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Abstract

Intrinsic and acquired resistance to conventional and targeted
chemotherapeutics is the fundamental reason for treatment failure in many cancer
patients. Identifying molecular mechanisms involved in drug resistance or sensitization
to targeted therapy is of enormous clinical importance. Critical transcription factors
such as forkhead box O (FOXO) proteins and p53 have been shown to mediate the
action of multiple anti-cancer drugs. Our lab discovered a novel mechanism of drug
resistance facilitated by TRIB2 by activating AKT and, consequently, the inactivation of
both FOXO and p53. Furthermore, this lab has established TRIB2 as a potential
biomarker for melanoma, and its expression correlated with disease stage (I-IV). As
TRIB2 may potentially be used as a biomarker and confers resistance to several
standard front-line therapeutics to treat melanoma, these results are extremely
relevant for the clinical management of melanoma. While accounting for less than 5%
of all skin cancer patients, melanoma is the deadliest form of skin cancer, responsible
for over 90% of all skin cancer deaths.

Furthermore, metastatic melanoma incidence has increased over the past three
decades, with a mortality rate that continues to rise faster than almost all other cancers.
Genetic analyses of melanoma have uncovered several key pathways in disease onset
and progression, most prominently are the Ras/Raf/MEK/ERK and the PI3K/AKT/FOXO
signalling pathways. In the decades 70 and 80, the established treatment for metastatic
melanoma included high-dose interleukin-2 or dacarbazine (DTIC) administration
associated with response rates of between 10-20% with severe side effects during
treatment. The limited success prompted investigators to further characterize and
understand the disease, leading to the development of immunotherapy, namely
immune checkpoint inhibitors (pembrolizumab, nivolumab and ipilimumab), and
targeted therapy, namely the BRAF inhibitors vemurafenib and dabrafenib and the
MEK inhibitor trametinib, which are approved to treat melanoma patients with mutated
BRAF (about 50% of patients). Simultaneously, several PI3K, AKT, mTOR, and MEK

inhibitors have been tested in clinical trials but, intrinsic or acquired resistance limits
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the efficacy of all these treatments. Our lab has previously shown that the tumour
suppressor FOXO is the central downstream transcriptional mediator of the PI3K/AKT
pathway after PI3K inhibition, which is in accordance with other studies that also show
that FOXOs are crucial for the anti-cancer action of several drugs, in particular, PI3K
pathway inhibitors. Therefore, proteins capable of inactivating FOXO factors are good
candidates for mediating tumour formation, progression and resistance to these
agents. Strikingly, our lab previously established TRIB2 as an oncogenic protein that
suppresses FOXO factors in melanoma and induces resistance to the dual PI3K/mTOR
inhibitor BEZ235 (dactolisib). We hypothesize that TRIB2 mediates therapy resistance
by altering the gene expression profile of the cells, and we can pharmacologically
reverse these effects of TRIB2.

To characterize the downstream events of TRIB2 activity, we analyzed the gene
expression profiles of isogenic cell lines with different TRIB2 statuses by RNA
sequencing. Using a connectivity map-based computational approach, we identified
drug-induced gene-expression profiles that invert the TRIB2-associated expression
profile. The natural alkaloids harmine and piperlongumine produced inverse gene
expression profiles and synergistically increased BEZ235-induced cell toxicity.
Notably, both agents promote FOXO nuclear translocation without interfering with the
nuclear export machinery and induce transcription of FOXO target genes. Our results
highlight the great potential of this approach for drug repurposing and suggest that
harmine and piperlongumine or similar compounds might help overcome TRIB2-

mediated therapy resistance in cancer patients.

Keywords: TRIB2; cancer; drug resistance; FOXO; BEZ235; harmine; piperlongumine
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Resumo

Os pacientes oncoldgicos sujeitos a quimioterapia convencional e dirigida, nem
sempre obtém um resultado clinico positivo. Uma das principais razdes € a resisténcia
ao tratamento intrinseca e adquirida. Como tal, é de extrema importancia clinica
identificar e caracterizar os mecanismos moleculares envolvidos na resisténcia ao
tratamento oncoldgico e promover a resensitizagao do paciente a terapéutica dirigida.

Diversos factores de transcricdo, dos quais as proteinas forkhead box O
(FOXO) e p53 sao as mais conhecidas, tém sido identificados como principais
responsaveis pela modulacado da eficacia de diversos farmacos anti-cancro. O nosso
laboratdrio identificou previamente um novo mecanismo de resisténcia a terapéutica
oncoldgica originada pela proteina TRIB2. O TRIB2 activa a proteina AKT, o que leva
a inibicdo dos factores de transcricao FOXO e p53. Adicionalmente, o nosso
laboratorio demonstrou que o TRIB2 mostra potencial como biomarcador em
melanoma, em que a expressao de TRIB2 correlaciona-se com o avangar do estadio
da doenga (I-1V). Tendo em conta que o TRIB2 podera ser um biomarcador e também
confere resisténcia a diversas estratégias terapéuticas no tratamento do melanoma,
estes resultados sdo extremamente relevantes para o futuro da terapéutica em
melanoma (a incidéncia de novos casos de melanoma nos Estados Unidos da America
€ de 73870). Embora s6 5% dos pacientes com cancro de pele sejam diagnosticados
com melanoma, esta doencga € no entanto a mais fatal de todos os cancros de pele,
responsavel por mais de 90% de falecimentos de pacientes com cancro de pele.

Além do mais, a incidéncia de melanoma metastatico tem aumentado nas
ultimas trés décadas, caracterizada por uma taxa de mortalidade superior a todos os
restantes cancros. Andlises genéticas ao melanoma permitiram a identificacdo de
diversas vias de sinalizagao envolvidas na origem e na progressao da doencga,
principalmente as vias de sinalizagdo Ras/Raf/MEK/ERK e PI3K/AKT/FOXO. Nas
décadas de 70 e 80, a terapéutica standard para o melanoma metastatico incluia
administragao de doses elevadas de interleucina 2 or dacarbazina (DTIC), usualmente
com taxas de resposta clinica positiva de 10 a 20%, mas como efeitos secundarios

severos durante o tratamento. A sua eficacia limitada impulsionou o estudo e a
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caracterizagdo da doengca, o que levou ao surgimento de immunoterapia,
nomeadamente inibidores de immune checkpoints (pembrolizumab, nivolumab e
ipilimumab), e terapia dirigida, nomeadamente os inibidores de BRAF, como o
vemurafenib e dabrafenib, e os inibidores de MEK como o trametinib, que se
encontram-se aprovados para o tratamento de melanoma em pacientes com
mutacdes em BRAF, que ocorrem em cerca de 50% dos pacientes diagnosticados
com melanoma. Adicionalmente, também estdo a ser estudados em ensaios clinicos,
diversos inibidores the PI3K, AKT, mTOR e MEK, no entanto, a eficacia destas
terapéuticas € de momento limitada devido a presenca de resisténcia ao tratamento
intrinsica e adquirida em diversos pacientes. Como tal, € necessario o
desenvolvimento de novas estratégias terapéuticas, que visam reverter esta
resisténcia.

O nosso laboratorio demonstrou previamente que o suppressor de tumor
FOXO é o principal mediador de transcri¢ao regulado pela via sinalizagdo PISK/AKT,
apos a inibicao de PI3K. Estes resultados encontram-se de acordo com a literatura
que demonstra que os factores de transcricdo FOXO sao os principais moduladores
da eficacia de farmacos, nomeadamente os inibidores da via de sinalizagdo PI3K.
Portanto, proteinas que sejam capazes de inactivar FOXO, sao potenciais candidatos
como responsaveis pela formagao e progressao de tumores, e de aparecimento de
resisténcia ao tratamento destas patologias.

Notavelmente, o nosso laboratério estabeleceu previamente TRIB2 como uma
proteina oncogénica que inibe os factores de transcricao FOXO em melanoma, e
outros estudos demonstraram que TRIB2 também se comporta como um oncogene
em diversos tumores solidos, como os cancros do pulmao, colorectal e figado. Tanto
0 nosso laboratério como outros estudos, demonstrou-se que TRIB2 confere
resisténcia a diversos farmacos para o tratamento de cancro, incluindo inibidores de
PI3BK/mTOR , gemcitabina, dacarbazina e temozolomida. A resisténcia mediada por
TRIB2 é causada por activagdo de AKT por TRIB2. Mecanisticamente, TRIB2 tem
preferéncia em se ligar directamente a AKT1 cataliticamente inactivo (residuo treonina
308 nao fosforilado), o que induz a fosforilagdo de AKT no residuo serina 473 em
células humanas, indicando o aumento da actividade catalitica de AKT. A activagao de

AKT via TRIBZ2, resulta na inibicao de FOXO, o que por sua vez altera a expressao de
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genes alvo de FOXO, incluindo a redugdo da expressdo de genes envolvidos na
regulacao da apoptose. Consequentemente, a apoptose resultante da terapéutica
oncoldgica, é diminuida na presencga de elevados niveis de TRIB2. Um exemplo de um
farmaco cuja eficacia é diminuida na presenga de TRIB2, € o derivado de
imidazoquinolina, conhecido como BEZ235. Este composto € um inibidor de PI3K e
mTOR, que consiste numa molécula de baixo peso molecular que compete com o ATP
pelo sitio cataliticamente activo nestas cinases. A eficacia de BEZ235 tem sido
avaliada em varios ensaios clinicos, e muitos outros inibidores de PI3K e mTOR tém
sido aprovados para uso clinico para varios tipos de cancro. Interferir com a actividade
de TRIB2 podera ser uma potencial estratégia terapéutica para o tratamento de varios
tipos de cancro, especialmente no contexto de superar a resisténcia ao tratamento.
Neste estudo, pretendemos caracterizar os efeitos de TRIB2 a nivel molecular
e identificar estratégias farmacoldgicas que possam interferir com a sua actividade.
Para avaliar a contribuicao dos efeitos de TRIB2 em células humanas, procedemos a
criagcao de linhas celulares humanas de osteosarcoma (U20S) isogénicas, com niveis
de expressdao de TRIB2 elevada e baixa, respectivamente. Estas linhas celulares
também foram tratadas com BEZ235 para avaliar os efeitos de TRIB2 na resisténcia
ao tratamento. Seguidamente, procedemos a sequenciagcao de RNA para analisar o
perfil de expressao génica induzido por TRIB2, nas células nao tratadas e tratadas
com BEZ235. A sobreexpressao de TRIB2 resultou na alteragdo da expressao de
genes envolvidos na proliferagao, apoptose e migragao celulares, incluindo genes alvo
de FOXO e p53. Na tentativa de identificar potenciais farmacos ou compostos que
possam interferir na actividade de TRIB2, utilizamos o perfil de expressado génica
induzido por TRIB2 para identificar compostos que induzissem um perfil de expressao
génica oposto ao do TRIB2, utilizando uma ferramenta denominada de connectivity
Map. Entre os compostos identificados, procedemos a validacdo dos compostos
naturais alcaldides, harmina e piperlongumina, que nao s6 apresentam um perfil de
expressao génica oposta ao TRIB2, como também demonstraram um efeito sinérgico
com o tratamento BEZ235, induzindo toxicidade cellular na presenca de TRIB2,
comparando com o tratamento BEZ235 sozinho. Notavelmente, harmina e a
piperlongumina promoveram a translocagao nuclear de FOXO, sem interferir com os

mecanismos de exportacdo nuclear, e que foi consistente com FOXO sendo

Xi



Characterization of TRIB2-mediated drug resistance

transcripcionalmente activo, resultando na indug¢ao da transcricdo de genes alvo de
FOXO.

Os nossos resultados indicam o potencial desta estratégia terapéutica,
recorrendo ao reaproveitamento de farmacos, e sugere que harmina, piperlongumina
e outros compostos similares possam vir a ser uteis na clinica para superar a

resisténcia induzida por TRIB2 no tratamento oncolégico em pacientes.

Palavras-chave: TRIB2; cancro; resisténcia ao tratamento; FOXO; BEZ235; harmina;

piperlongumina
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Introduction

1.1 Cancer

Cancer defines as a group of diseases that develops when some cells in the
organism become old, abnormal or damaged. Instead of dying, they continue to
proliferate and spread to nearby tissues [1]. In 2018, cancer was responsible for an
estimated 9.6 million deaths worldwide, making it the number one cause of death
worldwide, with lung, colorectal, stomach, liver and breast cancers the top causes of
cancer death [2]. In Portugal, the cancers with the highest estimated age-standardized
(ASR) incidence and mortality rates in 2018 were breast, prostate, colorectum and

lung cancers, following the trend worldwide (Figure 1.1).

- Estimated age-standardized incidence and mortality rates (World) in 2018, both sexes, all ages
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Figure 1.1. Incidence and mortality rates for various cancers in Portugal and
Worldwide. Adapted from: World Health Organization (WHQO). Data from "Cancer
Today — IARC" from 2018. Accessed 4th June 2020.
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Additionally, the worldwide economic burden is increasing significantly, with a
total annual financial cost of cancer in 2010 reaching an estimated US$ 1.16 trillion
[2]. Cause of death statistics help countries adjust priorities in their health systems,
and thus, due to cancer mortality and economic burden, fighting and preventing
cancer has become a priority worldwide to increase cancer prevention and treatment
efficiency.

However, while progress in cancer screening, early diagnosis and treatment
have been significant, cancer continues to be in the top causes of death worldwide
[2]. Therefore, it is vital to continue understanding what causes cancer to prevent it,
how it develops, and what cancer types exist to build more adequate treatments.
Primary prevention consists of adopting lifestyles and health precautions to prevent
or decrease the probability of developing a disease or injury, and avoiding or
modifying exposure to risk factors can help reduce the cancer burden [2]. Cancer is
very heterogenous and with geographical, economic, and social differences among
countries. However, significant risk factors have been identified despite geographical
nuances and include tobacco, alcohol, lack of sufficient physical activity, and an
unhealthy diet. Risk factors include modifiable dietary risk factors, and their decreased
exposure seems to correlate with reducing the probability of a diagnosis of cancer
associated with these risks [3].

Cancer will become fatal if untreated and targets all types of tissues. The major
histological types of cancer include carcinoma, sarcoma, melanoma, myeloma,
lymphoma, leukaemia and mixed types, and depending on which cancer and its stage,
treatment protocols will vary accordingly [4]. Cancer therapies vary according to the
type of cancer and its stage. Thus, a cancer diagnosis is crucial to treating the patient
accordingly, either curing the patient or prolonging and improving life quality [2]. Anti-
cancer treatment includes destroying, controlling, and removing tumour tissue. The
objective is to destroy tumours, prevent tumour reoccurrence and spread and relieve

symptoms when all treatment options are depleted [5].
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1.1.1 How cancer develops

Cancer develops when normal cells acquire several mutations in a multistep
process that give them survival advantages, and their survival and proliferation is
promoted by the altered microenvironment and eventually become malignant [6].

In 2000, Hanahan and Weinberg proposed six hallmarks of cancer that help
explain how a normal cell can be responsible for cancer formation, and in 2011 added
two emerging hallmarks of cancer and two enabling characteristics [7]. The six
hallmarks of cancer comprise sustaining proliferative signalling, evading growth
suppressors, resisting cell death, enabling replicative immortality, and activating
invasion and metastasis. More recently, studies suggest that two additional emerging
hallmarks are involved in at least some cancers, if not all of them, that deregulate
cellular energetics and avoid immune destruction. Additionally, the two enabling
characteristics (genome instability and mutation and tumour-promoting inflammation)
facilitate neoplasia by enabling the occurrence of the hallmarks of cancer [7].

Briefly, Figure 1.2 displays a general outline depicting a linear sequence of
events explaining a solid tumour's origin and progression. A mutated cell in an
epithelium starts dividing, originating a mass of benign abnormal cells (hyperplasias).
As the tumour grows, the interior of the tumour mass lacks nutrients and oxygen,
which leads to angiogenesis, increasing tumour growth (carcinoma in situ). Eventually,
the tumour will be able to spread to nearby tissues and migrate through the circulation

(invasive carcinoma), and finally seed new tumours in distant tissues (metastasis) [8].
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Figure 1.2. Cancer progression. Cancer originates from a single abnormal cell that will
divide and originate hyperplasia. Then angiogenesis is upregulated to allow the
tumour to grow (carcinoma in situ) and become an invasive carcinoma when it
becomes able to migrate and metastasize to distant tissues. Adapted from: DOI:
10.1101/cshperspect.a006098 [8].
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1.2 Signalling pathways in cancer

Cancer originates from genetic and epigenetic changes that allow cancer cells
to proliferate, survive and migrate by escaping cellular mechanisms that control
cellular growth, survival and metabolism [8]. As such, cancers often correlate with
dysregulated signalling pathways involved in cell proliferation and survival, including
activation of oncogenes, inactivation of tumour suppressors, or hyperactivation of
signalling pathways [8]. The most frequently altered signalling pathways in cancer
include the Janus kinase-signal transducer and activator of transcription (JAK-STAT),
the Wnt/B-catenin, the mitogen-activated protein kinase (MAPK), and the PI3K/AKT
signalling pathways [9-11].

JAK-STAT regulates many immunological processes, including tumour
recognition and tumour immune escape, and induces the PI3K/AKT signalling
pathway [9]. The Wnt/B-catenin signalling pathway, which comprises the canonical -
catenin-dependent pathway and the non-canonical -catenin-independent pathway,
affects cellular functions such as cell proliferation, differentiation, regeneration,
organogenesis and tumorigenesis [10, 12]. Both MAPK and PI3K/AKT signalling
pathways modulate several cellular functions, namely cell growth, proliferation,
survival, and migration, and are frequently involved in tumour progression and anti-

cancer drug resistance [13].
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1.2.1.1 MAPK signalling pathway

The MAPK and the PI3K/AKT signalling pathways get activated by growth
factors and cytokines that bind to and activate the various receptor tyrosine kinases
(RTKs). Ligands change the receptor conformation, allowing its dimerization or
oligomerization to allow trans-autophosphorylation of the tyrosine kinase domain (the
cytoplasmic domain) [14]. This process will recruit and activate specific proteins in the
cytoplasm that contain the Src homology 2 (SH2) domain or a phosphotyrosine
binding (PTB) domain [11, 14, 15].

In the context of the RAS-RAF-MAPK signalling pathway (Figure 1.3), after RTK
activation, for instance, the epidermal growth factor receptor (EGFR), the growth
factor receptor bound protein 2 (GRB2) activates after binding to the cytoplasmic
domain of the RTK [16]. Then, a guanine nucleotide exchange factor (GEF) protein
called Son of Sevenless (SoS) has a proline-rich domain that will bind to the Src
homology 3 (SH3) domain of GRB2, becoming activated. RAS anchors to the
cytoplasmic side of the cellular membrane and, after SoS is activated and close to
RAS, SoS will bind to and stimulate RAS to exchange the GDP for GTP, activating it
[11, 16, 17].
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Figure 1.3. The RAS-RAF-MAP kinase signalling pathway. The activation of the RTK
by a growth factor recruits GRB2 to its intracellular domain and activates it. GRB2 then
recruits and activates SoS. SoS binds to the nearby RAS and activates it, resulting in
RAS activating RAF (MAPKKK) to activate MEK (MAPKK). MEK will activate ERK1 and
ERK2. The ERKS will then phosphorylate other kinases (cytoplasm) and transcription
factors (nucleus) to regulate transcription.

Then, scaffold proteins help RAS bind to its effector proteins, such as RAF. RAF
becomes phosphorylated after binding to RAS, and, as RAF is a serine/threonine
kinase, it will phosphorylate its target, the MEK protein. MEK is a dual-specificity kinase
that phosphorylates serine/threonine and tyrosine residues, such as the extracellular
signal-regulated kinase (Erk), Erk1 and Erk2, become activated after phosphorylation.
Erk1 and Erk2 will then phosphorylate other kinases in the cytoplasm as well as
transcription factors (TF) in the nucleus (Figure 1.3) [11, 16].

Around 30% of human cancers display mutated RAS proteins [18]. Although
mutations in RAS genes appear virtually everywhere in their sequences, the most
frequent mutations are the point mutations in three residues in the catalytic domain of

all the RAS genes [11, 18]. This type of mutation helps the RAS protein to be
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constitutively active, inducing constitutive activation of the MAPK and PI3K/AKT
pathways, as both signalling pathways cross-talk (Figure 1.4). RAF protein family
comprises A-RAF, B-RAF, and C-RAF. B-RAF is often mutated in 90% of cancers, such
as in melanoma and papillary thyroid carcinomas, in which the substitution of a Valine
for a Glutamic Acid in codon 600 (V600E) is the most common mutation. This mutation

forces B-RAF to be catalytically constitutively active [16, 19].

