRIB2 and cells TRIB KO. Due to 

this, after some passages, the TRIB2 expression was restored. 

Despite not being the expected result for the KO experiment, cells with 

intermediate levels of TRIB2 offered us other tools to study the effect of TRIB2 

modulation on GBM. 

As described, Tribbles family members can modulate signaling pathways 

that regulate FOXOs protein activity. Thus, we wondered if TRIB2 modulation 

would affect FOXOs protein expression levels in this cell line. We saw no 

Figure 4.15 - Selection of LN-229 TRIB2 KO clones. 

LN-229 cell line was transfected with plasmid PX459 containing gRNAs 1167 or 1169 for 
TRIB2 abrogation. First lane was loaded with control sample LN-229 WT. The other 
lanes were loaded with isolated clones obtained after plasmid transfection with 
Lipofactamine 2000. Specific antibody against TRIB2 (CST 13533) was used. Red box 
indicates the clones used for following experiments. A total of 80µg of protein were 
loaded per well in 10% acrylamide gels. Tubulin was used as reference gene for loading 
control. The signal was detected by ImageQuant LAS 500 and images were treated by 
Image Lab 6.1 software. MW = molecular weight. 

MW 
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differences in FOXOs expression levels between cell lines with and without 

TRIB2 (Figure 4.16).  

Our data indicate that the reduction of TRIB2 levels may be inversely 

proportional to phosphorylation levels of AKT at serine 473 in the LN-229 cell line. 

Therefore, we would expect the activation of AKT downstream targets. However, 

our results also show that a reduction of at least half of TRIB2 levels is sufficient 

to inhibit phosphorylation of S6K in Threonine 389 (P-S6K Thr 389) in the LN-229 

cell line (Figure 4.16), which indicates a downstream inhibition of the pathway. 

As already described, P-S6K Thr 389 is a marker for the activation status of 

mTORC1. Therefore, these data indicate that the reduction of TRIB2 protein 

levels in LN-229 is sufficient to cause mTOR shutdown. 

Regarding ERK1/2 activation, our results showed no differences in the 

phosphorylation levels of ERK1/2 at Threonine 202 and Tyrosine 204 upon TRIB2 

inhibition (Figure 4.16). 
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4.13. Characterization of TRIB2 overexpression in U-87 

 

To better understand the role of TRIB2 contribution to GBM biology, 

besides the generation of TRIB2 KO cells, we overexpressed TRIB2 in a GBM 

cell line with low levels of this protein. To do so, we selected the U-87 cell line 

and overexpressed TRIB2 by transfecting it with the pBABE-flag-TRIB2 

construct. 

We successfully generated the U-87 TRIB2 cell line (Figure 4.17). 

However, we did not see differences in the expression of TRIB1, FOXO3, or the 

Figure 4.16 - Protein levels of LN-229 after TRIB2 modulation. 

We loaded the first lane with WT for control. The other three lanes were loaded with LN-
229 TRIB2 KO clones #6, #7 and #9, respectively, all from gRNA 1167. We used TRIB2 
specific antibody as control for the KO transfection. It turned out that clones #7 and #9 
were not KO clones, yet they present a reduction on TRIB2 levels. In this way we could 
analyse the effect of intermediate TRIB2 levels on the pathways studied. Tubulin was 
used as reference gene for loading control in 10% acrylamide gels. The signal was 
detected by ImageQuant LAS 500 and images were treated by Image Lab 6.1 software. 
MW = molecular weight. 

MW 
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activation status of the PI3K/AKT pathway between the U-87 cells in which TRIB2 

was overexpressed and the parental cell line. 

 

 

 

 

 

 

 

 

 

 

Figure 4.17 - Protein characterization after TRIB2 overexpression in U-87 cell line. 

TRIB2 was overexpressed in U-87 cell line using pBABE-flag-TRIB2 vector. Protein 
levels were assessed by Western Blot. First lane was loaded with U-87 empty vector 
sample (φ). The second lane was loaded with U-87 transfected with TRIB2 plasmid. The 
wells were loaded with 80µg of protein in 10% acrylamide gels. Tubulin was used for 
loading control. The signal was detected by ImageQuant LAS 500 and images were 
treated by Image Lab 6.1 software. Figure representative from three biological replicates. 
MW = molecular weight. 