1.2.1.2 PI3K/AKT signalling pathway

Besides RAF, RAS can also activate phosphatidylinositol 3-kinase (PI3K).
Activated PI3K will then convert phosphatidylinositol-(4,5) diphosphate (PIP2) to
phosphatidylinositol-(3,4,5) triphosphate (PIP3) (Figure 1.4). PI3K is a kinase that
includes a catalytic subunit to allow the binding to RAS (p110) and a regulatory subunit
that contains an SH2 domain to allow the binding to the phosphotyrosines of RTKs
(p85) (Figure 1.5). PI3K binds to an activated RTK, becoming close to the GTP-active
RAS. RAS binds to and activates PI3K, allowing the PI3K to convert the close-by PIP2
into PIP3 [20].

10
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Figure 1.4. The PI3K/AKT signalling pathway. Growth factor receptors and G-protein
coupled receptors (not shown), after ligand binding, activate the PISK/AKT signalling
pathway. The activated membrane receptor recruits and activates PI3K with adapter
proteins such as insulin receptor substrate (IRS) [21] or RAS. Activated PI3K
phosphorylates PIP2 to convert it to PIP3. PIP3 recruits AKT leading to its
phosphorylation and activation. AKT dissociates the complex TSC1-TSC2, inducing
the activation of mTORC1, promoting cell proliferation and growth. Adapted from:
doi:10.1038/nrclinonc.2018.28. [22].

PI3K is a family of lipid kinases divided into three classes ( |, Il and Ill) based on
their structure and substrate specificity, with class | further subdivided into IA and IB
to account for differences in regulation. Class IA PI3Ks are heterodimers comprised
of a p110 catalytic subunit (Figure 1.5) and a p85 regulatory subunit. Genes
Phosphatidylinositol-4,5-Bisphosphate 3-Kinase Catalytic Subunit Alpha (PIK3CA),
Phosphatidylinositol-4,5-Bisphosphate 3-Kinase Catalytic Subunit Beta (PIK3CB) and

11



Characterization of TRIB2-mediated drug resistance

Phosphatidylinositol-4,5-Bisphosphate 3-Kinase Catalytic Subunit Delta (PIK3CD)
encode three catalytic isoforms: p110a, p110B and p1109, respectively. The genes
Phosphoinositide-3-Kinase Regulatory Subunit 1 (PIK3R1), Phosphoinositide-3-
Kinase Regulatory Subunit 2 (PIK3R2) and Phosphoinositide-3-Kinase Regulatory
Subunit 3 (PIK3R3), encode three isoforms of the regulatory subunit: p85a (and
splicing variants p50a and p55a), p85B and p85y, respectively. Class IB PI3Ks are
heterodimers comprised of the catalytic subunit p110y, encoded by
Phosphatidylinositol-4,5-Bisphosphate 3-Kinase Catalytic Subunit Gamma (PI3KCG)
gene, and a regulatory subunit p101, encoded by Phosphoinositide-3-Kinase
Regulatory Subunit 5 (PIK3R5), or p87, encoded by Phosphoinositide-3-Kinase
Regulatory Subunit 6 (PIK3R6). The activation of signalling pathways by different PI3K
isoforms results in different cellular signalling and cancer progression outcomes.
Therefore, isoform-specific PI3K inhibitors decrease off-target side effects while the

pan-PI3K inhibitors decrease the probability of compensatory feedback loops [23, 24].

ags = = E = =

p85a binding  p110a C2 domain helical kinase
domain ~ Ras binding domain domain
domain

Figure 1.5. Domain structure of the p110a catalytic subunit of PI3K. The regulatory
domain (blue) interacts with the p85 regulatory subunit of PI3K which is responsible
for the binding to activated RTKs. The Ras binding domain (green) binds to the Ras
oncoprotein. The kinase domain enables the enzymatic capacity to to
phosphorylatelipids in the plasma membrane.

The lipid bilayer contains several types of lipids in its constitution, including
phospholipids. Some phospholipids contain an inositol group (polyalcohol) in their

polar heads facing the cytoplasm in cells. Phosphoinositol kinases (Pl) can add
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phosphate groups to inositol, generating PIP2, and PIP2 can receive another
phosphate by the action of PI3K, generating PIP3 (Figure 1.6). This PIP3 will attract
and tether proteins to induce these proteins to interact with their effectors in the

signalling cascade [20, 25].
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Figure 1.6. The role of Pl in the PI3K/AKT signalling pathway. Phosphatidylinositol (PI)
kinases add phosphates to Pl at the 4™ and 5™ positions. Then either Pl is cleaved by
phospholipase C (PLC) to generate diacylglycerol (DAG) and inositol (1,4,5)-
triphosphate (IP3), or receives another phosphate at the 3™ position by PI3K to yield
PIP3. DAG activates PKC and IP3 acts as a second messenger. PIP3 attracts proteins
to the plasma membrane, where they will interact with other proteins of the signalling
pathway. Adapted from: ISBN: 978-0-8153-4219-9 [11].

PIP3, anchored at the plasma membrane (Figure 1.7), attracts several cytosolic
proteins that contain pleckstrin homology (PH) domains, including protein kinase B
(PKB), also known as AKT, a serine/threonine kinase. AKT tethering near the plasma
membrane leads to partial AKT activation via phosphorylation by phosphoinositide-

dependent kinase 1 (PDK1) at T308, and full activation with another phosphorylation
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event by integrin-linked kinase (ILK), mechanistic target of rapamycin complex
(mTORC), DNA-dependent protein kinase (DNA-PK) or potentially phosphoinositide-
dependent kinase 2 (PDK2) at S473. AKT will then phosphorylate its effector proteins
to inhibit apoptosis and promote cell growth and proliferation (Figure 1.4, Figure 1.7)
[21, 26, 27].

PDK1, PDK2

Akt/PKB

Z77 TN

Figure 1.7. The activity of PI3K and Phosphatase And Tensin Homolog (PTEN)
regulate PIP3 levels. PI3K converts PIP2 to PIP3, which will tether AKT by its PH
domain. Then AKT becomes active after phosphorylation of PDK1 and PDK2, leading
to regulation of cellular processes such as apoptosis and cellular growth and
proliferation. The presence of PTEN will convert PIP3 to PIP2, which leads to a
decrease in the PIBK/AKT signalling. Adapted from: ISBN: 978-0-8153-4219-9 [11].

The serine/threonine kinase AKT is involved in cell survival and avoidance of

apoptosis, cell growth and proliferation, glucose metabolism and neovascularization
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[28]. AKT is very similar to protein kinase A (PKA) and protein kinase C (PKC) and
comprises three isoforms, AKT1, AKT2 and AKT3 (Figure 1.8). All isoforms have a PH
domain, a catalytic domain (kinase activity), and a regulatory domain. AKT fully
activation occurs upon phosphorylation at a threonine in the catalytic domain and a
serine in the regulatory domain (Figure 1.8) [29]. AKT1 is phosphorylated at T308 and
S473, while AKT2 is at T309 and S474, and AKT at T305 and S472 (Figure 1.8).

Regulator
480

PKBo/Akt1 Kinase

PKBp/Akt2 Kinase Regulator
409 481

PKBy/Akt3 Kinase

Plekstrin Glycine
domain rich

Regulatory

Catalytic domain
¥ damain

Figure 1.8. Structure of AKT isoforms. AKT contains a PH domain to bind to PIP3, a
catalytic domain that becomes active when phosphorylated at the residue threonine,
and a regulatory domain that becomes active upon phosphorylation at the residue
serine. Adapted from: doi:10.1016/j.biocel.2005.08.017. [29].

Different genes encode these AKT isoforms, and although they are very similar
structurally and very conserved among mammals, their expression patterns differ
significantly. For instance, the brain and testis express mainly AKT3, and although
ubiquitous, the brain, lung, heart and thymus display higher expression levels of AKT1

and AKT2 [29]. Moreover, their functions are not redundant in physiological and
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pathological environments and change with biological context. Most studies describe
AKT1 to induce tumour initiation, increase cell proliferation by modulating p21, p27
and cyclin D1, and modulate Tumour Protein P53 (p53) to inhibit apoptosis and
decrease cell migration in breast cancer. AKT2 induces tumour progression and
metastasis by regulating B-integrins, epithelial-to-mesenchymal transition (EMT)
proteins and F-actin, and AKT3 is involved with negative ER status. Furthermore, AKT1
is usually mutated while AKT2 is often amplified, and responses to survival and
therapy can differ with different isoforms [30].

PIP3 attracts both AKT and PDK1, and AKT binding to PIP3 induces a
conformational change that permits PDK1 to phosphorylate T308 (AKT1), T309
(AKT2) or T305 (AKT3) (Figure 1.7) [29]. Then, phosphorylation at S473 (AKT1), S474
(AKT2) or S472 (AKT3) fully activates AKT. AKT can be phosphorylated at the S473
by several kinases such as PDK1, phosphoinositide-dependent kinase 2 (PDK2), ILK,
ILK-associated kinase, PlI3K-related kinase (PIKK) family, mammalian target of
rapamycin complex 2 (mTORC2) and AKT autophosphorylation [30]. Additionally, AKT
activity can be modulated by heat shock protein 90 (HSP90), heat shock protein 27
(HSP27), ERK1, ERK2 and SH3 domain-containing RING finger protein 1 (SH3RF1)
[28, 31].

After activation, AKT dissociates from the plasma membrane and will travel
through the cytoplasm and can also shuttle to the nucleus to phosphorylate numerous
targets [30]. AKT phosphorylates various proteins with the RxRxxS/T consensus
motifs, such as proline-rich Akt substrate of 40 kDa (PRAS40), Cyclin Dependent
Kinase Inhibitor 1A (p21), Cyclin Dependent Kinase Inhibitor 1B (p27), vimentin,
palladin, among many others [28], to regulate cellular processes such as cell
proliferation, migration and survival.

Forkhead box O (FOXO) and p53 are major downstream effectors of AKT.
PRAS40 is a component of the mammalian target of rapamycin complex 1 (mTORC1)
and disassociates from mTORC1 after growth factor stimulation [32]. PRAS40 is a
protein that can translocate between the cytoplasm and nucleus and is described to
form complexes with other proteins together with FOXO transcription factors (FOXOs)
or p53 [31].
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AKT signalling promotes cell proliferation through modulating genes involved
with the cell cycle, such as the cell cycle inhibitors p21 and p27. AKT1 phosphorylates
p21 at the T154, causing p21 to translocate to the cytoplasm, increasing cell
proliferation. Contrarily, AKT2 binds to p21 preventing AKT1 phosphorylation, thus
maintaining p21 in the nucleus, inhibiting the cell cycle and promoting cell
differentiation [33]. AKT1 phosphorylates the S-phase kinase associated protein 2
(SKP2), promoting SKP2 stabilization and cytoplasmic localization [33]. The activated
SKP2 phosphorylates p27 at residues T157 and S10 causing p27 translocation to the
cytoplasm and p27 degradation [34]. p27 can be degraded at the nucleus and the
cytoplasm, but the phosphorylation at S10 induces p27 nuclear export [34]. Similar to
AKT-mediated p21 regulation, AKT2 will prevent SKP2 phosphorylation by AKT1,
resulting in p27 stabilization and nuclear localization due to the absence of SKP2
phosphorylation events [30, 35]. Additionally, AKT1 also phosphorylates p27 directly
at the T157 residue, promoting p27 cytoplasmic localization [36].

EMT allows cancer cells to rearrange the cytoskeleton and increase cell motility
to promote metastasis through changes in intermediate filaments (IF) expression
levels. After EMT, the IF Vimentin expression increases and plays functions in the
cellular cytoskeleton and acts as a signalling molecule if phosphorylated [37]. Zhu et
al. reported AKT1 to bind to vimentin (head region) and phosphorylate S39,
preventing vimentin degradation and promoting an increase of cell migration and
invasion properties [38].

Palladin is an actin-bundling protein, hence a regulator of cell morphology,
motility and invasion, described to be abnormally expressed in several cancers with
PI3K/AKT pathway hyperactivated [39, 40]. AKT1 phosphorylates palladin at the S507
residue, which facilitates the formation of actin bundles and inhibits cell migration in
breast cancer, but does not affect paladin transcription levels, only its activity level.
Studies describe that AKT2 upregulates palladin and promotes protein stabilization in
vitro, while it does not affect palladin activation level by phosphorylation [30, 40].

AKT also promotes cell survival by inhibiting apoptosis. AKT anti-apoptotic
activity occurs partially by inhibition of the release of cytochrome C from mitochondria

[41], but also inhibits pro-apoptotic factors such as BCL2 Associated Agonist Of Cell
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Death (BAD), procaspase-9 and FOXOs, and activate anti-apoptotic factors such as
the proto-oncogenic E3 Ubiquitin Protein Ligase (MDM2) [42].

Although AKT has numerous downstream effectors, the major canonical
downstream effectors include mTOR, GSK3, MDM2, FOXO, and p53, which affect
cellular growth, anabolic metabolism, survival, proliferation, migration and glucose
uptake (Figure 1.9) [43, 44].
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Figure 1.9. The major AKT downstream effectors. AKT induces cell growth,
proliferation and migration, improves cell survival and promotes anabolic metabolism
and glucose uptake by inhibiting TSC2, GSK3, BAD, FOXO, AS160, and p53, and
inducing MDMZ2 leading to degradation of FOXO and p53.

The mTOR is a serine/threonine kinase that comprises the catalytic subunit of

the two complexes, mTOR complex 1 (mMTORC1) and mTOR complex 2 (mTORC2).
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mMmTORC1 comprises mTOR, Regulatory Associated Protein Of MTOR Complex 1
(Raptor) and mTOR Associated Protein, LST8 Homolog (mLST8). mTORC1 mediates
cell growth and energy metabolism, and AKT indirectly activates it through
phosphorylation. AKT phosphorylates tuberous sclerosis complex 2 (TSC2), which is
part of the TSC complex. TSC2 activation by AKT disrupts the complex TSC/inhibiting
Ras Homolog, MTORC1 Binding (RHEB), by acting as a GTPase-activating protein
(GAP) protein. Then RHEB-GTP accumulates and binds to mTORCH1, activating it [43,
45]. mTORC2 consists of mTOR, RPTOR Independent Companion Of MTOR Complex
2 (Rictor), MAPK Associated Protein 1 (Sin1) and MTOR Associated Protein, LST8
Homolog (mLST1). mTORC2 affects cell survival and cytoskeleton maintenance by
activating AKT by phosphorylation at S473 [43, 45].

AKT also modulates cell growth and development, tumorigenesis, and
glycaemic regulation by inhibiting the serine-threonine protein kinase Glycogen
Synthase Kinase 3 (GSK3) via phosphorylation, kinase [43, 45]. GSK3 interacts with
several PI3K/AKT signalling pathway members, with the potential to participate in
feedback mechanisms [46].

Another AKT target is MDM2 Proto-Oncogene, E3 Ubiquitin Protein Ligase
(MDM2), an oncogene that regulates protein ubiquitination and degradation of several
proteins involved in tumorigeneses, such as the degradation of FOXO1 and FOXO3
[47]. AKT induces MDM2 by phosphorylating MDM2 at S166 and S183, promoting
MDM2 nuclear translocation and leading to p53 and FOXO inhibition [48-50]. The
tumour suppressor p53 is the most frequently mutated gene in cancer and a regulator
of cell senescence and cell death upon oncogenic stress. AKT stabilizes p53 protein
by inhibition of MDM2 [50].

The FOXOs are involved with cell migration, differentiation, proliferation,
survival and oxidative stress [43, 45], and AKT phosphorylates FOXOs, FOXO1,
FOXO3 and FOXO4 [51-53]. One of the mechanisms that regulate FOXOs activity is
the phosphorylation of FOXOs, which induces their nuclear export, preventing the
transcription of their target genes [43, 45, 51-53].

PI3K/AKT is the signalling pathway more often altered in human cancer, and
its oncogenic activation directs cellular metabolism to increase the supply of anabolic

requirements of cancer cells. Moreover, FOXOs are the most crucial downstream
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transcriptional regulators of the PI3K/AKT pathway. Zanella et al. identified protein
FOXO repressors in a large-scale genetic screening that included TRIB2 [43, 54, 55].
TRIB2 has a role in leukaemia progression, and several solid tumours such as lung
cancer, liver cancer and melanoma show elevated levels of TRIB2. TRIB2 expression
correlates with disease stage and clinical prognosis in melanoma, suggesting TRIB2

as a potential biomarker and great clinical relevance in melanoma treatment [56, 57].
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1.3 Melanoma

Melanoma is a very aggressive pathology, acquires many mutations and is
highly heterogeneous. Until recently, melanoma treatment showed marginal efficacy
towards advanced melanoma, but lately, new treatments options such as targeted
therapeutics and immunotherapy have improved clinical outcomes. However,
melanoma patients still develop drug resistance with these new approaches, and it is
imperative to develop more efficient treatment protocols according to the melanoma
subtype and stage and improve diagnosis [58].

Melanoma is a type of skin cancer that arises from transformed melanocytes,
specialized pigment cells that produce melanin. Melanoma comprises several
subtypes, including superficial spreading melanoma, nodular melanoma, lentigo
maligna melanoma, amelanotic melanoma and acral lentiginous melanoma.
Additionally, mucosal melanoma, melanoma of the eye and desmoplastic melanoma
may occur [59]. The primary tumour often originates from the skin but sometimes is
detected in other organs (mucosa, eye and others). Among all the skin cancers,
melanoma is the rarest. However, if its detection does not occur at earlier stages,
when it is easily treatable, it will grow and metastasize very quickly, causing a fatal
outcome up to 80% of skin cancer patients [60, 61]. Survival rates at stages 0, | and I
(localized melanoma) are 99%, stage lll (regional melanoma) is 65%, and stage IV
(metastatic melanoma) is 25%, according to the data collected by the American
Cancer Society 2009-2015, showing that survival rates decrease significantly with

melanoma progression [62, 63].
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1.3.1 Melanoma, risk factors and prevention

In 2018, melanoma estimated incidence in Europe was 50.1% (144209 cases
in Europe compared to 287723 cases worldwide) and mortality of 44.7% (27147 death
numbers in Europe compared to 60712 worldwide). The ratio of mortality/incidence
numbers in Europe, North America, Australia and New Zealand is considerably lower
than the rest of the world, indicating that despite the elevated incidence and mortality
numbers, the living and healthcare conditions can help melanoma patients to improve
treatment outcomes [64]. In Portugal, melanoma 5-year prevalence in 2018 was 4279
cases, with estimated 1329 incident case numbers and 356 death numbers, and the
melanoma incidence and mortality rates in Portugal are in line with the European
average [65].

As worldwide incidence increases, avoiding risk factors is essential to decrease
the disease burden. Risk factors for melanoma are ultraviolet light exposure, moles,
fair skin, light hair, family melanoma history, history of previous melanoma or other

skin cancers, compromised or weakened immune system, and age [66-70].

1.3.2 Melanoma stages and diagnosis

The early and improved diagnosis of melanoma also improves survival rates.
The ABCDEF rule, expanded from the original ABCD mnemonic (1985), is used to
detect and interpret melanoma lesions, according to the following guidelines:
asymmetry (A), border irregularity (B), colour variation in the pigmented area and
among pigmented areas (C), more than 6mm diameter (D), evolving pigmented area
(phenotypic changes over time) (E), and the pigmented area that most differs from all
the other pigmented areas is the primary suspect of a melanoma lesion, also known

as the “ugly duckling sign” or “Funning looking” (F), incorporated in 2015 [71].
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Melanoma developmental stages (Figure 1.10) classify according to their
location and progression. Melanoma initiates with the generation of benign nevi that
consists of limited growth of altered melanocytes. Spontaneous mutations arise
throughout the melanoma stages, and B-Raf proto-oncogene, serine/threonine kinase
(BRAF) mutations may appear at this first stage facilitating constitutive activation of
the MAPK signalling pathway that facilitates cell proliferation [72]. Melanoma can be
divided into four molecular subtypes: mutant BRAF, mutant RAS, mutant NF1, and
triple wild-type melanoma [73]. BRAF mutations occur in 50% of cutaneous melanoma
patients, and BRAF-mutated melanoma is more aggressive, more likely to metastasize
to the brain, and presents shorter overall survival in patients [74]. Mutant
neuroblastoma RAS viral oncogene homolog (NRAS) occurs in 30% of melanoma
patients, and it is the second most frequent mutation in cutaneous melanoma, unlike
Kirsten rat sarcoma viral oncogene homolog (KRAS) and Harvey rat sarcoma viral
oncogene homolog (HRAS) with 1,3% and 1.5% incidence, respectively. Both mutated
BRAF and NRAF lead to constitutive activation of the MAPK pathway [73].
Neurofibromin 1 (NF1) inhibits GAP activity in the RAS signalling pathway, and mutant
NF1 occurs in 10-15% of patients, with 46% of those patients display wild-type BRAF
or RAS. Mutant BRAF or RAS melanomas that also present mutant NF1 can lead to
resistance to MEK inhibitors [73].