MW 
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5. DISCUSSION 

 

GBMs are the most frequent and highly aggressive type of brain tumor that 

are difficult to treat and have a poor prognosis. Despite advances in surgical 

techniques and the standard therapy which includes radiation and chemotherapy, 

the average OS for patients with GBM is only 15 months after diagnosis33. 

Therefore, it is essential to deepen the knowledge of the genetic, molecular, and 

histopathological characteristics of GBM tumors to understand the biology of 

gliomagenesis better. In this way, we will be able to identify new prognostic 

biomarkers and therapeutic targets associated with these brain tumors that will 

contribute to advances in GBM treatment. A more accurate diagnosis that allows 

us to predict the probability of tumor recurrence added to more effective 

personalized treatments for the patient would contribute to a better outcome for 

GBM patients. 

Tribbles family members are pseudokinases that have been shown to play 

a role in essential processes such as cell survival and proliferation. To do so, they 

can act as adapters regulating signaling pathways138. In this sense, it is 

understood that Tribbles dysregulation is associated with the progression of 

different types of cancer.  

Although the pattern of expression and the role of each member of the 

Tribbles protein family depend on context and cell type, all isoforms have been 

described as important players in the process of tumor progression125. Precisely, 

studies have shown that high levels of TRIB2 are associated with tumor 

progression in melanoma220, pancreatic cancer236, liver cancer133, leukemia155, 

lung cancer237, and ovarian cancer238. Relative to the TRIB3 homolog, high levels 

of expression of this protein are associated with tumorigenesis of renal 

carcinoma163, oral squamous cell carcinoma195, retinoblastoma196, and bladder 

cancer239. However, some tumor suppressor properties were also associated 

with those proteins. Salomé et al. described that despite the oncogenic role of 

TRIB2 in leukemia, under stress conditions, TRIB2 deficiency contributed to 

growth and survival properties215. In the case of TRIB3, it was found that inhibition 

of TRIB3 increases tumorigenesis in cancer cells via FOXO inactivation161. 
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In order to contribute to tumor progression, Tribbles proteins act by 

modulating different signaling pathways. For example, studies showed that 

TRIB3 could positively regulate Notch through activation of the MAPK/ERK 

pathway, contributing to tumor growth in breast cancer169. Moreover, it has been 

reported that the induction of oncogenic features by TRIB3 in retinoblastomas 

can be caused by the activation of the AKT/mTOR pathway. The study showed 

that TRIB3 overexpression increased AKT and mTOR phosphorylation levels. In 

contrast, TRIB3 knockdown decreased AKT and mTOR phosphorylation196. The 

AKT/mTOR pathway can also be regulated by TRIB2, as described in melanoma 

cells159. Studies also showed that FOXO3, a downstream target of AKT, is 

repressed by high levels of TRIB2 expression. In fact, this regulatory mechanism 

has been described as a possible inducer of resistance to cancer therapy. It has 

been described that high levels of TRIB2 lead to the activation of AKT, which in 

turn inhibits FOXO3 and P53 activity, conferring resistance to PI3K inhibitors151. 

Therefore, proteins from the Tribbles family may also be associated with 

treatment resistance. Taken together, these data highlight a potential prognostic 

biomarker value for Tribbles protein members.  

Regarding the role and regulation of Tribbles protein members in GBM, 

the existing literature is still limited, and few studies have been published in the 

last decade. A preliminary analysis from the host lab indicated a relationship 

between the transcript expression of Tribbles family members and glioma grade, 

with it being higher in GBM. Considering these data and the background of the 

roles of Tribbles members in other cancers’ contexts, we hypothesized that 

Tribbles proteins could contribute to tumorigenic properties in GBM development. 

Therefore, we proposed to study the role of Tribbles family members in GBM 

biology by generating cell-based tools that modulate Tribbles' expression levels. 

To generate cell lines where Tribbles are differentially expressed, our first 

approach was to characterize a panel of five GBM cell lines according to the 

levels of Tribbles proteins. We proposed to create knock-out lines for Tribbles 

proteins. A suitable cell line should express considerable protein levels to be 

knocked out. Therefore, we chose to use the U-118 cell line to generate a TRIB3 

knockout and the LN-229 line to generate a TRIB2 knockout, as they expressed 

high levels of TRIB3 and TRIB2, respectively. As none of the lines expressed 
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considerable levels of TRIB1, and we could not validate TRIB1 antibody, we 

chose not to modulate TRIB1. As stated earlier, Tribbles are capable of negatively 