The next step is the dysplastic nevus formation, either from the benign nevi or
new lesions, consisting of pre-malignant lesions with an asymmetrical shape and
irregular borders with various diameters and colours. Phosphatase and tensin
homolog (PTEN) and cyclin dependent kinase inhibitor 2A (CDKN2A) loss may occur
from this stage forward, promoting cell proliferation and survival [72]. In melanomas
displaying resistance to MEK and BRAF inhibitors, the PI3K/AKT signalling activating
mutations allow the proliferation and survival of cell subpopulations unresponsive to
MAPK pathway inhibitors, eventually promoting resistance to multiple therapies [75].
PTEN is a tumour suppressor that inhibits PI3K activity [21], and mutated PTEN is
detected in 7% of metastatic melanomas, leading to increased PI3K/AKT pathway
signalling [73]. PTEN and BRAF mutations are often concurrent, suggesting that
activation of the MAPK and PI3K/AKT are essential for melanoma progression [73, 75].

Melanomas rarely present activating mutations in PI3K, with an incidence of mutant
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PIK3CA in 5% of patients, but they often co-occur with BRAF or NRAS mutations,
leading to increased melanogenesis and increased resistance to BRAF inhibitors [73].
Another key player of the PISK/AKT signalling is mTOR that acts upstream and
downstream of AKT, with mTOR mutations occurring in around 3.6%-12% of
melanoma cases [73]. Among the patients with cutaneous melanoma, 21.4% present
mutated or lost CDKN2A. CDKN2A encodes two proteins inhibitors of G1 progression,
p16"NK4 and p1447F, that suppress the initiation of the metastatic process [73].

On the radial growth phase, cells no longer present random atypia (cancerous
cell phenotype) and become able to proliferate in the epidermis and penetrate the
dermis in small groups without cell growth. T-Cell Surface Glycoprotein CD1a (CD1),
an antigen-presenting molecule [76], acts as an oncogene and its expression
increases from this stage onwards. In the vertical growth phase, cells invade the
dermis and proliferate, forming tumours. During this stage, changes occur in the
expression of essential proteins related to cell migration and differentiation, such as
loss of E-cadherin expression, responsible for maintaining cell adhesion and epithelial
phenotype [77], and decreased expression of Transient Receptor Potential cation
channel subfamily M member (TRPM1), a tumour suppressor, used as a diagnostic
and prognostic marker for melanocytic differentiation [78]. This stage is also
accompanied by increased expression of N-cadherin, a cell adhesion molecule that
promotes cancer cell migration [79], VB3 integrin that promotes angiogenesis [80],
Matrix Metallopeptidase 2 (MMP2), which is secreted by tumours to degrade the
extracellular matrix promoting cell migration [81], and baculoviral |AP repeat
containing 5 (survivin), that is a member of the IAP family that inhibits cell death [82].
In the last stage, metastatic melanoma, cells can migrate to and proliferate on other

tissues, and TRPM1 is no longer expressed in these cells [72].

24



Characterization of TRIB2-mediated drug resistance

i Benign Dysplastic Radial-Growth Vertical-Growth Metastatic
g Nevus Nevus Phase Phase Melanoma
Epidermis
Basement = M ! Bl
membrane i %
Dermis
; ' '
— )
Metastasis to lung, liver,
or brain
Benign Premalignant Decreased differentiation =
Biologic Limited growth Lesions may regress | Unlimited hyperplasia Crosses basement membrane | Dissociates from primary
Events Random atypia Cannot grow in soft agar Grows in soft agar tumaor
Clonal proliferation Forms tumor Grows at distant sites
BRAF mutation >
CDKMN2A loss
PTEN loss >
Molecular Increased CD1 =
Vegt E-cadherin loss >
€sions N-cadherin expression >
aVB3 integrin expression >
MMP-2 expression >
Survivin >
Reduced TRPM1 Absent TRPM1

Figure 1.10. Melanoma development stages. The benign nevus stage is characterized
by limited growth and BRAF mutation, causing activation of the MAPK signalling
pathway. The dysplastic nevus is premalignant, and the lesions result from loss of
PTEN and CDKN2A. The radial-growth phase displays decreased differentiation,
increased clonal proliferation and increased expression of CD1. The vertical-growth
and metastatic melanoma phases display tumour formation, loss of cell adhesion and
increased metastatic potential. Adapted from: DOI: 10.1056/NEJMra052166 [72].
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1.3.3 The altered PISK/AKT signalling in melanoma

The discovery of common mutations in melanoma, such as in BRAF, NRAS and
NF1, indicate that the dysregulation of RAF-MEK-ERK signalling promotes melanoma
progression and led to the development of drugs targeting these proteins, such as
mutant BRAF. However, patients often develop resistance a few months after initial
targeted therapy. The advent of immunotherapy with immune checkpoint inhibitors
successfully improved clinical outcomes, but many patients are unresponsive to this
therapy or develop resistance [83].

Inherent activation of the PI3K/AKT signalling pathway in melanoma has been
reported by discovering the loss of PTEN or activating mutations in PIK3CA in a subset
of melanoma. Moreover, mutant BRAF in melanoma induces melanogenesis and
mutated PIK3CA and loss of PTEN help accelerate melanogenesis. Additionally,
PI3K/AKT signalling activation promotes resistance to BRAF/MEK inhibitors and
immune checkpoint inhibitors. Therefore, targeting the PI3K/AKT signalling pathway
is one of the efforts to overcome treatment resistance in melanoma [83].

The PI3K/AKT signalling pathway is activated in melanoma multiple ways
during the dysplastic nevus stage (pre-malignant) of melanoma (Figure 1.10). Among
the melanoma patients, up to 30% present mutant NRAS, and around 7% display loss
of PTEN function, with NRAS and PTEN mutations being mutually exclusive, possibly
as they both activate the PI3K/AKT pathway [73]. On the other hand, PTEN mutations
commonly co-exist with BRAF mutations leading to MAPK and PI3K/AKT signalling
activation. Moreover, the concomitant presence of PTEN and BRAF mutations renders
melanoma tumours resistant to apoptosis after treatment with BRAF inhibitors [84].
Activation of the PIBK/AKT signalling can result from mutations in PIK3CA, present in
5% of melanoma patients, and mutated AKT1 and AKT3 (substitution E17K) in 1-2%
of melanoma patients. In 5% of melanomas, mTORC?2 is also found to be mutated [73,
83]. Moreover, mutated C-KIT present in acral and mucosal melanomas only occurs
in the absence of BRAF and NRAS mutations and activates the MAPK pathway and
affects the PISK/AKT signalling. Epigenetically activated RTKs induced resistance to
BRAF inhibitors by compensatory activation of the PI3BK/AKT signalling [73, 83].
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The various ways PI3K/AKT signalling can be activated and induce melanoma
progression and resistance is the rationale for developing strategies for therapeutic

targeting of this signalling pathway.

1.3.4 Melanoma treatment

Usually, melanoma originates de novo from normal skin (70%) and only in 30%
of the cases is originated from pre-existing moles (acquired or congenital). As such,
prophylactic removal of naevi is not frequent. Instead, patients are monitored and only
when new naevi appear or existing ones change appearance, patients subject to naevi
excision for further analysis [63].

Patients are subjected to primary tumour excision surgery for tumour
identification and staging. To ensure that the primary tumour is completely removed
and decrease recurrence risk, a subsequent surgery will remove the scar from the
previous excision surgery, or if this is not possible, adjuvant radiotherapy is
considered. Patients might undergo adjuvant surgery to improve cure rates if
metastatic lymph nodes are detected [63].

Tumours staged from IIB to IV are eligible for chemotherapy and radiotherapy.
High-dose of Interferon-alpha 2b (IFN-a2b) has been approved as an adjuvant in
patients with regional lymph node metastasis at stage IIB-lll after surgery. IFN are
immunomodulators with anti-angiogenic, anti-proliferative and pro-apoptotic
properties [63, 85].

After patient stratification, the treatment of choice to target tumours staged IV
is chemotherapy, immunotherapy or targeted therapy. Therapeutic agents include
immune checkpoint inhibitors, BRAF and MEK inhibitors and cytotoxic agents.
Immune checkpoint inhibitors allow T-cells to recognize and target cancer cells (such
as Ipilimumab, Nivolumab) by improving tumour cell recognition by cytotoxic T
lymphocytes (CTLs) and induce tumour cell lysis [86, 87]. BRAF and MEK inhibitors

decrease the pro-survival signalling, for instance, Vemurafenib, Dabrafenib,
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Trametinib and Selumetinib [88-91]. Cytotoxic agents are more toxic to cancer cells
(such as Dacarbazine, Temozolomide and Fotemustine) than healthy cells [63, 85, 92-
95].

The first-line therapeutic strategies recommended for advanced or metastatic

melanoma approved by the FDA are displayed in Figure 1.11 [96].

Ipil/Nivo
Dabra/Trame

Dacarbazine Dabrafenib
Atezolimumab

IL2 Tramatenib Vemu/Cobi

PEG-IFN Enco/Beni
IFNa-2b Ipilimumab  Pembrozilumab

Vemurafenib Nivolumab

Figure 1.11. Timeline of FDA-approved treatments for advanced or metastatic
melanoma. Ipil, Nivo, Dabra, Trame, Enco, Beni, Vemu and Cobi refer to ipilimumab,
nivolumab, dabrafenib, trametinib, encorafenib and benimetinib, vemurafenib, and
cobimetinib, respectively.

1.3.4.1 Targeted therapy

The first approved treatment strategy for advanced melanoma was

chemotherapy (Figure 1.11). The alkylating agent dacarbazine showed Ilimited
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success with a 5-year survival of only up to 10% of patients and complete clinical
response in less than 5% of patients [92].

Many cancers were discovered to present mutations in their signalling
pathways, promoting tumorigenesis. Targeted therapy consists of treating patients
with small molecules or antibodies that target mutated proteins responsible for tumour
progression [97]. An advantage of targeted therapy is that patients with specific
mutations can be treated with the appropriate targeted drugs while preventing
treatment of patients that will not clinically respond to the targeted therapy [85].

BRAF is found mutated in around 50% of cutaneous melanomas, inducing
activation of the MAPK signalling pathway, resulting in cancer cell growth and
proliferation. The most frequent BRAF mutations are BRAFV6%°F and BRAFVe0X [85, 97].
So far, the three approved drugs targeting BRAFV600E mutation are vemurafenib,
dabrafenib and encorafenib (Figure 1.11) [97]. These drugs improved the overall
survival, tumour regression, and clinical response rate compared to patients treated
with chemotherapy [85, 97-100].

MEK is a downstream target of BRAF, making it a desirable therapeutic target,
and various MEK1 and MEK2 inhibitors were FDA-approved, such as trametinib,
cobimetinib and binimetinib, for monotherapy and combination therapy (Figure 1.11)
[97]. Trametinib improved response rate and overall survival compared to
chemotherapy-treated patients [97, 101]. Additionally, FDA approved in 2014 the
combined treatment of trametinib and dabrafenib (BRAF inhibitor) to treat advanced
melanoma with BRAF mutations, as well as in 2015, the combined therapy with
cobimetinib (MEK inhibitor) and vemurafenib (BRAF inhibitor) to treat metastatic
melanoma with BRAF mutation [85, 102, 103].

Melanoma often displays an activated PISK/AKT/mTOR signalling pathway,
inducing cell proliferation, survival and migration, resulting in resistance to treatment
[104]. Several PI3K inhibitors, such as BKM120, GSK2636771, INCB050465
(Parsaclisib), IPI-549, and the AKT inhibitor MK2206, are being studied in undergoing
clinical trials combined with other therapeutic strategies [85, 105-109]. However,
several of these drugs present drawbacks, such as poor tolerability due to toxic
effects, especially for pan-PI3K inhibitors, or tumours develop resistance due to

compensatory signalling mechanisms [105, 110]. Melanoma cells with BRAF
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mutations are more susceptible to mTOR inhibition. Thus, combined treatment with
mTOR inhibitors with PI3K, AKT or MAPK inhibitors is another strategy attempting to
revert resistance to BRAF inhibitors. Clinical trials are ongoing with mTOR inhibitors,
everolimus and temsirolimus combined with a BRAF inhibitor, respectively [85].
Despite improved overall survival in melanoma patients with targeted drugs,
patients often developed resistance to the treatment due to mutations and abnormal

expression levels downstream of the signalling pathways [85].

1.3.4.2 Immunotherapy

Immunotherapy is a cancer treatment strategy that improves the immune
response against cancer. Even though the percentage of patients that respond
positively to immune therapy is lower than targeted therapies, the therapeutic
response is significantly more prolonged. Treatment of advanced melanoma often
occurs resistance to treatment and adverse events leading to skin and gastrointestinal
toxicity, but immunotherapy generally displays fewer adverse events [111]. Some
cancers do not benefit as much from immunotherapy, such as pancreatic cancer, due
to being strongly immunosuppressive and with a low mutational load [112].
Nevertheless, immunotherapy to treat advanced melanoma has been a significant
breakthrough, due to melanoma being highly immunogenic and antigenic [112, 113],
with FDA approving drugs showing long-term anti-tumour effects, namely Nivolumab,
Ipilimumab, Pembrolizumab, IFNa-2b, PEG-IFN, T-VEC, IL2 and ONTAK (Figure 1.11).

The main current immune checkpoint inhibitors target cytotoxic T-lymphocyte
associated protein 4 (CTLA-4), programmed cell death 1 (PD-1), programmed cell
death 1 ligand 1 (PD-L1) and lymphocyte activation gene-3 (LAG-3). In melanoma,
CTLA-4 becomes activated in cytotoxic T lymphocytes (CTLs) residing in the tumour
microenvironment instead of only in specific regulatory T cells, leading to CTL
suppression and increasing immune tolerance. Ipilimumab is a monoclonal antibody
that targets CTLA-4 inducing CTL tumour infiltration and was FDA-approved in 2011

to treat metastatic melanoma. Another CTLA-4 inhibitor is tremelimumab, undergoing
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clinical trials for monotherapy and combined treatment [85, 111]. Antigen-presenting
cells (APCs), tumour cells and tumour microenvironment often express PD-1
receptors. Inflammatory signalling induces the ligands PD-L1 and PD-L2 to bind to
PD-1, preventing PD-1 from activating T-cells, suppressing the immune response. The
FDA-approved Nivolumab and Pembrolizumab (Figure 1.11) are anti-PD-1 antibodies,
preventing PD-L1/2 binding to the receptor, thus inducing the immune response by
T-cell activation, ultimately reducing tumour progression [85], with significantly
improved progression-free survival over targeted monotherapy [85, 114].

IFNo-2b is a cytokine that activates the immune response by modulating
various immune cells, inhibits angiogenesis, cell proliferation and tumorigenesis, and
promotes MHC | expression in melanoma [85]. In 1995 IFNa-2b was approved by the
FDA to treat advanced melanoma as an adjuvant. Despite IFNa-2b improving
melanoma patient survival and decreasing the recurrence risk, only a small subset of
cancer patients respond to IFNa-2b treatment. Thus, other immunomodulatory
therapies have appeared, such as the FDA approved in 2011 PEG-IFN, consisting of
IFNo-2b combined with polyethylene glycol (PEG) molecule, as an adjuvant to treat
advanced melanoma (stage Ill) [85, 114, 115]. IL2 is a cytokine that shows anti-tumoral
activity due to expanding effector T cells (Teffs) and Tregs. In 1998 the FDA approved
IL2 to treat metastatic melanoma, and IL2 treatment shows around 20% overall
response and is still undergoing clinical trials for combined treatment, including
chemotherapy, radiotherapy and targeted therapies [85, 114]. Ontak is an FDA-
approved drug (1999) that consists of the fusion between the diphtheria toxin and IL2
and acts by eliminating IL2 receptor-expressing Tregs cells from peripheral blood.
However, the clinical response of melanoma patients to ontak is not consistent among
clinical trials [85, 116].

Oncolytic virus treatment consists of generating a virus that only replicates in
specific cancer cells, causing tumour lysis and release of tumour-specific antigens,
resulting in a tumour-specific immune response [85]. In 2015 FDA approved
talimogene laherparepvec (T-VEC), the first oncolytic virus to treat melanoma. T-VEC
is still being studied in clinical trials alone or combined with other treatment strategies

and produced a 28% clinical response with manageable side effects [85, 117].
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Adoptive T cell transfer (ACT) therapy consists of isolating from tumour tissue
or peripheral blood of the patient, autologous reactive and tumour-specific T cells,
expanded ex vivo, and infused back to the patient with IL2 treatment. Additionally to
the natural host T cells, patients can also be administered with chimeric antigen
receptors (CARs) T cells, engineered T cell receptors (TCRs) or tumour-infiltrating
lymphocytes (TILs), which comprise CD4+ and CD8+ T cells that induce tumour
regression [97]. So far, clinical trials with ACT with CARs are in progress with limited
success. It is a possibility that the efficacy of CARs therapy may be affected by the
inhibitory effects of the tumour microenvironment resultant from inhibitory immune
checkpoints. Combined treatments with CAR-T cells and PD-1 or CTLA-4 antibodies,

as well as other immune checkpoint inhibitors, are under evaluation [85, 118].

Overall, the clinical outcomes for patients with melanoma significantly
improved with the development of targeted therapy, especially BRAF and MEK
inhibitors, and immunotherapy, such as immune checkpoint inhibitors. However,
targeted therapy presents short-term therapeutic effects, and immunotherapy
presents a lower response rate, and both therapeutic strategies can result in acquired
resistance [119-121]. Combinatorial therapies with targeted therapy and
immunotherapy improved therapeutic effects but increased toxicity, and patients still
develop resistance to treatment [122].

Oncogenic activation of the PI3K/AKT signalling pathway contributes to
melanoma progression and resistance to treatment [123], and mTOR was described
to be an effective point for targeting the cell growth in PI3K/AKT signalling in vitro.
BEZ235 is a PI3K/mTOR dual inhibitor that has been under several clinical trials for
various cancers in monotherapy and combined therapy, and similar to various
targeted drugs, BEZ235 showed significant anti-tumour effects. Nonetheless, patients
suffered from toxicity, and BEZ235 can promote resistance by compensatory ERK
signalling pathway activation [24]. Moreover, we have shown that cancer with elevated
TRIB2 generates resistance to BEZ235 [56]. However, we describe a novel approach
to reduce this resistance, consisting of combined treatment with compounds that
synergize with BEZ235 to increase the BEZ235 therapeutic effect and reduce

resistance.

32



Characterization of TRIB2-mediated drug resistance

1.4 Resistance to cancer treatment

Frequently, several tumours, including melanoma, kidney cancer and
hepatocellular carcinoma, present intrinsic resistance to chemotherapy, leading to
poor clinical outcomes upon treatment. Other tumours, or in later stages as in
metastatic melanoma, display acquired resistance, in which they first present
sensitivity to treatment but later become unresponsive. Cancer treatment has
progressed significantly, but cancer relapse and recurrence still occur, frequently with
fatal outcomes. Drug resistance has caused poor clinical outcomes such as increased
mortality and risk of relapse. As such, there are continuous efforts to identify and

characterize resistance mechanisms [124-126].

1.4.1 Mechanisms of drug resistance

During tumour progression and treatment, intrinsic and acquired resistance
mechanisms can co-exist. Acquired resistance mechanisms can differ from intrinsic,
or they can develop from an advantageous selection of intrinsic mechanisms [126].
Besides the influence of the tumour heterogeneity, resistant cell subpopulations,
induction of autophagy and cross-talk between the microenvironment and tumour
stroma promote resistance. Resistance mechanisms such as drug targets alterations,
increased drug efflux, more efficient detoxifying mechanisms, avoidance of cell death,
enhanced DNA damage repair mechanisms and increase of cell proliferation [126,
127].