regulating FOXOs proteins. In melanoma cells, for example, TRIB2 might induce 

tumorigenic properties through the abrogation of FOXO. Therefore, we also 

decided to verify the expression of FOXO proteins in GBM cell lines. We did not 

find an expression pattern that associated Tribbles with FOXOs. However, it is 

noteworthy that none of the lines tested showed detectable levels of FOXO4. In 

fact, this finding agrees with another study that described that FOXO4 expression 

is associated with the degree of gliomas227. Analyzes showed that FOXO4 

expression levels were lower in GBM than in low-grade gliomas and normal 

tissue. Furthermore, the overexpression of FOXO4 in GBM cells promoted 

apoptosis and TMZ sensitivity in cancer cells, in addition to inhibiting cell 

migration and invasion227. Thus, FOXO4 may exhibit anti-tumorogenic activity in 

GBM. 

After selecting the suitable cell lines, we used the CRISPR/Cas9 system 

to generate isogenic KO cell lines for TRIB3 (U-118 TRIB3 KO) and TRIB2 (LN-

229 TRIB2 KO). To better understand this work, we decided to divide it into two 

topics, one focusing on TRIB3 and the other focusing on TRIB2. 

 

5.1. TRIB3 inhibition 

 

We successfully generated a U-118 TRIB3 KO clone. To minimize the off-

target effect, we used two gRNAs against TRIB3. That is, clones of different 

gRNAs must show similar results for us to validate that the transfection affects 

only our gene of interest and is not binding to another gene. It has been described 

a similar oncogenic function between TRIB1 and TRIB2 in acute leukemia, 

suggesting that Tribbles members might have redundant functions156. To discard 

a possible compensation by other Tribble members after inhibiting TRIB3, we 

assessed the expression levels of all Tribbles homologs in the TRIB3 KO cells. 

Overall, our results showed that inhibition of TRIB3 does not appear to affect the 

other members of the Tribbles family in U-118.  
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As we hypothesized that TRIB3 has an oncogenic role in GBM, its 

inhibition should negatively affect cell viability and proliferation. The results from 

cell viability by crystal violet assay showed that cells with TRIB3 inhibition had a 

significant reduction in cell viability compared to the isogenic parental cell line. In 

addition, the Trypan Blue exclusion assay results demonstrated that TRIB3 

inhibition reduced cell proliferation. Indeed, studies showed that TRIB3 

knockdown, in addition to decreasing cell viability, also reduces colony formation, 

migration, and invasion of GBM cells222. To further assess whether the reduction 

in cell viability and proliferation in U-118 was due to the inhibition of TRIB3, the 

next step could be to reestablish the expression of TRIB3 in these cells and verify 

if the levels of viability and proliferation are also re-established. In this way, we 

could confirm that TRIB3 is indeed responsible for the modulation of cell 

proliferation in this cell line, possibly having an oncogenic role in GBM 

progression. 

Studies described that the AKT signaling pathway is actively involved in 

the TRIB3-mediated promoting effect in retinoblastoma cells196. They showed 

that the downregulation of TRIB3 led to the inhibition of proliferation and 

invasiveness in retinoblastoma cells. On the other hand, TRIB3 overexpression 

promoted these cells' migratory and invasive capacities. Moreover, they 

described that the mechanism responsible for regulating TRIB3-induced 

proliferation occurred through the AKT/mTOR pathway induction. In other words, 

the downregulation of TRIB3 led to a reduction in the phosphorylation levels of 

AKT and mTOR, while the overexpression of TRIB3 produced the opposite effect, 

increasing the levels of phosphorylation of these proteins196. In ovarian cancer, a 

study described TRIB3 as a regulator of proliferation in cancer cells. Likewise, 

the down-regulation of TRIB3 inhibited cell proliferation. However, they observed 

that following the downregulation of TRIB3, the MEK and ERK phosphorylation 

levels were also reduced. Thus, these results indicate that TRIB3 regulates the 

proliferation of ovarian cancer cells through modulation of the ERK signaling 

pathway228. 

 In this sense, we also verified the status of signaling pathways commonly 

associated with cell proliferation and frequently altered in GBM under baseline 

conditions and starvation conditions. The starvation condition causes metabolic 
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stress to the cell because it needs to shut down processes that consume high 

energy. Since TRIB3 regulates cellular metabolism and coordinates stress-

adaptive mechanisms178, we hypothesized that inhibition of TRIB3 could make 

cells more sensitive to the effects of starvation and have more impact on the 

proliferation pathways. 

In terms of the AKT pathway, under baseline conditions, inhibition of TRIB3 

appears to have slightly increased S6K phosphorylation. However, quantification 

did not show a significant difference. Under starvation, the AKT pathway did not 

show differences in the phosphorylation status of AKT as well. Overall, under 

both normal and starvation conditions, TRIB3 inhibition does not appear to 

significantly modulate the AKT signaling pathway in GBM cells. 

The activation status of the MAPK pathway was also verified by analyzing 

the phosphorylation levels of ERK1/2. Under baseline conditions, the result 

showed increased levels of ERK1/2 phosphorylation, but it was clone-specific 

and not significant. Moreover, the levels of ERK1/2 phosphorylation after TRIB3 

inhibition in the U-118 upon starvation did not differ. However, evaluating the 

activation status of intermediate proteins in these pathways, such as mTOR, a 

downstream target of the AKT pathway, or MAPK1/2 in the case of the MAPK 

pathway, could validate whether these pathways are in fact not being modulated 

by TRIB3 in GBM. 

Overall, the results obtained in this study indicate that the reduced cell 

viability and proliferation caused by the inhibition of TRIB3 in the U-118 cell line 

is not being regulated by the PI3K/AKT or ERK1/2 pathways. To further 

understand the mechanisms underlying the reduction of cell proliferation after 

TRIB3 inhibition, it would be interesting to examine other signaling pathways 

involved in cell proliferation regulation. A study described that TRIB3 could 

interact with β-catenin and thus activate this pathway, promoting lung cancer 

progression198. Moreover, it has been described that TRIB3 increases glioma cell 

stemness by activating β-catenin signaling240. In this way, a potential candidate 

to verify is the Wnt signaling pathway, for example. These results would provide 

a more comprehensive understanding of the effects of TRIB3 inhibition on cell 

proliferation and could have important implications for the biology of GBM. By 

interacting with AKT, TRIB3 led to the inhibition of FOXO1 in breast cancer 
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cells241. Studies have described that TRIB3 can bind to AKT and thus inhibit the 

subsequent phosphorylation and degradation of FOXO1241. The accumulation of 

FOXO1, in turn, led to the induction of cancer stemness transcription factors. This 

regulation is associated with resistance mechanisms to therapy by breast cancer 

stem cells241. Taking this into account, and because resistance to therapy is one 

of the major reasons for GBM recurrence after therapy, we evaluated whether 

inhibition of TRIB3 could lead to an increased sensitivity of GBM cells upon TMZ 

treatment. However, our data show that inhibition of TRIB3 does not affect the 

GBM cells’ sensitivity after 72 hours of treatment with TMZ. However, it would be 

interesting to evaluate other factors already described as regulators of therapy 

resistance in GBM, such as the MGMT promoter methylation status, after TRIB3 

inhibition. As explained in the introduction, epigenetic silencing of MGMT is 

related to an increased sensitivity of GBM cells to TMZ87. A study showed that 

the U-118 cell line presents hypermethylation of the MGMT promoter235. If the 

MGMT methylation status is not altered by the TRIB3 inhibition, we can infer that 

in fact TRIB3 is not involved in the mechanism of resistance to TMZ therapy in 

the U-118 cell line. 

Overall, the findings obtained with the results from this work confirm our 

hypothesis that TRIB3 has an oncogenic role in GBM progression since its 

inhibition decreases the proliferation and cell viability of GBM cells. However, it 

is necessary to study further the mechanisms that lead to this inhibition. 

It is important to notice that our studies were performed with immortalized 

GBM cell lines. These lines grow in a monolayer and adhere to the substrate. 

However, cancer development depends on a set of factors involving cellular 

communication and the surrounding microenvironment242. In this sense, cell 

culture in spheres could provide a more reliable character regarding the 

expression of specific genes in the studied cell lines. In addition, genomic 

instability is one of the hallmarks of cancer, and therefore most primary tumors 

have a heterogeneous population of cells4. Nevertheless, immortalized lines are 

usually dominated by a single clone and are sometimes not representative of the 

original tumor from which they were isolated. In addition, after many passages 

and long periods of culture, these lines can also tend to a genetic drift, which 
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contributes to the lack of representativeness of the tumor of origin. In this sense, 

using primary lines would allow more reliable results from patients’ samples. 