Targeted therapy consists of using drugs that target specific proteins, thus
improving selectivity and decreasing side effects. Nevertheless, this type of treatment
is prone to develop resistance due to drug target mutation or epigenetic changes
leading to altered expression levels [126]. Cells can rapidly downregulate a drug

target expression following treatment, such as doxorubicin in vitro treatment that
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caused downregulation of topoisomerase lla, rendering doxorubicin less efficient.
Receptor tyrosine kinase inhibitors can become ineffective when their targets become
mutated following treatment, as mentioned previously for the BCR activator of
RhoGEF and GTPase-ABL proto-oncogene 1, non-receptor tyrosine kinase (BCR-
ABL) fusion protein. Moreover, cells may bypass the drug inhibition if the drug target
is involved in a signalling pathway activated by multiple molecules. One example is
the mutation of epidermal growth factor receptor (EGFR) in anaplastic lymphoma
kinase (ALK) fusion gene-positive in lung adenocarcinoma [126, 127].

The ATP-binding cassette (ABC) superfamily of proteins translocates various
substrates out of the cells, including toxins and drugs. The ATP-binding cassette
subfamily B member 1 (MDR1) gene, also known as ABCB1, produces the phenolic
glycoprotein (PgP), an efflux pump. Overexpression of PgP leads to resistance to anti-
cancer treatment, as well as with other transporters, namely multidrug resistance-
related protein (MRP1, ABCC1) and breast cancer-related protein (BCRP, ABCG2)
[127].

The drug metabolization process in the cells comprises phase | reactions,
namely oxidation and reduction, and phase Il reactions, namely consumption and
conversion. Increased activity of these reactions leads to drug resistance [127].
Increased activity of the phase | enzyme P450 in breast cancer causes docetaxel
inactivation. In phase Il reactions, increased activity of glutathione S-transferase
(GSTxn) induces drug degradation. Some cancers display upregulated GSTr,
promoting resistance to treatment [127, 128].

Cell death processes comprise apoptosis, necrosis, necroptosis and
autophagy, and inhibiting these processes promotes tumour progression. Apoptosis
has often been described to be involved in cancer resistance. Cancers often display
downregulated pro-apoptotic genes, such as BAX and B-cell lymphoma-extra large
(BCLxI), upregulated anti-apoptotic genes such as BCL2, and alterations in the
expression of ligands, cell death receptors, and remaining players of the extrinsic and
intrinsic apoptotic pathways. Moreover, p53 mutations can inhibit p53-mediated
apoptosis [127, 128].

Chemotherapeutic drugs, such as 5-fluorouracil (5-FU) or cisplatin, act by

promoting DNA damage in cancer cells to induce cell death. However, many cancers
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display upregulated genes involved in DNA repair mechanisms. Colon cancer cell
lines resistant to 5-FU presented upregulated DNA repair genes RAD23 Homolog B,
Nucleotide Excision Repair Protein (RAD23B), Flap Structure-Specific Endonuclease
1 (FEN1) and FA Complementation Group G (FANCG), and upregulated p53-target
genes involved in DNA damage repair mechanisms [127]. Furthermore, oncogenic
mutations in the DNA repair mechanisms may result in cancer cells becoming more
dependent on another DNA repair pathway to promote further mutations. For
example, cancer cells can become less dependent on BRCA1 DNA Repair Associated
(BRCA1) and BRCA2 DNA Repair Associated (BRCA2), involved in the double-strand
DNA repair mechanism, to be more reliant on Poly(ADP-Ribose) Polymerase 1
(PARP1), involved in DNA repair and cell proliferation [127, 128].

Chemotherapeutic agents, such as cisplatin, generate enough DNA damage to
induce cell death. However, cancer cells that are resistant to apoptosis frequently
enter premature senescence after chemotherapy. Paradoxically, cancer cells, at a
later stage, can recover from tumour-induced senescence, likely due to inhibition of
p53 activity, and cause tumour relapse. Moreover, senescence reversal is
accompanied by more proliferative cell clones and increased expression of stem cell

markers, indicating more aggressive tumour growth [129].

1.4.2 Resistance to targeted therapy in melanoma

The major altered signalling pathways that most contribute to melanoma
progression are the MAPK and the PI3K/AKT signalling pathways, affecting various
cellular processes, and targeted therapies attempt to inhibit these signalling pathways,
which led to the development of BRAF inhibitors, such as vemurafenib and dabrafenib,
and MEK inhibitors such as trametinib [98, 100]. Then combined therapies have
surged to improve the clinical response of the monotherapies. However, 50% of
patients relapse within seven months after the initial positive clinical response, and

they develop more aggressive metastases at novel sites [130].
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Mutations in RAS, NF1 and RTKs cause constitutive activation of BRAF activity.
Aberrant splicing in oncogenic BRAF can cause resistance to treatment. Several
patients treated with vemurafenib later developed resistance to treatment. They
displayed a subset of cells resistant to the drug because they express a 61kDa isoform
of BRAFV600E (p61BRAFV6%E) that lack the RAS-binding domain, essentially allowing
the p61BRAFV®E to dimerize independently of RAS activity status [131]. Duplication
of the kinase domain of BRAF or upregulation of BRAF levels can also cause
resistance to treatment. Resistance can also arise downstream of BRAF inhibition.
Some mutations in MEK1 or upregulation of MAP3K8 can increase activation of MEK1
downstream of BRAF. Mutations of negative regulators of extracellular signal-
regulated kinase (ERK), such as dual specificity phosphatase 4 (DUSP4) and dual
specificity phosphatase 6 (DUSP6), or proteins that inhibit ERK modulators, can
increase ERK signalling, leading to treatment resistance. Parallel signalling pathways
can also promote resistance. For example, mutated PTEN causes aberrant activation
of the PIBK/AKT signalling pathway, inducing cellular proliferation and apoptosis
inhibition. Ultimately it decreases the efficacy of BRAF inhibitors [132].

The microenvironment contains the extracellular matrix and factors that can
induce tumour angiogenesis and recruit stromal cells and growth factors to promote
tumour growth [133]. Macrophages and fibroblast-derived factors can promote
resistance to inhibitors of the MAPK signalling pathway in melanoma. Another
mechanism of extrinsic resistance is the ligand HGF that can also be secreted by
stromal cells, in addition to cancer cells, promoting tumorigenic effects and resistance
to BRAF inhibitors [134, 135]. Both cancer cells and the microenvironment adapt to
the pressure caused by targeted treatment. For example, during targeted therapy in
melanoma cells, normal stroma contained fibroblasts with hyperactivated MAPK
signalling pathway that ultimately led to increased ERK signalling in some melanoma
cells, causing resistance to treatment [136]. Likewise, melanoma cells in contact with
more aged fibroblasts are more invasive [137]. Also, inhibitors of the MAPK signalling
pathway administered to patients caused an increase in tumour-associated
macrophages that secreted tumour necrosis factor (TNFa), ultimately leading to
upregulation of MITF, causing resistance to treatment. Furthermore, TNFa inhibits

apoptosis in melanoma cells treated with BRAF inhibitors, contributing to melanoma
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invasion and vascularization. Moreover, co-administration of MAPK inhibitors with

TNFa inhibitors delayed the development of resistance [130].

1.4.3 Resistance to immunotherapy in melanoma

The development of immunotherapy introduced the targeting of immune
checkpoints and tumour-specific antigens to induce an immune response against
cancer cells. As previously discussed, the clinical response to melanoma treatment
improved with antibodies that target the immune checkpoints CTLA-4, PD-1 and PD-
L1 [130]. However, the therapeutic strategy itself can further increase the resistance.
For example, the immune response against tumours becomes less efficient with
decreasing mutational burden [138]. Moreover, during the tumour progression,
tumours tend to lose part of their non-silent mutations that might lead to immune
adaptation by reducing the load of antigenic epitopes [130]. The mutated BRCA2
gene, involved in DNA repair, is enriched in melanoma responsive to PD-1 inhibitor
treatment [139]. For patients who displayed intrinsic resistance to PD-1 inhibitors, the
tumours presented a transcription signature with upregulated genes involved in a
mesenchymal phenotype, angiogenesis regulation and wound healing. Similarly,
patients with acquired resistance to PD-1 inhibitors by oncogenic activation of the
MAPK signalling pathway also showed a similar transcriptional profile [130].

Another mechanism of resistance includes acquired mutations in the interferon
gamma (IFNy) receptor pathway, affecting the immune recognition of the tumour cells.
Initially, INFy helps the immune response against tumour cells by recruiting immune
cells. At later stages, allows the tumour cells to evade the immune response by
modulating the expression of genes that affect T cell function or deplete T cells, such
as upregulation of indolamine 2.2 dioxygenase (IDO), PD-L1 and carcinoembryonic
antigen cell adhesion molecule-1 (CEACAM1) [130, 140].

Additionally, the accumulation of regulatory T cells that express FOXP3+
constitute another mechanism of resistance through inhibition of the immune

response by secretion of chemokines, downregulation of the effector T cell activation
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and proliferation, and inducing the production of TNFa [141]. TNFa promotes the
downregulation of melanoma-specific genes, resulting in less differentiated melanoma
cells, leading to immune evasion. Moreover, progressive selection of non-
immunogenic cell clones (immunoediting) could result from T cells-mediated

immunoselection during tumour progression [130].
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1.5 The role of FOXOs in cancer
progression

1.5.1 The FOXO family

Forkhead box (FOX) family of proteins are classified as transcription factors
that mediate a wide range of biological functions, including ageing, tissue
homeostasis, maintenance of glucose and lipid metabolism, autophagy, and
protection from oxidative stress, and are also involved in human diseases including
cancer and diabetes [142].

FOXO transcription factors, a subfamily of the FOX family of proteins, are
usually present in the nucleus, in the absence of stimulation by growth factors and the
presence of cell quiescence, where they modulate the transcription of several target
genes that decrease cellular proliferation, survival and stress resistance, and increase
cellular differentiation. When growth factors stimulate cells, occurs cytosolic
translocation of FOXO proteins and subsequent proteasomal degradation. This
inhibition of FOXO transcriptional activity leads to an increase in cell survival. It
promotes overriding DNA damage-checkpoints contributing to an increase of cellular
proliferation, which is advantageous to cancer progression, and as such, many
cancers hyperactivate pro-survival signalling, such as the PI3K/AKT pathway [143].
The vertebrate FOXO family possibly arose as a result of successive gene duplications
according to bioinformatic analyses, and human FOXOs comprise FOXO1 (FKHR),
FOXO3 (FKHRL1), FOXO4 (AFX), and FOXOG6, that are involved in tumour
suppression pathways (Figure 1.12) [142-144]. FOXO1 is highly expressed in adipose
tissue, FOXO4 in cardiac tissue, FOXO3 in the neuronal tissue and FOXO6 in the
developing brain. Moreover, FOXOs rearrangement is commonly present in several
cancers (chromosomal translocation that originates fused proteins), altering their

function together with their expression levels [143, 144].
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Figure 1.12. The FOXO family members in mammals. The FOXO family members
present in mammals are FOXO1, FOXO3, FOXO4 and FOXO6. They present different
amino acid lengths, but all members display conserved domains for their
phosphorylation, acetylation and post-translational activity. The numbers represent
amino acid positions, DBD refers to DNA-binding domain, NLS refers to nuclear
localization signal, NES refers to nuclear export signal, and TAD refers to
transactivation domain. Adapted from: doi:10.1038/s41573-020-0088-2. [144].

The structure of FOXO proteins contains a forkhead DNA-binding domain
(DBD), a nuclear localization signal (NLS), a nuclear export signal, and a
transactivation domain (TAD) (Figure 1.12). FOXO transcriptional activity modulation
results from post-translational modifications in the FOXO proteins such as
ubiquitination, phosphorylation, methylation and acetylation, with phosphorylation the
most prevalent (Figure 1.13) [144]. These post-transcriptional modifications control
FOXOs DNA-binding affinity, binding to other proteins, transactivation, and cellular
localization. FOXOs are only transcriptionally active in the nucleus, but they can also
indirectly modulate the activity of other targets in other subcellular localizations. For

example, FOXOs in the cytoplasm can modulate autophagy, affect ERK1/2 activity and
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alter stress resistance in the mitochondria [52, 145, 146]. FOXOs also interact with a
wide range of different proteins, which can be explained by disordered regions
outside the forkhead domain, allowing the FOXO proteins to adopt different
conformations [142, 143].

FOXOs display a range of functions, in which many are shared between all
FOXO proteins, denoting a redundant effect. However, some functions are specific to
a FOXO protein, restricted to two or three members, or family members may even
display antagonistic functions. The wide range of functionalities results from the FOXO
family members recognising similar DNA sequences (same function), different DNA
sequences (specific or exclusive functions), or the ability to interact with various
proteins. Schmitt-Ney et al. describe FOXOs to exhibit autonomous expression as
they locate in different chromosomes, but they also regulate the expression of the
other members [142]. FOXOs transcriptional regulation in the nucleus can occur
through FOXO binding to DNA directly, FOXO binding to other transcription factors,
or FOXO binding to DNA after an interactor previously binds to a nearby DNA

sequence, altering its conformation, hence allowing FOXO interaction [142].
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Figure 1.13. Outline of FOXOs post-translational modifications. a) The cellular effects
caused by post-translational modifications in FOXOs and their position along with the
FOXO domains. Post-translational modifications include phosphorylation (P),
ubiquitylation (Ub), acetylation (Ac), methylation (Me) and intermolecular disulfide
bonds (S). Modifications on specific FOXO isoforms are designate as F1 (FOXO1), F4
(FOX0O4), F6 (FOXO6) and F3 or not stated (FOXO3). The asterisk denotes the
absence of modifications in FOXOG6. b) Proteins that interact with FOXOs, at the
specified domains or positions. The FOXO domains comprise the DNA-binding
domain (DBD), nuclear export signal (NES), nuclear localization signal (NLS) and a
transactivation domain (TAD). Adapted from: doi:10.1038/s41573-020-0088-2. [144].
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1.5.2 FOXO targets

Studies show that FOXOs can bind to an extended range of target genes,
confirmed by chromatin immunoprecipitation and direct sequencing. The presence of
many of these target genes varies with tissue type, indicating a wide functional
diversity, but many are also present in all tissues and conserved among different
species, indicating highly conserved FOXO targets. Additionally, FOXOs also regulate
their target genes indirectly [147]. The known FOXO targets are involved in various
cellular processes, including cell cycle, apoptosis, autophagy, stem cell maintenance
and terminal differentiation, DNA repair, glucose and lipid metabolism, stress
resistance, pluripotency, immune response and other cellular processes (Figure 1.14)
[147, 148].
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Figure 1.14. Overview of various FOXO target genes involved in diverse cellular
functions. 4E-binding protein 1 (4E-BP1), agouti-related protein (AGRP), adiponectin
(AdipoQ), arginase 1 (Arg1), B-cell lymphoma 6 (BCL6), BCL2/adenovirus E1B 19
kDa protein-interacting protein 3 (BNIP3), catalase (CAT), cyclin D1 (CCND1), cyclin
G2 (CCNG2), C-C chemokine receptor 7 (CCR7), CCAAT/enhancer binding protein
beta (C/EBPB), cardiovascular (CV), extracellular matrix (ECM), endothelial nitric
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oxide synthase (eNOS), estrogen receptor alpha (Era), fatty acid translocase CD36
(FAT/CD36), Fas ligand (FasL), glucose-6a phosphatase (G6PC), GABA type A
receptor-associated protein like 1 (GABARAPL1), G protein-coupled receptor 17
(GPR17), 3-hydroxy-3-methylglutaryl-CoA synthase (HMG-CoA synthase), inhibitor of
DNA binding 1 (ID1), interleukin 1 beta (IL1B), interferon gamma (IFNG), interleukin 7
receptor (IL7R), interferon regulatory factor 7 (IRF7), insulin receptor substrate 2
(IRS2), Kruppel-like factor 2 (KLF2), lipoprotein lipase (LPL), v-maf
musculoaponeurotic fibrosarcoma oncogene homologue A (MafA), multidrug-
resistance 1 (MDR1), manganese-dependent superoxide dismutase (MnSOD), matrix
metalloproteinase (MMP), myostatin (MSTN), neurogenic differentiation (NeuroD),
neuropeptide Y (NPY), nephroblastoma overexpressed (NOV/CCN3), pyruvate
dehydrogenase kinase-4 (PDK4), pancreatic and duodenal homeobox 1 (PDX1),
phosphoenolpyruvate carboxykinase (PEPCK), Peroxisome proliferator-activated
receptor gamma coactivator 1-alpha (PGC-1a), PTEN-induced putative kinase 1
(PINK1), proopiomelanocortin (POMC), peroxisome proliferator-activated receptor
gamma (PPAR-y), peroxiredoxin 3 (PRDX3), recombination activating gene (RAG),
regulatory-associated protein of mTORC1 (RAPTOR), retinoblastoma-like 2 (RBL2),
rapamycin insensitive companion of mTOR (RICTOR), sterol carrier protein x (SCPx),
sterol carrier protein 2 (SCP2), Sprouty2 (SPRY2), selectin L (SELL), sentrin-specific
peptidase 1 (SENP), sestrin 3 (SESN3), superoxide dismutase 2 (SOD2), Toll-like
receptor 4 (TLR4), tumour necrosis factor superfamily member 10 (TNFSF10), TNF
receptor-associated death domain protein (TRADD), TNF-related apoptosis-inducing
ligand (TRAIL). Adapted from: doi:https://doi.org/10.1002/ijc.30840. [148].

1.5.3 The relationship between FOXO and signalling
pathways in cancer

The importance of FOXOs in tumourigenesis is a result of the regulation of
FOXOs activity by insulin and growth factor-induced signalling pathways, the role of
FOXOs regulation by ROS, FOXO regulation of angiogenesis, FOXOs regulation of
cell cycle arrest, the interaction between FOXO and p53, and FOXO mutations in
cancer [143].

The PI3K/AKT signalling pathway plays a critical role during development and
tumourigenesis, promoting cell survival, proliferation and invasiveness, and, as
mentioned previously, FOXOs are downstream targets of AKT. AKT, one of the
significant interactors of FOXOs, phosphorylates FOXO1, FOXO3 and FOXO4 at three
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sites, promoting FOXO proteins to translocate to the cytoplasm. AKT phosphorylates
FOXOs at an N-terminal conserved sequence (typical to all FOXO proteins), at a C-
terminal of the DNA-binding domain sequence, containing the nuclear localization
signal sequence (NLS), and at a nuclear export signal sequence (NES). On the other
hand, the NES is not present in FOXOG6, resulting in AKT phosphorylating FOXOG6 in
two sites and not translocating to the cytoplasm as the other FOXO members [142,
143].

The PISK/AKT signalling pathway has an oncogenic effect in cancer, often due
to mutations in several steps of the signalling pathway, including PI3K, RAS or PTEN,
which leads to FOXO function inhibition. Cell treatment with PI3K inhibitors, such as
LY294002 (reversible inhibitor of PI3K), promotes FOXO transcriptional activity,
inducing apoptosis and cell cycle arrest (tumour suppressor role), confirming the
importance of the PI3K/AKT in tumorigenesis [143].

Another signalling pathway involved in FOXO regulation is the MAPK/ERK
signalling pathway, leading to FOXO3 phosphorylation and subsequent degradation
after MDM2 polyubiquitination [149]. Furthermore, the IKK/NF-kB signalling pathway,
known to regulate inflammation and innate immune response, has also been
associated with several cancers. FOXO phosphorylation (S644) by IKKa and IKKf and
IKKe degrades FOXO and excludes it from the nucleus, promoting cancer cell
proliferation and survival [143].

Several micro-RNAs also affect FOXO expression levels in cancer. The miR-96
overexpression in breast and bladder cancers target FOXO1 and FOXO3 to increase
cell proliferation. Upregulation of miR-182 targets FOXO1 to increase cancer cell
growth and Melanocyte Inducing Transcription Factor (MITF) to increase cancer cell
invasiveness in melanoma cells. Farhan et al. report several micro-RNAs to target
FOXO1, including miR-27a, miR-96 and miR-182 in human breast cancer cell line, the
miR-96, miR-182 and miR-183 in Hodgkin’s lymphoma and endometrial cancer, miR-
135b in an osteosarcoma cell line, miR-370 in prostate cancer, miR-411 in lung cancer
and miR-1269 in hepatocellular carcinoma, promoting cancer cell growth, proliferation
and survival [143].

FOXOs regulate the transcription of genes that produce antioxidant proteins,

such as Superoxide Dismutase 2 (MnSOD), that reduce ROS formation, thus
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preventing oxidative damage. On the other hand, the regulation of FOXOs results from
post-translational modifications that are responsive to ROS levels and will affect the
anti-oxidant function of FOXOs. In PI3K/AKT and ERK1/2 signalling pathways,
stimulation of RTKs by their natural ligands results in a transient increase of ROS due
to nicotinamide adenine dinucleotide phosphate (NADPH) oxidases activity,
necessary for modulation of these signalling cascades and exogenously-induced ROS
levels that also stimulate these signalling pathways. Consequently, these signalling
cascades will modulate FOXO activity by promoting FOXO degradation and inhibition
of its transcriptional activity [143, 150].