 

5.2. TRIB2 inhibition 

 

The generation of KO cells for TRIB2 resulted in more challenges with 

multiple transfections attempts and screening of a vast number of clones. We 

could think that the design of the gRNA used to generate the CRISPR/Cas9 could 

be compromised, but this construct has been successfully used in the past to 

generate TRIB2 KO cells in other tumor models. Alternatively, the difficulties in 

generating the KO line for TRIB2 may be due to altered cell repair mechanisms 

or copy number variation in the used cell line, LN-229. The cell viability of this cell 

line can also interfere with the single-cell expansion needed to develop a 

homogenous cell population. 

In addition to generating a KO cell line for TRIB2, we also obtained cell 

clones with an intermediate expression of TRIB2. Initially, these intermediate-

level cells showed TRIB2 inhibition. However, after a few passages, they showed 

some TRIB2 expression levels. Obtaining KO lines involves expanding the single-

cell population to obtain clones. However, this is a technically challenging task to 

accomplish. Sometimes more than one clone grows in a population. The initially 

seen reduced TRIB2 phenotype may have been lost after a few passages of the 

cells due to the growth of cells that still expressed TRIB2. Despite not being the 

expected result for a KO experiment, these cells also showed modulation of 

TRIB2 levels and therefore served as a tool to study the intermediate levels of 

TRIB2. 

Published studies have shown that high levels of TRIB2 are related to 

increased phosphorylation of AKT and FOXO3 in cancer cells151. Thus, TRIB2 

can activate AKT and leads to the consequent inactivation of FOXO3, inducing 

tumorigenic properties. As we hypothesize that Tribbles proteins have an 

oncogenic role in GBM development, and agreement with other published 

studies, we expected that inhibition of TRIB2 would lead to decreased levels of 

AKT phosphorylation. However, our results showed that inhibition of TRIB2 
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resulted in increased AKT phosphorylation in the LN-229 cell line. Furthermore, 

the phosphorylation level appears to be inversely proportional to TRIB2 

expression. Therefore, TRIB2 might be downregulating the AKT pathway. These 

findings do not relate to studies from our lab and others regarding the role of 

TRIB2 in tumor promotion, where high levels of TRIB2 upregulate the PI3K/AKT 

pathway by causing an increase in AKT phosphorylation151,243. However, the 

tumor models used referred to melanoma, breast cancer, and ovarian cancer and 

not GBM. Overall, this indicates that TRIB2 behaves in specific roles according 

to the cellular context involved. 

Usually, activation of the AKT pathway results in consequent activation of 

mTOR. S6K phosphorylation can be a readout of mTOR phosphorylation, as it is 

a direct activator. However, our results showed that inhibition of TRIB2 inhibits 

S6K phosphorylation. More than that, only the reduction of TRIB2 levels could 

inhibit S6K phosphorylation. Therefore, our data indicate that the reduction of 

TRIB2 inhibits S6K and consequently inhibits the mTOR pathway. 

Considering all these results, inhibition of TRIB2 appears to be inhibiting 

downstream targets of the AKT/mTOR pathway, despite inducing AKT 

phosphorylation. This can be explained due to other players involved in the 

pathway that may be mediating these proteins. To verify the pathways activation 

status, it would be necessary to evaluate the phosphorylation levels of 

intermediate proteins between AKT and S6K, such as TSC1/2, and even mTOR 

itself, by measuring the phosphorylation levels of Raptor. Only then could we 

confirm that TRIB2 inhibition shuts down the mTOR pathway. 

Alteration in other regulators of the mTOR pathway could also make us 

better understand the results obtained. The action of negative pathway 

regulators, such as LKB1 and AMPKα, can activate TSC1/2 and inhibit mTOR 

signaling. LKB1 and AMPK function as metabolic checkpoints and are activated 

in the case of a lack of nutrients, for example. Therefore, LBK1/AMPK/mTOR 

signaling pathway connects the cellular metabolism and the energy state of the 

cell to processes such as cell proliferation, growth, and autophagy244. Thus, 

checking their activity after TRIB2 inhibition would also be interesting for a 

continuation of this work. 
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An essential point is that it was only possible to perform this experiment 

once due to lack of time. Therefore, it is necessary to obtain biological replicates 

that allow us to confirm these results. Moreover, it was not possible to perform 

other assays, such as verifying the proliferation and viability of these cells, and 

therefore it was not possible to attribute phenotypic changes to the differences in 

the expression levels of the studied pathway. 