Angiogenesis is essential for tumour growth to induce cell proliferation,
migration and invasion. The production of angiogenic factors, including vascular
endothelial growth factor (VEGF), initiates angiogenesis, and FOXO proteins can
stimulate pro- and anti-angiogenic factors.

FOXOs modulate cell cycle arrest by regulating genes such as p21 and p27.
The E2F Transcription Factor 1 (E2F-1) transcription factor complexes with FOXO1
and FOXO3 inhibiting cell proliferation and survival, a mechanism that is often blocked
in cancer. FOXOs can also regulate p19 through MYC, promoting p53 activity and cell
cycle arrest [143, 151].

FOXO and p53 have shown a few similar functions, such as regulating the cell
cycle and the DNA-damage repair mechanisms. Furthermore, similar mechanisms
regulate their activity, namely post-translational modifications (such as
phosphorylation and acetylation), share several target genes, and signalling pathways
crosstalk in several ways. Examples include FOXO3 that can bind directly to p53 to
stabilize it, FOXO3 can regulate the transcription of regulators upstream of p53, such
as Sirtuin 1 (SIRT1), or p53 can regulate upstream regulators of FOXO3, such as
Serum/Glucocorticoid Regulated Kinase 1 (SGK), and p53 can directly regulate
transcription of FOXO3 under DNA damage in fibroblasts [143, 152].

Cancers seldom display mutated FOXOs, and instead, cancers usually present
deregulated FOXO function and abnormal expression. Loss of function mutations in
FOXO isoforms will most probably not affect cellular functions, as FOXO family
members present redundant functions, and it is improbable to occur mutations in all

FOXO members simultaneously [153]. Contrarily, PI3K pathway and p53 mutations
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are frequent because they often result in pro-survival signalling, advantageous to
tumour progression [154, 155]. However, some cancers display FOXO mutations,
such as FOXO fusion proteins, resulting from chromosomal translocations and
somatic point mutations, often behaving as oncogenes. For example, PAX3-FOXO1,
first detected in alveolar rhabdomyosarcoma (ARMS), was originated from a
chromosomal t(2, 13) translocation and elevated levels of PAX3-FOXO1 in ARMS
together with other genetic lesions, promotes cell proliferation and transformation
[143].

1.5.4 Anti-cancer drugs that target FOXO signalling

As FOXO proteins display such a central role in tumorigenesis, it stimulates the
development of anti-cancer drugs that target FOXOs directly and the signalling
pathways that regulate FOXOs. Except for ligand-inducible nuclear receptors,
transcription factors are challenging to target pharmacologically. The reason lies in
their 3D structure that displays flat surfaces to bind to other proteins and DNA, which
hinders the interference by small molecules that target these transcription factors.
Additionally, although FOXOs are desirable targets as they are involved in cancer,
ageing, and degenerative pathologies, they display numerous functions, and their
regulation is tightly controlled, which hinders FOXO targeting. Moreover, different
isoforms and different FOXO members may compensate for the loss of activity of one
FOXO member [144, 156].

Nevertheless, with increasing knowledge regarding their structure, function,
activity and how they bind to DNA, drugs have been reported to target several
transcription factors, including p53, Signal Transducer And Activator Of Transcription
1 (STAT1), Nuclear Factor, Erythroid 2 Like 2 (NRF2), GLI Family Zinc Finger 1 (GLI)
and Notch Receptor 1 (NOTCH). Pharmacologically modulating FOXOs may be
possible by targeting nuclear import and export, upstream regulatory players, FOXO
protein interactions, DNA binding and post-translational modifications that affect
FOXO activity [144, 157].
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The regulation of FOXO by enzymes (Figure 1.15) enabled the development of
drugs targeting upstream regulators of FOXO, as enzymes are less complex to inhibit
by small molecules than transcription factors. However, the cellular effects may not
be limited to just FOXO modulation as they are upstream in the signalling pathways
[144]. Kinases, phosphatases, histone acetyltransferases (HATs) and histone
deacetylases (HDACs) regulate FOXO activity, as kinases phosphorylate substrates,
phosphatases remove phosphate groups, HATs and HDACs increase and decrease
DNA expression, respectively [144]. The first activators of FOXO were pan-PI3K
enzymatic inhibitors, such as LY294002 and wortmannin, and compounds that inhibit
PI3K and mTOR simultaneously strongly induce FOXO nuclear localization, such as
dactolisib (BEZ235). These compounds prevent the phosphorylation of AKT, impeding
its activation [144].

Inhibitors of AKT, such as AKT inhibitor VIII, AKT inhibitor X and capivasertib
(AZD5363), increase FOXO activity, targeting AKT directly by allosteric or competitive
inhibition, preventing AKT phosphorylation. Additionally, full activation of AKT requires
phosphorylation at T308 by PDK1, so AKT activity decreases upon treatment with the
PDK1 inhibitors, such as celecoxib. AKT inhibition with these drugs induces FOXO
nuclear localization [144]. Other chemotherapeutics induce FOXO activity by
increasing ROS levels, such as cisplatin, doxorubicin and SN-38. Drugs can also
increase FOXO activity by activating upstream FOXO activators such as JNK and
AMPK. Paclitaxel and vinblastine activate FOXO3 by activating the c-Jun N-terminal
kinase (JNK) pathway [158]. Other drugs activate protein kinase AMP-activated
catalytic subunit alpha 1 (AMPK), increasing FOXO activity in breast cancer,

hepatocytes and erythrocytes, such as metformin [144].
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Figure 1.15. Drugs that modulate FOXO activity directly and indirectly through
upstream and downstream regulators. Compounds that inhibit PI3K, calmodulin,
PDK1, mTOR, AKT, FOXO nuclear export and proteasome degradation, and
compounds that activate AMPK, promote FOXO nuclear localization and its
transcriptional activity. Compounds that destabilize FOXO-DNA or FOXO-p53 and
FOXO-SIN3a complexes, and induce FOXO nuclear export, inhibit FOXO activity. Ac
(acetylation), DBD (DNA-binding domain), P (phosphorylation), ROS (reactive oxygen
species). Adapted from: doi:10.1038/s41573-020-0088-2. [144].

FOXO activity can also be regulated by modulating FOXO subcellular
localization, as FOXO transcriptional activity is limited to the nucleus. FOXO
translocation to the nucleus induced by ROS relies on a cysteine-dependent complex

with transportin 1 (TNPO1) [144], while energetic stress in the absence of growth
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factors drives the nuclear import of FOXO through an unknown import protein. On the
other hand, phosphorylated FOXO by AKT is exported from the nucleus by the nuclear
export receptor CRM1 [144, 159-161]. Attempts to retain FOXO at the nucleus, where
it is transcriptionally active, might prevent the inhibition of FOXO activity and prevent
treatment resistance. Leptomycin B (LMB) was the first compound discovered to
inhibit CRM1 by binding covalently to CRM1 at the export signal binding domain at
the C528 [162]. LMB is too toxic for clinical use but is very useful to investigate nuclear
export [144, 148]. Nuclear export inhibitors that target CRM1 are under development,
with selinexor recently FDA-approved [163], to investigate their potential as tumour
suppressors in the clinic [144]. Calissi et al. describes various small-molecule nuclear
export inhibitors that promote nuclear localization of FOXO, such as psammaplysene
A, compounds A-D, octahydrocurcumin, plumbagin, MDN-0105, S109, and the
selective inhibitors sverdinexor and selinexor [144]. Sverdinexor and selinexor bind
reversibly to CRM1 at C528, and selinexor helps trap FOXO in the nucleus. Selinexor
increased nuclear localization of FOXO1 and increased cisplatin efficiency in ovarian
carcinoma models, either sensitive and resistant to cisplatin [144].

FOXOs bind to other proteins generating protein complexes, allowing the
modulation of the activity of downstream mediators. The development of drugs that
target these complexes enables the modulation of FOXO activity. For example, the
peptide FOXO4-DRI targets a sequence in FOXO that binds to p53, preventing the
formation of the complex FOXO4-p53, responsible for the survival of senescent cells.
This peptide induces death in doxorubicin-induced senescent cells but protects
healthy cells, reverting doxorubicin resistance [144]. In another example, insulin
represses FOXO1, leading to FOXO1-dependent inhibition of glucose-6-phosphatase
and glucokinase induction. The dual action of FOXO1 results from the direct binding
of FOXO1 to different co-factors. Targeting FOXO1-SIN3A prevents the upregulation
of glucokinase expression without affecting lipogenesis [144].

FOXOs act primarily as transcription factors; thus, disrupting the protein-DNA
binding would be valuable in modulating FOXO activity. Some molecules, such as
carbenoxolone, inhibited FOXO3 by binding to its DBD and resensitized

neuroblastoma cells to chemotherapy [144].
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Drugs targeting the processes of post-translational modifications can be
another strategy to modulate FOXO activity. For example, AS1842856, a
hydroquinone-carboxylic acid, binds to dephosphorylated FOXO1, precluding its
inactivation [144].

FOXOs respond to chemotherapy and small molecule inhibitors. Anti-cancer
treatments with inhibitors of PI3K, AKT and BCR-ABL, as well as 5-fluorouracil,
paclitaxel and resveratrol, resulted in apoptosis mediated by FOXO [164]. As such,
dysregulation of FOXO proteins can promote resistance to anti-cancer drugs; for
example, lower expression of FOXO3 in cancer cells causes resistance to paclitaxel
and epirubicin. However, due to the tight regulation and plasticity of growth factor
signalling, cancer treatment with small molecule inhibitors that target oncogenic
kinases, such as PI3K and AKT, can result in robust feedback mechanisms to maintain
the signalling. For example, FOXO1 and FOXO3 upregulate MDR1, causing breast
cancer and leukaemia resistance, or doxorubicin and phenylbutyrate treatments in B-
cell lymphoma upregulate FOXO4 by upregulating PIK3CA, RICTOR, and SESN3 as
a feedback mechanism [144, 164]. Paclitaxel treatment in ovarian cancer cells
increases ROS levels, increasing FOXO activity. Paradoxically increased FOXO
activity mediates the expression of MnSOD, increasing resistance to ROS levels,
which leads to a decrease in the toxicity of the drug. Also, doxorubicin treatment in
breast cancer leads to FOXO3 nuclear translocation, upregulating PIK3SCA and
activating the PI3K/AKT signalling pathway, resulting in doxorubicin resistance [164].

Combined treatments that also target PI3K/AKT signalling or FOXO to prevent
feedback mechanisms may be a potential strategy to overcome drug resistance
resulting from increased FOXO transcriptional activity that paradoxically promotes
resistance. For example, prostate cancer cells treated with paclitaxel and PI3K
inhibitors developed resistance because FOXO nuclear translocation leads to ERK
feedback activation. However, treatment with a FOXO1 mimicking peptide prevented
ERK activation by FOXO and blocked resistance. Similarly, a peptide blocking the
FOXO04-p53 interaction in senescent cells induced apoptosis and clearance of
senescence cells from the body [144, 164]. However, FOXO-specific inhibitors are
difficult to find. Therefore, further development and characterization of FOXO-specific

inhibitors seem to be promising [164].
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The discovery and development of various compounds that affect FOXO
activity underwent significant progress. As such, despite the need to continue to
improve clinical efficacy with fewer side effects, FOXO targeting is paving the way for

future clinical treatments against cancer and other diseases associated with ageing.

1.5.4.1 BEZ235

BEZ235, also known as Dactolisib, NVP-BEZ235 and RTB101, is an
imidazoquinoline derivative (Figure 1.16), capable of inhibiting all isoforms of class |
PI3K and mTOR. BEZ235 binds to the ATP-binding pocket of the p110 subunit of PI3K,
specifically to V882 and S805. BEZ235 also binds to the catalytic site of mTOR.
Previous studies showed that BEZ235 inhibition of PI3K and mTOR led to decreased
cancer proliferation and growth in cell lines and xenografts by inhibiting the PI3K/AKT

signalling pathway, regardless of the type of cancer [165].
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Figure 1.16. The chemical structure of BEZ235. BEZ235 is a dual ATP-competitive
PI3K and mTOR inhibitor. Adapted from: doi:10.1038/sj.bjc.6604995. [166].
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BEZ235 has been evaluated in several clinical trials. The phase I/l study of
BEZ235 in patients with advanced solid malignancies, including patients with
advanced breast cancer, as a single agent or combined with trastuzumab
(CBEZ235A2101). Another phase | study of BEZ235, administered orally in adult
Japanese patients with advanced solid tumours (CBEZ235A1101). The phase Ib study
for the maximum tolerated dose of oral BEZ235 and BKM120 combined with paclitaxel
or trastuzumab in patients with advanced solid tumours and HER2+ metastatic breast
cancer (CBEZ235A2118). Additionally, BEZ235 has also been studied in clinical trials
for acute lymphocytic leukaemia (ALL) and acute myeloid leukaemia (AML), with
phase | to determine the recommended dose (NCT01756118) [165]. Currently,
BEZ235 is in the preclinical phase for precursor cell lymphoblastic leukaemia-
lymphoma. Others described BEZ235 to synergize with Dexamethasone, Cytorabine,
Doxorubicin, Nilotinib, GX15-070 in preclinical B-ALL models [167].

By inhibiting PI3K and mTOR, BEZ235 inhibits the PI3K/AKT signalling
pathway, thus inducing FOXO activity. Our lab has also previously established that
TRIB2 is a FOXO repressor by inducing AKT activity and confers in vitro and in vivo

resistance to BEZ235-treatment by acting downstream of BEZ235 inhibition [56].
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1.6 The Tribbles proteins

Our lab previously performed a systematic large-scale loss-of-function
screening to identify endogenous suppressors of FOXO. The objective is to restore
FOXO function by pharmacologically targeting those FOXO-repressor proteins. TRIB2
was one of the identified genes with a role in melanoma progression by inhibiting
FOXO activity, both in vitro and in vivo [55].

1.6.1 Historical overview of the Tribbles family

The human Tribbles family comprise the three members TRIB1, TRIB2 and
TRIB3, and these genes are orthologs of the pseudokinase Tribbles (Trbl) in the
Drosophila. Trbl in Drosophila promotes slbo and String degradation by the
proteasome pathway, leading to cell proliferation, differentiation, and migration
changes. SIbo and String are the Drosophila homologues for the human CEBPA and
CDC25 phosphatase, respectively [168].

The discovery of Trbl resulted from screens in Drosophila that identified genes
that affected oogenesis and gastrulation during embryonic development, namely slbo
and String, respectively. Mutant Trbl leads to early mitosis and impaired protein
degradation, causing gastrulation defects, and interacts with the proto-oncogene AKT.
Similarly, Trbl functions seem conserved in different species; in humans, TRIB2
regulation is affected by the cell cycle, degrades other proteins through ubiquitin and
proteasomal mechanisms, very likely CDC25 phosphatases as well. Additionally,
human TRIB2 affects the capacity of AKT phosphorylating FOXO3, and thus FOXO3
subcellular localization, TRIB3 binds to AKT, affecting AKT activation by mTORC2.
Additionally, both the human and murine brains express TRIB3, and its expression
inversely correlates with PARKIN, a protein that causes Parkinson disease when
mutated [168].
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1.6.2 Pseudokinases

Most signalling pathways include essential components such as protein
kinases. These proteins contain a kinase domain fold that specifically phosphorylates
serine, threonine or tyrosine residues, and this domain is highly conserved
evolutionarily. Kinase function dysregulation may lead to several pathologies, such as
neurological, immunological, metabolic and cancer diseases [168-170].

Pseudokinases comprise around 10% of the kinases in the human kinome and
regulate many cellular functions, but are less characterized, display missing residues
and display low or no catalytic activity. Despite lacking canonical catalytic activity,
pseudokinases can still bind to other proteins and participate in signal transduction.
Examples of pseudokinases include JAK2 (includes kinase and pseudokinase
domains), RAF/MEK and the Tribbles [170].

1.6.3 The pseudokinase structure of the Tribbles and
biological functions

The Tribbles are serine/threonine pseudokinases considered to lack (TRIB1)
or display low (TRIB2) catalytic activity in vitro.

According to Eyers et al. [168], the Tribbles are present only in the animal
kingdom, with TRIB2 the most ancestral member, followed by TRIB1 and, more
recently, TRIB3 likely due to gene duplications from TRIB2. The Tribbles possibly
arose due to novel requirements in biological functions in more complex organisms,
favouring their roles in substrate regulation by ubiquitination.

Studies regarding Tribbles structure suggest three domains, the N-terminal
Proline-Glutamic acid-Serine-Threonine (PEST), the pseudokinase and the C-terminal
E3-ligase targeting domains (Figure 1.17A). The PEST sequence is present in many

short-lived proteins, such as TRIB1 and TRIB2, and regulate protein degradation [168,
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171]. The pseudokinase domain structure was discovered for TRIB1 (Figure 1.17B)
and extrapolated for TRIB2 and TRIB3, and this pseudokinase domain lacks the
sequence DFG (metal binding) and displays an unusual N-lobe as well as canonical
C-lobe. The C-terminal domain interacts in cis with a pocket formed contiguous to the
unusual region in the tribble pseudokinase domain and contains two regulatory
sequences, the HPWI[F/L] and the DQXVP[D/E] motifs, that target the MAPKK/MEK
family members and bind to E3 ubiquitin ligases such as COP1 to promote

degradation of its targets, respectively (Figure 1.17A) [168, 170, 172].

57



Characterization of TRIB2-mediated drug resistance

A
Proteasome
9
- :.‘4.;
+
- / 0:’
Protein
degradation
Q,
AKT
Survival
Migration
Proliferation
B

Figure 1.17. A) Structure of Tribbles family. Tribbles comprise three domains, the N-
terminal PEST domain involved in protein stability, the pseudokinase domain that
shows no or low catalytic activity, and the C-terminal domain containing two
conserved motifs HPW[F/L] and DQXVP[D/E. The first motif allows the Tribbles to
modulate the MAPK/MEK family, and the latter allows binding to E3 ubiquitin ligases,
priming target proteins for degradation. B) TRIB1 pseudokinase domain. TRIB1
structure adapted from: doi:10.1016/j.str.2015.08.017. [172]. Data bank (PDB) protein
ID 5CEK.
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One of the best examples of Tribbles-induced protein degradation is the TRIB1-
mediated CCAAT Enhancer Binding Protein Alpha (CEBPA) degradation. CEBPA
binding to the pseudokinase domain induces a conformational change in TRIB1,
causing allosteric changes resulting in the COP1 binding sequence becoming
available and recruiting COP1, leading to CEBPA ubiquitination and degradation
(Figure 1.18) [170, 172].

| CEBPA | (1 4
e ~ o

1 64 308 - 343 1 64 308 343

Figure 1.18. TRIB1-mediated CEBPA degradation mechanism. CEBPA binds to the
TRIB1 pseudokinase domain, inducing a conformational change that releases COP1-
binding domain autoinhibition. COP1 binds to its COP1-binding domain and
ubiquitinates CEBPA, priming it for proteasome degradation. COP1 is released, and
COP1-binding domain availability becomes inhibited again.

The Tribbles can also alter cancer progression. For example, the oncoprotein
PML-RARa induces the progression of acute promyelocytic leukaemia (APL). TRIB3
stabilizes the PML-RARa protein, which also helps prevent senescence by p53,

promoting disease progression [173].
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Additionally, the Tribbles affect prosurvival signalling, such as the PI3K/AKT
signally pathway. TRIB3 prevents AKT phosphorylation, increasing FOXO activity,
leading to neuronal cell death [173], and TRIB2 phosphorylates AKT, leading to FOXO
inhibition drug resistance [56, 170].

Therefore, the Tribbles can regulate protein degradation and cellular signalling.
For example, the Tribbles family has a role in hematopoiesis, but each member also
has specialized functions. TRIB1 is involved with cell cycle, liver metabolism and
immunoglobulin  production, while TRIB2 is involved with the pluripotency of
embryonic stem cells and thermogenesis. Moreover, TRIB3 plays a role in
adipogenesis, glucose regulation, cell cycle, apoptosis and autophagy in the brain and
lipid metabolism [170].

The first description of Tribbles functions was that TRIB3 promoted insulin
resistance by inhibiting AKT and stimulated lipolysis through COP1 E3 ligase.
Afterwards, TRIB2 was described to affect the differentiation and function of
hematopoietic cells and cause AML. Moreover, the Tribbles showed different
expression patterns in hematopoiesis (lineage-specific) with TRIB1/TRIB3 expression
inversely correlating with TRIB2 expression. Furthermore, the underlying mechanism
for TRIB1 and TRIB2 in hematopoiesis is their degradation of CEBPA, which affects
the differentiation of monocytes, macrophages, eosinophils and neutrophils. On the
other hand, TRIB3 seems to maintain senescence in hematopoietic stem cells [170,
174-176].

The Tribbles also regulate many other proteins, such as MEK1, MAPKs, Wnt/j3-
catenin and Nuclear Factor Kappa B Subunit 1 (NF-kB), thus spanning their impact
on many cellular functions [170]. While kinases serve their biological functions through
their catalytic activity, it seems the Tribbles biological functions rely solely on the non-
canonical mechanisms (protein degradation and scaffold protein), as they do not
seem to display biologically significant catalytic activity.

While TRIB1 structural studies confirm no catalytic activity, one study showed
TRIB2 to bind to ATP and autophosphorylate [177], but it remains controversial as
another study [178], screening the catalytic activity of several pseudokinases, showed

no ATP binding for TRIB2. Moreover, there is no proof of any biological function
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associated with the catalytic activity of TRIB2, indicating that the residual catalytic
activity may not be essential for the Tribbles to regulate their targets [170].

Consequently, the Tribbles, albeit unable to function as canonical kinases, are
still modulators of cellular functions, including transcription, proliferation and
metabolism, by interacting directly with other proteins involved in signalling pathways
[168, 170].

1.6.4 Tribbles dysregulation: oncogenic and tumour
suppressive roles

Dysregulated Tribbles may cause several pathologies, such as liver and
metabolic syndromes, neurodegenerative and inflammatory disorders. TRIB3
upregulation promotes Parkinson disease progression by inducing neuronal cell death
and delays diabetic kidney disease progression by reducing the expression of genes
involved with inflammation. TRIB1 was associated with specific plasmid lipids involved
with cardiovascular disease progression [168, 170].

Dysregulated Tribbles also occur in cancer, with altered signalling pathways
involved in cell survival, migration, and other cellular processes, promoting cancer
treatment resistance [56, 104]. Additionally, the Tribbles family show tumour
suppressive and tumour promoting properties depending on the biological
environment and family member, as reported by Richmond et al. that compiled a list
of cancers affected by the Tribbles family and their mechanisms [170].

An example of oncogenic behaviour by the Tribbles is the degradation of
CEBPA. TRIB1 and TRIB2 promote CEBPA p42 degradation, originating and
accumulating a truncated isoform denominated CEBPA p30. The high ratio of p30/p42
CEBPA promotes the progression of AML, including the AML subtype, APL, that
expresses PML-RARa. TRIB3 also stabilises PML-RARa and inhibits p53-mediated
senescence in APL [170, 172, 173, 179, 180]. Moreover, the Tribbles modulate the
RAS-Raf-MEK-ERK MAPK signalling pathway by interacting with MEK1, resulting in
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ERK phosphorylation. Phosphorylated ERK with a high ratio of p30/p42 CEBPA
promotes resistance and cell proliferation in AML. Additionally, TRIB2 increases BCL2
Apoptosis Regulator (BCL2) expression levels, promoting resistance in AML by
inhibiting apoptosis and inducing cell proliferation [170, 180, 181].

On the other hand, TRIB3 also displays tumour suppressor properties. Qu et
al. showed that elevated levels of TRIB3 in endometrial cancer cells suppressed cell
proliferation and invasion while promoting apoptosis via inhibition of the AKT signalling
pathway [182]. Although TRIB3 is the most studied Tribble, especially in the metabolic
context, it is still challenging to characterize it as it displays both tumour suppressor
and oncogenic behaviours. For example, Wennemers et al. reported hypoxia to
induce higher TRIB3 mRNA levels in breast cancer, which correlates with a worse
prognosis [183]. Endoplasmic reticulum (ER) stress, hypoxia, and nutrient starvation
induce TRIB3 via the unfolded protein response, as TRIB3 inhibits Activating
Transcription Factor 4 (ATF4) and DNA Damage Inducible Transcript 3 (CHOP) by a
negative feedback mechanism [184]. Posteriorly, Wennemers et al. [184] also
reported similar results, with TRIB3 mRNA levels in another cohort of breast cancer
patients. However, surprisingly, TRIB3 mRNA levels did not correlate with TRIB3
protein levels, and higher TRIB3 protein levels were associated with a better prognosis
in breast cancer patients via AKT inhibition after radiation or hypoxia treatments [184].
Others suggest that the Tribbles functions correlated better with protein levels than

transcriptional levels [170].

1.6.5 Potential use of Tribbles as biomarkers

Cancers are very heterogeneous, and treatment outcome is not consistent with
all patients with the same cancer type. Biomarkers are then vital tools for cancer
diagnosis and staging, establishing prognosis and indicating more adequate treatment
protocols. As such, there is a need for the identification and characterization of novel

biomarkers.
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As mentioned previously, the Tribbles regulate several cellular functions
related to cell survival and proliferation, and their dysregulation and differential
expression can contribute to cancer, metabolic dysfunctions and neurodegenerative
diseases [168, 170], making them potential biomarkers for these pathologies.

Previously, our lab reported TRIB2 as a potential biomarker for melanoma
development [57]. Induction of melanoma progression occurs by inhibition of FOXO
due to elevated TRIB2 expression. TRIB2 was the second best to detect human
melanoma compared with other melanoma biomarkers, and its expression levels
correlated with disease stage and clinical prognosis [57]. Similarly, TRIB2 levels also
correlated with worse clinical outcomes in primary pancreatic and colon patient
samples [170].

The Tribbles could also be potential biomarkers in AML. TRIB1 is upregulated
and mutated in Acute Megakaryocytic Leukaemia (AMKL) and AML with 8q
amplifications. Subtypes of AML with low CEBPA or with mutations in Fms Related
Receptor Tyrosine Kinase 3-tyrosine kinase domain (FLT3-TKD) display high levels of
TRIB2 expression, but its expression decreases in AML subtypes with mutated NPM1
and Fms Related Receptor Tyrosine Kinase 3 (FLT3). TRIB1 and TRIB2 elevated
expression induce AML in HOX-dependent leukaemias and APL, and TRIB3
expression increases with APL progression [185]. Elevated TRIB2 protein levels also
induced expression of BCL2, an anti-apoptotic protein that promotes AML
chemoresistance in an AML cell line U937 and 25% of primary patient samples.
Treatment of the AML cell line with venetoclax, a BCL2 inhibitor, sensitized cells to
chemotherapy. Other cancers that also display elevated TRIB2 and BCL2 levels,
including melanoma, breast and lung cancer, suggest that TRIB2 could be a
biomarker for cancers regulated by BCL2 [170, 186, 187].

TRIB3 expression correlated with disease stage and worse prognosis in renal
cell carcinoma by inducing cell proliferation and invasion and gastric cancer by
stimulating angiogenesis (VEGF-A) [170].

These results indicate that the Tribbles may be potential biomarkers in several
cancers, as Tribbles expression levels correlate with disease stage and promote
chemoresistance by modulating downstream effectors of cell proliferation, survival

and invasion.
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1.6.6 Tribbles as therapeutic targets

The Tribbles not only show potential as biomarkers but also as therapeutic
targets. Nevertheless, as mentioned previously, the Tribbles are not easy to target
because they are pseudokinases [168]. The crystal structure of TRIB1 was
determined, unlike TRIB2 and TRIB3, hence delaying the development of drugs
targeting the Tribbles. However, we expect all the Tribbles to behave similarly
mechanistically. Knowing how TRIB1 changes its conformational structure upon
binding to CEBPA to degrade it (Figure 1.18) [172] suggests that it may be possible
to target the Tribbles by affecting their conformational structure to inhibit or promote
their protein-binding capabilities or by disrupting the interaction of a Tribble with its
target protein with peptides or antibodies. For example, Pep2-S160 disrupts the
binding between TRIB3 and PML-RARa [170].

Cancer research in targeted therapy generated a vast array of anti-cancer
compounds, including kinase inhibitors. Kinase inhibitors compete with ATP at the
docking site or bind to allosteric sites to block the protein’s catalytic activity [188].
Moreover, many of these clinically approved kinase inhibitors are being re-purposed
for pseudokinases, including the Tribbles. For example, the ErbB kinase inhibitors
afatinib, neratinib and osimertinib bind to and promote degradation of TRIBZ2 in vitro
by destabilizing the C-terminal domain [170, 189].

Jamieson et al. [190] screened several kinase inhibitors and selected those that
induced thermal stabilization of TRIB1, indicative of successful interaction with TRIB1
and subsequent changes to its conformational structure. Many of these compounds
were initially used to target TEK Receptor Tyrosine Kinase (TIE2), VEGF receptor 2
(VEGFR2), EGFR and Erb-B2 Receptor Tyrosine Kinase 2 (ErbB2), also known as
HER2, hence suggesting that we can repurpose them to target TRIB1. These
compounds act by preventing substrate binding or inhibit TRIB1 autoinhibition [190].

Metformin is used to manage diabetes type 2 and acts by serum reducing
glucose levels. Melanoma is a pathology dependent on glucose metabolism. In vitro

and in vivo studies showed that metformin decreases tumour growth and prevents
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metastasis by inducing cell cycle arrest and immune response, upregulating miRNA
expression, activating p53 and AMPK and decreasing TRIB3 levels [191].

Drug repurposing has some advantages, as it is more economical than
developing new drugs and existing FDA-approved drugs already present a known list
of clinical effects and side effects on large populations, and the studies above suggest
that several compounds may be used as adjuvants in cancer treatment that inhibit the

effects of the Tribbles in cancer progression.
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1.7 TRIB2-mediated resistance mechanism

We have previously characterized a novel molecular mechanism of therapy
resistance in melanoma mediated by the kinase-like protein Tribbles homologue 2
(TRIB2) [56]. The three human Tribbles (TRIB) pseudokinases are homologues of the
Drosophila melanogaster pseudokinase termed Tribbles, which controls ovarian
border cell and neuronal stem cell physiology [168, 192]. The human TRIB1, 2 and 3
orthologues contain a catalytically impaired pseudokinase domain. Instead of directly
phosphorylating target proteins, the Tribbles act as adaptors in critical cellular
processes, affecting the activity of activating transcription factor 4 (ATF4) and the
MAPK, nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB) and
PI3K/AKT signalling pathways. Tribbles proteins are unique in combining a kinase
domain with an adjacent C-terminal motif (COP-1) that engages the ubiquitin E3 ligase
machinery and controls the stability of the target proteins [193].

TRIB2 affects several cellular functions, namely cellular differentiation,
proliferation, apoptosis, inflammation, immunity, reproduction and drug resistance.
Moreover, TRIBZ2 is involved in neurological, metabolic, autoimmune and inflammatory
diseases. TRIB2 also has a role in several cancers, including melanoma, leukaemia,
liver and ovarian cancers, by inducing cell proliferation and cell cycle arrest. A more
recent discovery, TRIB2 promotes embryonic stem cell (ESC) self-renewal,

chondrogenesis and reprogramming of somatic cells [194].

1.7.1 The role of TRIB2 in cancer

TRIB2 often acts as an oncogene but can also function as a tumour suppressor.
In AML and T cell acute lymphoblastic leukaemia (T-ALL), MEISI, E2F1 and NOTCH1
regulate TRIB2 activity, promoting tumour progression [194, 195]. Additionally, TRIB2
degrades CEBPA and upregulates BCL2, also contributing to AML progression [185].
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Notch1 upregulates TRIB2, inducing degradation of CEBPA, promoting cell
proliferation and survival in T-ALL [175]. TRIB2 also activates the ERK signalling
pathway in chronic myelogenous leukaemia (CML), resulting in cell proliferation and
drug resistance [196]. In myeloid leukaemia, TRIB2 induces the degradation of E3
ubiquitin ligases COP1, BTrCP and Smad ubiquitination regulatory factor 1 (Smurf1),
inhibiting the Wnt signalling pathway, thus reducing cell proliferation [168, 197].
Furthermore, TRIB2 can respond to stress by activating the p38 stress signalling
pathway, thus functioning as a tumour suppressor [194].

TRIB2 promotes liver cancer progression by interacting with BTrCP,
accelerating Yes-associated protein (YAP) stabilization (Hippo signalling pathway),
and by preventing the degradation of transcription factor 4 (TCF4) and B-catenin, thus
decreasing the activity of the Wnt signalling pathway [194, 198]. Additionally, TRIB2
prevents oxidative damage and reduces ubiquitin availability by activating poly (rC)
binding protein 2 (PCBP2) and regulating the ubiquitin proteasome system (UPS)
[194, 199].

TRIB2 also promotes lung cancer progression by interacting with Tripartite
Motif Containing 21 (TRIM21), which leads to CEBPA degradation, thus inducing cell
proliferation [200]. TRIB2 promotes colorectal cancer progression by binding to
activating enhancer-binding protein 4 (AP4), thus reducing p21 expression [201].
Glioblastoma develops resistance to temozolomide (TMZ) chemotherapy and
radiotherapy in the presence of TRIB2, as TRIB2 interacts with Mitogen-Activated
Protein Kinase Kinase Kinase 1 (MEKK1) [194, 202].

The overexpression of TRIB2 in malignant melanomas inhibits FOXO, inducing
cancer cell proliferation, survival and tumour progression [55-57]. Moreover, circular
RNAs (circRNA)-0084043 interact with miR-429 to increase TRIB2 expression in
melanoma [203]. In pancreatic cancer, TRIB2 induces AKT, inhibiting FOXO and p53
and leading to PI3K inhibitors resistance [194].

Several long non-coding RNAs (IncRNA) were recently suggested to modulate
TRIB2 to promote tumour progression. ZEB1-AS1 seems to regulate the axis miR-
505-3p/TRIB2 in pancreatic cancer, X inactivate-specific transcript (XIST) to regulate
miR-125b-5p inducing TRIB2 expression in laryngeal squamous cell carcinoma, and
Tripartite motif (TRIM) protein to affect the axis TRIB2/MAPK to induce interleukin 6
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(IL6) and disrupt the balance of TH1/THZ2, IFNy and interleukin 4 (IL4) in T cells [194,
204-206]. Due to the relevance of TRIB2 in cancer progression, TRIB2 is a desirable
target for cancer treatment. In AML cells, afatinib induced the degradation of TRIB2
[207]. The cell proliferation in lung adenocarcinoma cells decreased when the
presence of miR-511 and miR-1297 reduced TRIB2 expression [208]. Furthermore,
miR-206 and miR-140 decreased TRIB2 expression, thus reducing cell proliferation
and survival [209]. TRIB2 promotes osteosarcoma progression, and miR-509-5p

reduces cell proliferation and migration by targeting TRIB2 [194, 210].

1.7.2 The role of TRIB2 in stem cell fate

Embryonic stem cells derive from the inner cell mass of preimplantation
embryos, and induced pluripotent stem cells (iPSCs) derive from somatic cells after
treatment with the reprogramming factors POU Class 5 Homeobox 1 (OCT4), SOX2,
Nanog Homeobox (Nanog), and Kruppel Like Factor 4 (KIf4)(OSKM) [211]. TRIB2
induced cell colony formation, increased alkaline phosphatase activity, and
maintained embryonic stem cells (ESC) self-renewal capacity. Moreover, TRIB2
facilitates the reprogramming of somatic cells through modulation of OCT4 and a
decrease in TRIB2 levels correlated with ESC differentiation [194, 212].

The degradation of CEBPA by TRIB2 inhibits adipocyte differentiation [213].
Additionally, the MLL-TET1 (MT1) fusion protein increases TRIB2 transcription and
protein levels, reducing CEBPA protein levels, hindering the myeloid progenitor cells
differentiation, and TRIB2 expression maintains leukemic cells undifferentiated [214].
Moreover, the IncRNA MEG3 was described to upregulate enhancer zeste homolog 2
(EZH2) methyltransferase, which lead to TRIB2 downregulation epigenetically, thus
inhibiting chondrogenesis of mesenchymal stem cells (MSC)s [194, 215].
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1.8 Aims

There is an absolute need for advances to overcome drug resistance in cancer
therapy, as intrinsic and acquired resistance to cancer treatment is the primary cause
of treatment failure. TRIB2 promotes resistance to anti-cancer therapy, and melanoma
patients with elevated TRIB2 status revealed worse clinical prognoses than patients
with lower TRIB2 status [56, 57].

Thus, the main goal of this study is to improve the treatment of melanoma
presenting TRIB2-induced resistance. Therefore, we explored the mechanism of
TRIB2-mediated resistance and addressed the possibility to overcome TRIB2

resistance pharmacologically.

1.8.1 Hypothesis 1: TRIB2 mediates resistance
through transcriptional changes

Our lab has shown that TRIB2 expression inhibits FOXO activity, which affects
the transcription of FOXO and p53 target genes, such as FASLG, BIM, PUMA and
BCL2 Associated X, Apoptosis Regulator (BAX) [55, 56]. These data suggest that
TRIB2-mediated drug resistance results from changes in the expression levels of
genes involved in cellular processes, including apoptosis, proliferation, and migration.

The first aim of this study was to test the hypothesis of whether TRIB2-mediated
therapy resistance was mediated by changes in the transcriptional regulation of
genes. In order to achieve this, we performed RNA-sequencing of isogenic
osteosarcoma (U20S) cell lines with different TRIB2 expression levels (low TRIB2 vs

High TRIB2) to evaluate the impact of TRIB2 on gene expression.

69



Characterization of TRIB2-mediated drug resistance

1.8.2 Hypothesis 2: TRIB2 resistance can be reverted
pharmacologically

As TRIB2 overexpression elicited a transcriptional signature consistent with
increased cancer cell proliferation, survival and migration, we propose that TRIB2-
mediated resistance could decrease by reversing the transcriptional signature.

In order to test this second hypothesis, we compared our TRIB2 gene
expression signature with gene expression signatures from the gene expression
database cMAP and selected drugs that induced gene expression profiles opposite
TRIB2. These drugs were validated by their effect on cell viability, their effect on FOXO
and AKT phosphorylation status, expression levels of FOXO and p53 target genes in

several cell lines.

70



Characterization of TRIB2-mediated drug resistance

2 Material and Methods
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Material and Methods

2.1 Cell Culture

The human osteosarcoma cell line U20S and the human melanoma cell line
UACC-62 were purchased from the American Type Culture Collection (ATCC) and
maintained in DMEM supplemented with 10% FBS (Sigma, PT) and antibiotics (Gibco,
US). All cell cultures were maintained in a humified incubator at 37°C with 5% CO2

and passaged when confluent using trypsin/EDTA.

2.1.1 Generation of U20S-TRIB2 cell line

U20S parental cells, at 70-90% confluency, were transfected with pEGFP-N1
(U20S-empty) and pEGFP-N1-TRIB2 (U20S-TRIB2) plasmids, according to
Lipofectamine 2000 (Thermofisher Scientific, Portugal) supplier instructions on a 6-
well plate, and based on the protocol for the generation of other previous U20S
reporter cells [160]. The plasmid DNA:lipid complexes were prepared with 1pg
plasmid, 5pL lipofectamine and Opti-MEM® Reduced Serum Medium to a final
volume of 200pL, and incubated for 5 minutes at room temperature (RT). Cells were
treated with the DNA:lipid complexes, pEGFP-N1 or pEGFP-N1-TRIB2, for 4H. After
the incubation, the transfection media was replaced with fresh culture media. After
72H, the transfected cells were transferred to 10 cm culture plates.

The selection of stable clones was performed by adding G418 (VWR, Portugal)
at a final concentration of 600pg/mL to U20S parental cells and the transfected cells.
Cells were under selection for around two weeks, replacing the medium and G418

every two days. The control cells (untransfected cells) and transfected cells that did
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not integrate the resistance gene died during the selection process, resulting in the
survival of only the G4180-resistant cells. The successful transfection of U20S-TRIB2
and U20S-empty cell lines was confirmed by GFP detection under a fluorescent
microscope. Cells were further validated at the protein level by western-blot, which
detected GFP on the transfected cells and the TRIB2 of the U20S-TRIB2 cells (Figure
3.1).

2.1.2 Generation of U2nesRELOC and U2foxRELOC
cell lines

The U2nesRELOC and the U2foxRELOC systems are FOXO translocation
assays previously established [216, 217].

The U2foxRELOC cell line was previously generated from the U20S cell line
that stably expresses GFP-FOXO3a protein and has been previously used to study
the FOXO nuclear-cytoplasmic shuttling using image-based cell screening [158, 216].