In summary, although we described that TRIB2 inhibition could modulate 

the AKT/mTOR pathway, with this result alone, it is not possible to confirm the 

hypothesis that TRIB2 has an oncogenic role in GBM progression. Thus, the 

oncogenic role of TRIB2 in GBM progression still needs to be explored.  Despite 

our limitations, it is important to continue this work and further explore the 

potential role of TRIB2 in GBM. By improving our knowledge about the 

contribution of TRIB2 in GBM, we would be able to identify new therapeutic 

targets that would help in the development of new treatments. In conclusion, we 

partially confirm our hypothesis that members of the Tribbles family have an 

oncogenic character through the TRIB3 homolog since its inhibition resulted in 

the inhibition of tumorigenic properties. However, the main objective of this work 

was completed since we were able to modulate Tribbles levels and generate cell 

lines that will serve as tools to understand better the role of this family of 

pseudokinases in tumor progression. 
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6. CONCLUSIONS AND FUTURE PERSPECTIVES 

 

We hypothesized that Tribbles family proteins have an oncogenic role in 

GBM, conferring tumorigenic properties on GBM cells. To study the role of 

Tribbles in GBM, it was necessary to modulate Tribbles' expression levels and 

generate stable cell lines to analyze this modulation's effect. In this sense, this 

work aimed to create tools to evaluate how Tribbles’ modulation can affect 

tumorigenic properties in GBM cells. 

The main objective of this work was accomplished as we were able to 

generate two CRISPR/Cas9 KO lines. We have successfully generated the U-

118 TRIB3 KO and the LN-229 TRIB2 KO cell lines. In addition, we also obtained 

a line of GBM with overexpression of TRIB2.  

Once we obtained our lines with modulated Tribbles levels, it was 

necessary to characterize them phenotypically so that we could assess the role 

of Tribbles in GBM. In this sense, we have partially achieved this objective. As 

we completed the TRIB3 KO cell line generation more quickly, we were able to 

assess its viability and cellular proliferation and compare them with the isogenic 

parental line that expresses TRIB3. We conclude that TRIB3 has oncogenic 

characteristics in GBM, as its inhibition led to reduced cell proliferation and 

viability. 

We also assessed the role of Tribbles in the mechanism of resistance to 

TMZ treatment. In this regard, the inhibition of TRIB3 did not seem to alter the 

response of the cells studied compared to the parental line. 

However, it would be interesting to perform future studies that evaluate the 

migratory capacity (through wound healing assay) and invasion (through matrigel 

assay), which are other properties related to tumor progression. Furthermore, 

since angiogenesis is a hallmark of GBM, assessing vessel formation would also 

be worthwhile. Finally, another hallmark of GBM is the presence of stem-like cells, 

and therefore the status of pluripotency markers could also be evaluated in KO 

cells to understand if the Tribbles family members act at this level. 
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We encountered some obstacles in the generation of the TRIB2 KO cell 

line. Still, we were able to generate the LN-229 TRIB2 cell line successfully. 

Despite this, the short time did not allow us to carry out assays beyond the protein 

characterization of this line compared to the parental LN-229 line. 

Our results do not allow us to state the oncogenic role of TRIB2 in GBM 

cells. However, we have generated valuable tools to continue the studies on the 

role of TRIB2 in GBM. Again, it is interesting to evaluate phenotypic 

characteristics related to oncogenic properties, such as the ability of these cells 

to proliferate, invade and migrate. 

It should be noted that the preliminary results obtained through the protein 

characterization of this line proved to be relevant. Only the reduction of TRIB2 

could cause a shutdown of the mTOR signaling pathway, which is typically 

hyperactivated in the tumor context. However, further analysis is still needed to 

validate this result and understand how this regulation is taking place. 

In summary, confirmation of the oncogenic role of the Tribbles 

pseudokinase family could be highly relevant in the context of GBM. Since GBM 

patients have a poor prognosis, unraveling the role of Tribbles in tumor 

progression could help identify new prognostic biomarkers for GBM patients. 

Moreover, the knowledge could contribute to developing targeted therapies 

against these proteins. In general, developing new therapeutic strategies and 

new druggable targets is extremely important to improve the treatment response 

and consequently increase the survival of patients with this still very lethal 

disease.  
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