The U2nesRELOC assay is based on U20S cells stably expressing green
fluorescent protein (GFP)-labelled Rev protein, which contains a strong heterologous
NES (pRevMAPKKnesGFP) [216].

2.1.3 Generation of hTRIB2 KO cell line

Dr Bibiana Ferreira generated the hTRIB2 KO cell line using CRISPR/Cas9 to
genetically disrupt the TRIB2 locus in the UACC-62 melanoma cell line. The two
gRNAs, targeting exon 1, were cloned into a plasmid containing Cas9 and
pSpCas9(BB)-2A-Puro (PX459) V2.0. Plasmids were transfected into the UACC-62
cell line with Lipofectamine 2000 (Thermofisher Scientific, Portugal), according to

supplier recommendations, and cells were selected following 48H of treatment with
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1ug/pl puromycin (VWR, Portugal). Single-cell clones were expanded and analysed

by western blot (Figure 3.42).

2.1.4 Generation of UACC62-FOXO and UACCG62-
TRIB2KO-FOXO

Parental UACC-62 and UACC-62 TRIB2 KO cell lines were cultured as
described above without antibiotics and were transfected with pEGFP-C3-FOXO3
using Lipofectamine 2000 (Thermofisher Scientific, Portugal). The cell clones were

treated with 1 uyg/ml G418 for weeks, and the GFP positive clones were selected.

2.2 RNA sequencing

U20S-empty and U20S-TRIB2 cell lines were grown until 70-80% confluency
and treated with BEZ235 100nM and the drug vehicle control dimethyl sulfoxide
(DMSO) (0,1% vi/v) for 72H.

Total RNA was extracted by using TRI-reagent (Sigma, PT). The library
preparation and RNA sequencing were performed at the CNIC Genomics Unit
(Madrid, Spain). All samples were prepared in biological triplicates, and RNA was
sequenced with the GAIllx sequencer, with the single-end 75-bp elongation

sequencing protocol.
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2.2.1 Mapping and determination of DEGs and gene
enrichment analysis

Raw data from the RNA sequencing entailed the four conditions in triplicates.
These conditions are U20S-TRIB2 cells treated with BEZ235 and treated with DMSO,
and U20S-empty cells treated with BEZ235 and treated with DMSO (Figure 3.4).

Sequencing adaptor contaminations were removed from reads using Cutadapt
software [218], and the resulting reads were mapped and quantified on the
transcriptome (Ensembl GRCh37.v72) using RSEM v1.2.3 [219]. Only genes with at
least one count per million in at least three samples were considered for statistical
analysis. Data were then normalized, and differential expression tested for the
comparisons depicted in Figure 3.4, using the Bioconductor package EdgeR [220].
We considered as differentially expressed those genes with a Benjamini-Hochberg

adjusted p-value <0.05.

2.2.2 EnrichR analysis

Many of the enrichment analysis tools are based solely on the gene ontology
source and generally use the Fisher exact test to compute enrichment analysis,
displaying some bias towards list size. Enrichr is a user-friendly enrichment analysis
web-based tool that generates various visualization summaries of the collective
functions of the gene lists [221].

Enrichr computes three types of enrichment scores to assess the significance
of the overlap between the input list and the gene sets in each gene set library. These
tests are: 1) the Fisher exact test, a test that implemented in most gene list enrichment
analyses; 2) the z-score, a correction test, that computes the deviation from the
expected rank by the Fisher exact test; and 3) a combined score that multiplies the

log of the p-value computed with the Fisher exact test by the z-score computed by
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our correction to the test. We selected the combined score to correct Fischer’s exact
test [221, 222].

2.3 Wound healing assays

The wound healing assays were performed by growing U20S-empty and
U20S-TRIB2 cells on 24-well plates up to 80% confluent and treated with BEZ235 or
0.1% DMSO (BEZ235 vehicle control) accordingly. Cells were starved for 12H (DMEM
0% FBS). The wells were scratched with a 200pL pipette tip (Figure 2.1) and washed
with PBS 1x to remove cell debris. DMEM 0.5% FBS was added to each well (OH) and
incubated up to 24H. The low serum culture media was used only to promote cell
migration and minimize cell proliferation while maintaining cells integrity.

Microscope images were taken at the exact three coordinates on each well at
OH and 24H time points (Figure 2.1). We included the following controls in each
experiment: the “control” cells were not starved and were maintained in DMEM 10%
FBS as a control for cell proliferation and migration after starvation. The control
“untreated” cells were starved and maintained in DMEM 0.5% FBS as a control for

cell migration in drug-treated cells.
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Figure 2.1. Representation of the scratch performed and the position of the
microscope images. After cells reached confluency, a pipette tip was used to scratch
the cells vertically. The numbers represent the coordinates used to generate
microscope images of the cells at both time points (OH and 24H). The dashed lines
represent the grid used to define the coordinates (1, 2 and 3).

The scratch width on each well at time-points OH and 24H was measured with
the “length” tool of the Axiovision software and measurements displayed on the cells
microscope images. The more cells migrated, the smaller the width.

The area of the scratch on each well over time was determined with the “MRI
Wound healing tool” plugin for Imaged (Fuji) [223]. The wound closure percentage for

each coordinate per well was calculated as below and averaged.

Wound cl o — Area (t = Oh) — Area (t = 24h) 100
ound closure % = Area (L = 0h) X
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2.4 Dual-luciferase reporter assays

We performed dual-luciferase reporter assays to determine if TRIB2
overexpression would affect the promoter activity of its target genes.

U20S-empty cells and U20S-TRIB2 cells were seeded at 30000 cells per well
in 24-well plates and grown for 24H. Cells were transfected with pGL4.70 vector
(Renilla luciferase) and either pGL4.10-empty or pGL4.10-hKISS1p1975 vector, for
4H, with the transfection reagent Lipofectamine2000, according to supplier
instructions. The vector:lipid complexes were prepared with either 100pg pGL4.10-
KISS1 vector or pGL4.10-empty vector, 4ng pGL4.70 vector, SpL lipofectamine and
Opti-MEM® Reduced Serum Medium to a final volume of 200pL, and incubated for
20 minutes at RT. The reporter vectors were a kind donation from Sabine Heger
(Institute of Clinical Biochemistry, Hannover Medical School, Germany) [224]. The
same protocol was performed with HEK293T-empty cells.

After transfection, fresh culture media was added to the cells, and cells were
treated with BEZ235 100nM or 0,1% DMSO for 24H.

According to supplier instructions, luciferase activity was assessed after the
treatment period with Dual-Luciferase Reporter Assay (Promega, Portugal). Briefly,
cells were washed with PBS1x, added 100pL Promega Lysis Buffer (PLB) per well,
and incubated protected from light at RT for 15 minutes with mixing movement.
Samples were transferred to microcentrifuge tubes and stored on ice and protected
from light. After the incubation period, 20pL of each sample was transferred to a 96-
well plate for luminescence measuring, 100pL of Luciferase Assay Reagent (LARII)
was added to each sample. Firefly luciferase activity was immediately measured. Then
100pL of STOP&GLO Reagent was transferred to each sample, and Renilla luciferase
was immediately measured.

The firefly luciferase measurements for each sample were normalized by
dividing them with their respective renilla luciferase measurements. The fold change
of each condition was obtained by dividing the normalized luciferase values with the
control (U20S-empty treated with 0,1% DMSO).
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The same protocol in U20S-empty and U20S-TRIB2 cells was performed with
the pGL3-hKRT14, pGL3-empty and pRL-CMV renilla vectors. The reporter vectors
were a kind donation from Eleonora Candi (Department of Experimental Medicine,
University of Rome “Tor Vergata”, and IDI-IRCCS, Via dei Monti di Creta, Rome, Italy)
[225].

2.5 Connectivity Map analysis

Connectivity Map (cMAP) is an extensive reference collection of gene
expression data from cultured human cells perturbed with many chemicals and
genetic reagents (perturbagens) that promises to identify connections among drugs,
diseases and genes [226, 227].

The novelty of cMAP is to compare the database of drug-induced gene
expression signatures with a disease-specific gene signature. The user submits a list
of genes affected by a specific disease, and the tool returns a list of drugs or
compounds with known mechanisms of action that induce similar or opposite effects
on the cells, which allows to understand the potential underlying mechanisms of that
disease and to identify possible therapeutic drug candidates [226, 228].

cMAP analysis was performed by querying experiments with drugs that
generated transcriptional signatures similar and reversed to TRIB2 transcriptional
signature. Drugs were selected with P-value < 0.05 and lower enrichment scores. The
enrichment scores are calculated based on the Kolmogorov-Smirnov statistic, a non-
parametric rank statistic known as gene set enrichment analysis (GSEA), to interpret

gene expression data [226, 229].
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2.6 Quantitative Real-Time PCR

Quantitative real-time PCR (RT-qPCR) was performed to determine the
transcription levels of genes affected by TRIB2, BEZ235, harmine (HAR) and
piperlongumine (PIP), with primer sequences listed in Table 1. Cells were treated with
each drug alone, 24H after plating, at cell confluency of 70-90% on 10cm plates
(20101, SPL, Portugal). After treatment duration, cells were collected to extract RNA
with the E.Z.N.A. Total RNA Kit | (R6834-02, VWR, Portugal), according to supplier
instructions. The RNA integrity and concentration was determined by absorbance with
NanoDrop 2000 (Thermofisher, Portugal). The samples were stored at -20°C until
further use.

According to supplier instructions, cDNA synthesis was performed with NZY
First-Strand cDNA Synthesis Kit (MB12502, Nzytech, Portugal). Briefly, a master mix
with 10pL NZYRT 2x Master Mix, 2uL NZYRT Enzyme Mix, 2pg RNA, and DEPC-
treated H.,O up to a volume of 20pL per reaction was prepared. The running
conditions on the thermocycler were: 25 °C for 10 min, 50 °C for 30 min, 85 °C for 5
min, chill on ice to add 1 pL of NZY RNase H (E. coli), and incubation at 37 °C for 20
min. The cDNA product was diluted 10x with Milli-Q H>O and stored at -20°C until
further use.

Quantitative PCR was performed on a CFX96 Real-Time System (C1000™
Thermal Cycler, Biorad, Portugal) using Applied Biosystems’ SYBR™ Green PCR
Master Mix (4309155, Thermo Fisher scientific, Portugal). The samples were prepared
with a master mix with 5pL 2x SYBR Green, 2.8pL MilliQ H20, 0.5pL of forward primer,
0.5pL of reverse primer and 1.25pL cDNA per reaction for every analyzed gene. The
running conditions were: 50°C for 2 minutes, 95°C for 2 minutes, 40x GOTO cycle
comprised of 95°C for 15 seconds, 58°C for 15 seconds and 72°C for 1 minute, and
a melting curve cycle comprised of 65°C and 95°C with an increment of 0.05 every 5
seconds. Relative quantification of gene expression was determined by the 244t
method [230].
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Table 1. Quantitative real-time PCR primer sequences

Gene Forward primer 5’-3’ Rev primer 5°-3’

ANO2 AGGGATCCATCTTTGTCCGG CTGGAGAATGGGTAGGAGAGG
FasL GGCCTGTGTCTCCTTGTGAT GCTTCTCCAAAGATGATGCTG
FMNL2 ATGGGGTCAGAAGTGGTAGC | GGTGGCATAGGTGGTGTTAC
GAPDH CAATGACCCCTTCATTGACC TTGATTTTGGAGGGATCTCG
GATA3 TAACATCGACGGTCAAGGCA | ATGGACGTCTTGGAGAAGGG
GNRH1 TACTGACTTGGTGCGTGGAA CTTTCAGGTCTCGGAGGGG
KISS1 TGGCAGCTACTGCTTTTCCT CAGTAGCAGCTGGCTTCCTC
LMCD1 TATTCCACCCTCACTGCTCG TGAGCTCCATGTACTGCAGT
MYCN CACAAGGCCCTCAGTACCTC | GGATGGGAAGGCATCGTTTG
OCT4 CAGGTTGGAGTGGGGCTAG GCAGAGCTTTGATGTCCTGG
P21 CAGCAGAGGAAGACCATGTG | GGCGTTTGGAGTGGTAGAAA
P27 CCGGCTAACTCTGAGGACAC | CTTCTGAGGCCAGGCTTCTT
PCYT1A ATCAAGGAGGCAGGCATGTT | TTGTCAACCCTCTCCTGCAA
PLK1 GAGACCTACCTCCGGATCAA | GGAGACGGGCAGGGATATAG
PUMA GACCTCAACGCACAGTACGA | TGGGTAAGGGCAGGAGTC
SESN2 GCTGCTGGATGAGAAGTTCC | TCTTCGGGTGGTCTTCTCTG
TNFAIP6 GAAGACACTCAAGGATGGGGA | GCTGCTTGTAAGTTGCGAGA
TRIB2 CACAGGTCTACCCCCATCAC | CCCGATACAAGAAACGCAAT
ZNF3 GAAGGAGTGGAAGCGTTTGG | AGTCCCTTCGCCACACTTAG

2.7 MTT assay

Cell viability was determined using the MTT colourimetric assay. In a 96-well
plate, 4000 cells per well were seeded and treated the following day with the

respective drugs for 48H and 72H. Cell media was removed and replaced with 100ul
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of fresh media containing MTT (0793, VWR, Portugal) solution to a final concentration
of 0.5mg/mL. After 3H of incubation, the media was aspirated and replaced with 100ul
of DMSO to dissolve the formazan crystals.

Absorbances were measured at 560nm (Abs560) and the reference
wavelength 700nm (Abs700). “No cells” control consisted of MTT being added to
wells without cells. Absorbances at 560 nm were normalized by subtracting the
reference wavelength values (Norm Abs560 = Abs560 sample — Abs700 sample). Cell
viability % = (Norm Abs560 sample — Norm Abs560 blank) / (Norm Abs560 control —
Norm Abs560 blank) x 100.

2.8 Drug synergy assay

We determined dose-response curves for BEZ235 (Dactolisib) (Novartis, USA),
HAR (ACRO302972500, VWR, Portugal) and PIP (CAYM11006-25, VWR, Portugal) in
the U20S-TRIB2 cells to generate equipotent concentration ratios of BEZ235/HAR
and BEZ235/PIP. Twenty-four hours after plating, U20S-TRIB2 cells were treated with
20 serial dilutions of the compounds for 48H and 72H. We determined cell viability at
each time point with MTT assays. On GraphPad, we generated normalized dose-
response plots (log [drug (uM)] vs cell viability (%)) and non-linear regression to
calculate GI50 values.

We then evaluated the synergistic effect on cell viability of BEZ235 and HAR
co-treatment by treating U20S-TRIB2 cells with five serial dilutions of each drug
alone, and both drugs combined a constant BEZ:HAR ratio by a 2-fold increase. The
same protocol was performed for BEZ235 and PIP synergy experiments. Cell viability
was determined using an MTT assay.

Synergy values were obtained with the CompuSyn software [231], based on
the Chou Talalay method (http://www.combosyn.com/). Combination index (Cl)<1

denotes synergism, CI>1 antagonism, and Cl=1 additive.
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2.9 FOXO translocation assay

The U2foxRELOC system is a FOXO translocation assay that has been
previously established [216, 217]. MSc student Andreia Lamy performed these
experiments. Briefly, cells were seeded at a density of 40000 cells per well onto
coverslips covering a 24-well plate (SPL Life Sciences Co., Korea). The following day,
cells were treated with 0.1% DMSO, 4nM LMB, 16 pM HAR or 13pM PIP for 1H. Cells
were fixed with 4% paraformaldehyde for 10 min and washed three times with 1x
phosphate-buffered saline (PBS). After 24H, the coverslips were mounted on slides
using mounting media coupled with DAPI (Santa Cruz Biotechnology, USA) to stain
the nucleus, and slides were stored at 4°C. All experiments were performed in
triplicate. Samples were imaged using 40x lenses on the Axiolmager Z2 microscope

(Zeiss) imaging system, and images were obtained using AxioVision 4.8.2 software.

2.10 Image and data analysis

MSc student Andreia Lamy and Dr Diego Megias (CNIO, Madrid, Spain)
performed the quantification. Quantification of FOXO localization was performed by
Definiens Developer v2.5 software (Definiens). Nucleus and cytoplasm segmentation
was done with a custom-made rule set using nuclear Dapi signal for the nucleus and
then growing the area to identify the cytoplasm. The ratio of green intensity was
measured in both the nucleus and cytoplasm. The ratio of Nucleus versus Cytoplasm

was calculated to define a threshold for translocation.
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2.11 Western-Blot

For the preparation of whole-cell lysate, cells were harvested and lysed in lysis
buffer (20 mM Tris pH 7.5, 150 mM NaCl, 1% Triton X-100, 50 mM NaF, 1 mM EDTA,
1 mM EGTA, 2.5 mM sodium pyrophosphate, 1 mM b-glycerophosphate, 10 nM
Calyculan A, and EDTA-free complete protease inhibitor cocktail (PIC) (Sigma).
Sample buffer was added to 1X final, and samples were boiled at 95°C for 5 minutes.
Samples were resolved on 8-12% SDS-PAGE gels, transferred to nitrocellulose
membranes and immunoblotted according to the antibody manufacturer’s
instructions. Secondary antibodies were added (GE Healthcare) at typically 1:10000
dilution for 1H at RT. Visualization of the signal was achieved using a ChemiDocXRS
b Imaging System (BioRad). Anti FOXO3a (#2497), P-AKT Ser 473 (#4060), total AKT
(#9272) and TRIB2 (#13533) were purchased from Cell Signaling Technology (CST,
Portugal), P-FOXO Ser 253 (sc-101683), GAPDH FL-335 (sc-25778) and GFP (sc-
8334) were purchased from Santa Cruz Biotechnology (SCB, Portugal).

2.12 Trypan Blue exclusion assay

Cells were resuspended and mixed with trypan blue (1:1 v/v). Viable
(unstained) and unviable (stained) cells were counted on a hemacytometer and
multiplied by two (dilution factor). Cell viability percentage was calculated by dividing
the total number of live cells/mL by the total number of cells/mL and multiplied by 100
[232].
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3 Results
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3.1 TRIB2 mediates resistance through
transcriptional changes

Interfering with TRIB2 activity might be a therapeutic strategy for treating
diverse tumour types and, significantly, to overcome therapy resistance. Here, we use
RNA sequencing-based transcriptional profiling of isogenic cells lines with different
TRIB2 status in the presence or absence of PI3K/mTOR inhibition to identify sets of
differentially expressed genes (DEG), to evaluate if TRIB2-resistance mechanism can
result from TRIB2-modulated changes in the transcription signature in cells treated
with BEZ235.

Our results show that TRIB2 can mediate the transcriptional signature of the
U20S cell line and, in line with this observation, hinders BEZ235 in regulating several
genes, thus decreasing BEZ235 toxicity. TRIB2 overexpression induces changes in
gene expression compatible with tumour-promoting effects in the cells, such as an

increase in cell survival and migration.

3.1.1 TRIB2 impacts U20S transcriptional signature

We previously reported TRIB2-mediated resistance to several anti-cancer
agents, including the dual PISK/mTOR inhibitor BEZ235 [56]. To gain insight into the
molecular mechanism by which TRIB2 mediates resistance, we analysed global
transcriptional changes using next-generation sequencing of total RNA (RNA-seq) in
U20S osteosarcoma cells, a cellular model we have previously used to analyze the
function of TRIB2 [55, 56]. The expression of TRIB2 in U20S is very low at the RNA
level and undetectable at the protein level as measured by western blot analysis
(Figure 3.1). We have previously confirmed that the TRIB2 protein levels considerably

vary among cell lines of different tumour types, with melanoma being cancer that most
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strongly expresses TRIB2 (Figure 3.2, Figure 3.3), at the protein level ( Figure 3.2) and

the mRNA level retrieved from NCI-60 Human Tumour Cell Lines Screen (Figure 3.3).

w | TRIB2

GFP

— e = | GAPDH

Figure 3.1. Immunoblot of TRIB2 protein levels in U20S cell lines. TRIB2 and GFP are
not detected in the parental U20S (control). GFP is detected in the U20S-empty cell
line (U20S transfected with pEGFP-N1 plasmid), and TRIB2 and GFP are detected in
the U20S-TRIB2 cell line (U20S transfected with pEGFP-N1-TRIB2 plasmid). GAPDH

was used as a loading control.
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Figure 3.2. Immunoblot of TRIB2 protein levels in a panel of cell lines. The panel
included UACC-903, SK-MEL-28, SK-MEL-103, SK-MEL-147 (melanoma cell lines),
and U20S (osteosarcoma cell line). We selected U20S for further experiments
because no TRIB2 protein was detected. Actin was used as a loading control.
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Figure 3.3. TRIB2 expression levels in a panel of cancer cell lines. Expression analysis
of TRIB2 mRNA levels in the selected cancer cell lines (NCI60 panel, GDS4296) HL60
(leukaemia), MCF7 (breast cancer), HT29 (colon cancer), 7860 (renal cancer), A549
(NSCL), PC3 (prostate cancer) and UACC-62 (melanoma). NSCL stands for Non-
small cell lung cancer.

TRIB2 overexpression in the isogenic U20S cell line (Figure 3.1) is well within
the range of the physiological level of TRIB2 expression. We obtained four lists of
differentially expressed genes (DEG) by comparing U20S cells overexpressing TRIB2
(U20S-TRIB2) with mock-transfected cells in basal conditions (U20S parental cells
transfected with an empty vector), untreated or upon BEZ235 treatment (Figure 3.4).
DEG1 and DEG4 refer to the BEZ235 treatment effects on U20S cells with no TRIB2
(DEG1) and TRIB2-overexpressing U20S cells (DEG4), respectively. DEG2 and DEG3
refer to the effects of TRIB2 overexpression in untreated (DEG2) and BEZ235-treated
cells (DEG3). DEG5 and DEG6 are subsets of DEG1 and DEG2, respectively.
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Figure 3.4. Schematic representation of the experimental conditions and the DEGs
analysed. DEG1 refers to genes differentially expressed following BEZ235 treatment
in cells without TRIB2, and DEG2 refers to genes differentially expressed by TRIB2
overexpression in untreated cells. DEG3 refers to genes differentially expressed
following BEZ235 treatment, regardless of TRIB2 levels, while DEG4 represents
differentially expressed genes by TRIB2 overexpression, with or without BEZ235
treatment. DEGS consists of genes exclusively regulated following BEZ235 treatment
in cells with low TRIB2 expression, thus a subset of DEG1, while DEG6 refers to genes
exclusively regulated by TRIB2 overexpression in untreated cells, hence a subset of
DEG2. RNA-seq was performed with isogenic U20S cell lines that stably express
either pEGFP-N1 (No TRIB2) or pEGFP-N1-TRIB2 (TRIB2 overexpressed). Cells were
treated with 100nM BEZ235 or vehicle (DMSO) for 72H.

Hierarchical clustering of DEG revealed complete segregation of untreated
cells and cells treated with the dual PISK/mTOR inhibitor BEZ235 independently of
TRIBZ2 status (Figure 3.5).
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Figure 3.5. Heatmap shows the changes in the transcriptional signatures of U20S cell
lines induced by BEZ235 treatment and TRIB2 overexpression. Upregulated genes
are displayed in green, and downregulated genes are displayed in red. TRIB2 refers
to U20S cell lines overexpressing TRIB2, “BEZ” refers to U20S cell lines treated with
BEZ235, and “C” refers to untreated U20S cell lines. DEG2 and DEGS3 result from
comparing the transcriptional signatures of U20S cells with low and high TRIB2 levels
in untreated and BEZ235-treated cells, respectively, while DEG1 and DEG4 result from
the comparison between untreated and BEZ235-treated cells with low and high TRIB2
levels, respectively. Genes were considered differentially expressed with a Benjamini-
Hochberg adjusted p-value <0,05.
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TRIB2 overexpression resulted in up-regulation and down-regulation (log2 fold
change 0,5 and false discovery rate [FDR] <0,05) of 111 and 164 genes, respectively,
constituting a total of 275 genes (DEG2) (Figure 3.6). Treatment with BEZ235 resulted
in changes in the expression levels of 2394 genes, 1365 and 1029 upregulated and
downregulated genes, respectively (DEG1) (Figure 3.6). Moreover, cells
overexpressing TRIB2 and treated with BEZ235 resulted in differential expression of
2630 genes (Figure 3.6). A subset of these genes, 2066 genes, were also affected by
BEZ235 treatment, with 1214 upregulated genes and 852 downregulated genes
(DEG3). Additionally, other 113 genes were also affected by TRIB2 overexpression,
with 79 upregulated genes and 132 downregulated genes (DEG4).

DEGS WITH BEZ235
TREATMENT
(2394)

DEGS WITH TRIB2
OVEREXPRESSED
(275)

DEGS WITH TRIB2
OVEREXPRESSED &
BEZ235 TREATMENT
(2630)

449

Figure 3.6. The impact of TRIB2 overexpression and BEZ235 treatment on gene
expression. Venn diagram displays the number of DEGs by TRIB2 overexpression
(green balloon, DEG2), by BEZ235 treatment (pink balloon, DEG1) and by both (blue
balloon). The overlapped areas display the number of shared genes affected by
combinations of two or three conditions. The lists of genes were obtained assuming a
cut-off of log2(fold change) = 0.5 on all significantly differentially expressed genes
(adjusted P-value<0,05).
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As expected and validating our approach, we identified TRIB2 as the most
upregulated gene in the RNA-seq experimental isogenic cell line, with varying TRIB2
status (Figure 3.7). We verified this by quantitative real-time PCR (RT-gPCR) and
western blotting analysis (Figure 3.11 and Figure 3.1). Additionally, TRIB2-mediated
downregulation of CEBPA (Figure 3.7) is consistent with previous studies and further

confirms the robustness of our approach [197, 233].
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Figure 3.7. Top differentially expressed genes by TRIB2 overexpression in
untreated U20S cells. TRIB2 overexpression changed U20S cells transcriptional
signature and affected the expression of genes involved in cancer progression, such
as SOX2, KRT14, CEBPA and BIRC7. The topmost regulated genes were selected,
assuming a cut-off of log2(fold change) = 0.5 on all significantly differentially
expressed genes (adjusted P-value<0,05).
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We also validated several of the top up- and downregulated genes mediated
by TRIB2 overexpression in both untreated (Figure 3.7) and BEZ235 treated cells
(Figure 3.8) in the RNA-seq data by RT-qPCR.

TRIB2 regulated genes (with BEZ235)
DEG4
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TNFAIP6
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EPS8L1
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SOX2
BIRC7
CSTA
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GSG1
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NLRP5
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OR51B5

Figure 3.8. Top differentially expressed genes by TRIB2 overexpression in BEZ235-
treated cells. TRIB2 overexpression changed the BEZ235-treated U20S cells
transcriptional signature. The top regulated genes were selected, assuming a cut-off
of log2(fold change) = 0.5 on all significantly differentially expressed genes (adjusted
P-value<0,05).

The top genes were chosen from the list of differentially expressed genes
(Figure 3.6), from which we selected the 10 most upregulated and 10 most
downregulated genes by TRIB2, as well as genes described to be involved in cancer
proliferation and survival, namely Keratin 14 (KRT14), SRY-Box Transcription Factor
2 (SOX2), Formin Like 2 (FMNL2), BAX, TNFSF10, CEBPA, Baculoviral IAP Repeat
Containing 7 (BIRC7), KiSS-1 Metastasis Suppressor (KISS1), Sestrin 2 (SESN2),
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MYCN Proto-Oncogene, BHLH Transcription Factor (MYCN) and BCL2 Binding
Component 3 (PUMA) [234-244].

KRT14, SOX2, FMNL2 were upregulated by TRIB2 and downregulated by
BEZ235 treatment, while BAX, TNFSF10 and CEBPA, were downregulated by TRIB2
(Figure 3.7, Figure 3.8, Figure 3.9, Figure 3.10). Similarly, TRIB2 overexpression
correlated with downregulation of BIRC7, while BEZ235 treatment upregulates its
expression (Figure 3.7, Figure 3.8). Also, we found KISS1 upregulated after BEZ235
treatment (Figure 3.9, Figure 3.10). Our data also shows that BEZ235 treatment
downregulates SESN2 and MYCN (Figure 3.9).
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Figure 3.9. Top differentially expressed genes by BEZ235 treatment in U20S cells
with low TRIB2 expression levels. BEZ235 treatment affected the U20S cells
transcription signature and altered the expression of genes involved in cell survival,
proliferation and migration, such a KISS1, PUMA, SOX2, SESN2, MYCN and KRT14.
The top regulated genes were selected, assuming a cut-off of log2(fold change) = 0.5
on all significantly differentially expressed genes (adjusted P-value<0,05).
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BEZ235 regulated genes (high TRIB2)
DEG3

EE Upregulated
Bl Downregulated

MYCT1
ESM1
TXNIP
EVI2A
ROBO4
REPS2
BCL2A1
FBXO32
YPEL1
CCL20
BIRC7
KISS1
PUMA
BAX
SESN2
FMNL2
KRT14
SOX2
CBLN2
CRABP2
HRCT1
INHBE
EDN2
CHAC1
AKR1C1
HMGCS2
CLEC7A
AKR1B10

Figure 3.10. Top differentially expressed genes by BEZ235 treatment in U20S cells
with elevated TRIB2 expression level. BEZ235 treatment affected the U20S cells
transcription signature and altered the expression of genes involved in cell survival,
proliferation and migration, such a KISS1, PUMA, SOX2, SESN2, MYCN and KRT14.
High TRIB2 expression affected the expression of some BEZ235-regulated genes. The
top regulated genes were selected, assuming a cut-off of log2(fold change) = 0.5 on
all significantly differentially expressed genes (adjusted P-value<0,05).

3.1.2 TRIB2 overexpression affects BEZ235-induced
gene expression

Analysis using qRT-PCR revealed that upregulation of MYCN and SESN2 in
U20S-TRIB2 cells is statistically significant (p<0,05) compared to mock-transfected
control (MOCK) cells (Figure 3.11). On the other hand, PUMA and KISS1 gene
regulation depends on TRIB2 status, downregulated when TRIB2 was overexpressed
(Figure 3.12). Moreover, BEZ235 also modulates PUMA, KISS1 and FMNL2

transcriptional levels (Figure 3.12). Interestingly, TRIB2 overexpression appears to
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blunt the BEZ235 effect on these cells (Figure 3.12), suggesting that TRIB2
counteracts PIBK/mTOR pathway inhibition.
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Figure 3.11. Validation of TRIB2 regulated genes by RT-gPCR. mRNA levels detected
in U20S cells with low TRIB2 (MOCK) and with TRIB2 overexpressed. TRIB2, SESN2
and MYCN are upregulated in U20S cells overexpressing TRIB2. Results represent
the mean+SEM generated from 3 independent experiments with triplicates. Statistical
significance was determined by unpaired t-test with two-tailed P-value < 0,05, with

(****) P < 0,0001.
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Figure 3.12. Validation of TRIB2 and BEZ235 regulated genes by RT-qPCR. Cells
treated with vehicle (DMSO) or BEZ235 100nM for 72H. BEZ235 downregulated
FMNL2 and upregulated PUMA and KISS1 on MOCK cells. The presence of TRIB2
decreased BEZ235 modulation of FMNL2, PUMA and KISS1. Results represent the
meant+SEM generated from 3 independent experiments with triplicates. Statistical
significance was determined by 2-Way ANOVA with Tukey’s multiple comparisons
test with (*) P < 0,05, (**) P < 0,01, (***) P < 0,001, (****) P < 0,0001.
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We performed luciferase assays to evaluate whether BEZ235 treatment and
TRIB2 overexpression would affect the candidate genes promoter activity. Figure 3.13
shows that BEZ235 treatment increases KISS1 promoter activity, and TRIB2
overexpression prevents it, according to the RNA-seq data (Figure 3.9, Figure 3.10)
and RT-gPCR (Figure 3.12). KRT14 promoter activity decreased with BEZ235
treatment and increased with TRIB2 (Figure 3.13), following the RNA-seq data (Figure
3.7, Figure 3.8, Figure 3.9, Figure 3.10).
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Figure 3.13. The impact of TRIB2 and BEZ235 on the promoter activity of candidate
genes. U20S-empty cells were transiently co-transfected with pGL4.70 (Renilla
luciferase) and pGL4.10 or pGL4.10-KISS1 or pGL4.10-KRT14 vectors. U20S-TRIB2
cells were transiently transfected with the same vectors. After transfection, cells were
treated with BEZ235 or 0.1% DMSO for 24H, and a dual luciferase assay was
performed. Luciferase values were normalized with the Renilla values. Results
represent the meantSEM generated from 3 independent experiments. Statistical
significance was determined by 2-Way ANOVA with Dunnet’s multiple comparisons
test with (*) P < 0,05, (**) P < 0,01, (***) P < 0,001, (****) P < 0,0001.

To further validate our findings, we analyzed the impact of BEZ235 on KISS1
promoter activity on another cell line and evaluated whether BEZ235 treatment could
modulate KISS1 transcription through AKT. BEZ235 treatment upregulated KISS1
promoter activity (Figure 3.14) and decreased AKT phosphorylation status (Figure
3.15), suggesting that BEZ235 inhibition of AKT activity could have led to KISS1

upregulation, consistent with previous results that show that TRIB2 overexpression
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prevents KISS1 upregulation by BEZ235 (Figure 3.12) and KISS1 increased promoter
activity by BEZ235 (Figure 3.13).
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Figure 3.14. BEZ235 treatment upregulated KISS1 promoter activity. HEK293T cells
were transiently co-transfected with pGL4.70 (Renilla luciferase) and pGL4.10 or
pGL4.10-KISS1. After transfection, cells were treated with BEZ235 or 0.1% DMSO for
24H, and a dual luciferase assay was performed. Luciferase values were normalized
with the Renilla values. Results represent the meantSEM generated from 3
independent experiments. Statistical significance was determined by unpaired T-test
with two-tailed P-value with (*) P < 0,05, (**) P < 0,01, (***) P < 0,001, (****) P < 0,0001.

No KISS1  KISS1

-— — P-Akt (Ser473)

— e — | CADOL

w | Total Akt

——— | PDH

Figure 3.15. Immunoblot of AKT levels in HEK293T cells treated with BEZ235. BEZ235
treatment decreased the phosphorylated AKT protein levels. HEK293T cells were
transiently co-transfected with pGL4.70 (Renilla luciferase) and pGL4.10 or pGL4.10-
KISS1. After transfection, cells were treated with BEZ235 or 0.1% DMSO for 24H.
GAPDH was used as a loading control.
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Principal Component Analysis (PCA) of the logarithmized Counts per Million
(log CPM) of the RNA-seq data showed that TRIB2 overexpression and BEZ235
treatment have a significant impact on gene expression (Figure 3.16), consistent with

the heatmap (Figure 3.5).

I
U20S Empty BEZ 1

U20S_Empty_BEZ_3
104

PC2 (0.1072)

-10-
U20S TRIB2 BEZ 3

| U20S TRIB2 BEZ 2
U20S_TRIB2_BEZ_1

-20

1 1 I 1

3 20 10 0 10 20 30
PC1 (0.38343)

Figure 3.16. PCA analysis showing the variance produced by BEZ235 treatment and
TRIB2 overexpression. The x- and y-axes denote the first and second principal
components, respectively. BEZ235 treatment (PC1) and TRIB2 overexpression (PC2)
have a significant impact on gene expression.

To evaluate the impact of TRIB2 and BEZ235 on the differential expression of
the analysed genes, we generated MA-plots [245] to visualize the distribution of the
DEGs (red dots) in terms of read-counts (log CPM) and fold change (logFC), among
the gene population (Figure 3.17, Figure 3.18). TRIB2 overexpression in untreated
(Figure 3.17A) and BEZ235 treated cells (Figure 3.17B) significantly affected the

expression of several genes (red dots). On the other hand, BEZ235 treatment (Figure
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3.18) affected more genes than TRIB2 overexpression (Figure 3.17). In both TRIB2-
overexpressed and BEZ235-treated cells, most of the logFC magnitudes lie under 2,

which means most of these DEGs increased or decreased up to 4 times (Figure 3.17,
Figure 3.18).
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Figure 3.17. The contribution of TRIB2 overexpression to gene expression. High levels
of TRIB2 impacts gene expression in untreated (A) and BEZ235-treated (B) U20S
cells. The MA plots show the correlation between read-counts (log CPM) and fold
change (log2FC). Red dots indicate differentially expressed genes. Horizontal lines
represent the threshold for fold change (-0.5 and 0.5) to indicate significant fold

change. The higher the read count and the higher the fold change, the greater the
confidence in DEGs.
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Figure 3.18. The contribution of BEZ235 treatment to gene expression. BEZ235
treatment impacts gene expression in U20S cells with low (A) and high TRIB2 levels
(B). BEZ235 treatment showed more DEGs than TRIB2 overexpression (Figure 3.17).
The MA plots show the correlation between read-counts (log CPM) and fold change
(log2FC). Red dots indicate differentially expressed genes. Horizontal lines represent
the threshold for fold change (-0.5 and 0.5) to indicate significant fold change. The

higher the read count and the higher the fold change, the greater the confidence in
DEGs.

3.1.3 TRIB2 regulates genes involved in cancer cell
proliferation, migration and survival

From the 2396 genes differentially regulated by BEZ235 treatment (DEG1) in
cells with low TRIB2, 321 are BEZ exclusive (Figure 3.6) (DEG5). Enrichment analysis
of the DEGS5 gene list for kinase perturbations from the GEO database (obtained from
EnrichR tool [221, 222], resulted in the enrichment of the perturbation of various
kinases, including inhibition of PI3Ka mutant, Advanced Glycosylation End-Product
Specific Receptor (AGER), also known as RAGE, spleen tyrosine kinase (SYK),
Epidermal Growth Factor Receptor (EGFR), ABL Proto-Oncogene 1, Non-Receptor
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Tyrosine Kinase (ABL1), Cyclin-Dependent Kinase 19 (CDK19) and Ataxia
Telangiectasia Mutated (ATM) (Table 2).

From the 275 genes differentially regulated by TRIB2 overexpression (DEG2)
in untreated cells (Figure 3.6), 155 are TRIB2 exclusively regulated (DEGG6).
Enrichment analysis of the DEG6 gene list for kinase perturbations from the GEO
database (obtained from EnrichR tool) resulted in the enrichment of the perturbation
of several kinases, including activation of 3-phosphoinositide-dependent protein
kinase 1 (PDK1), Glycogen Synthase Kinase 3 beta (GSK3p), two important
components of the PISK/AKT signalling pathway, and IL2 Inducible T Cell Kinase (ITK)
(Table 3). This data is in line with previous data describing TRIB2 as part of the
PI3K/AKT signalling cascade.
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Table 2. Kinase Perturbations Enrichment Analysis grom GEO database (EnrichR tool) BEZ235.

Term

Overlap

p-value Adjusted P Old p-value Old Adjust Odds Ratio

Combined
Score

Genes

PIK3CA mutant 27 GDS4053
RAGE knockout 269 GSE22873
SYK drug inhibition 283 GSE43510
SYK drug inhibition 288 GSE43510
EGFR drug activation 20 GDS2146
ABL1 knockdown 100 GSE27869
CDK19 knockdown 148 GSE32108
ATM knockout 74 GSE23116

2/300
2/300
2/300
2/300
2/300
2/300
2/300
2/300

0.029289
0.029289
0.029289
0.029289
0.029289
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0.029289
0.029289
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7.407407407
7.407407407

26.15209006
26.15209006
26.15209006
26.15209006
26.15209006
26.15209006
26.15209006
26.15209006

PTCH2; ADRA1A
MYCN; ADRA1TA
INSIG1; GPD1L
FMNL2; INSIG1
ADAMTS15; RGMA
CLMP; FMNL2
MYCN;ADRA1A
CLMP; PDZRN3

Table 3. Kinase Perturbations Enrichment Analysis grom GEO database (EnrichR tool) TRIB2.

Term Overlap p-Value Adjusted P Old p-Value Old Adjust Odds Ratio Combined Score Genes
PDK1 knockout 80 GSE26290 5/300 0.002364 0.673825 0 0 5.376344086  32.51222507 OLFM1|;:§":\ASL1OA;
GSK3A knockdown 207 CST1; RBPMS;
GDS4305 4/300  0.014008 1 0 0 4.301075269  18.35759126 CDH22: K
ITK knockout 241 GSE12465 4/300 0.014008 1 0 0 4301075269  18.35759126 RBP'\GAE;GlﬁRXt
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To understand the relevance of these genes in the context of the Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathways, we have performed
enrichment analysis on TRIB2 and BEZ235-induced transcriptional signatures with the
EnrichR tool. Enrichment analysis of the list of TRIB2 up-regulated transcripts showed
significant enrichment for genes involved in pathways in cancer and TNF signalling
(Figure 3.19, Figure 3.20), alcoholism (Figure 3.19) and transcriptional misregulation

in cancer (Figure 3.20).

Enriched KEGG terms for TRIB2 signature (no BEZ235)
(DEG2)
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Synthesis and degradation of ketone bodies_Homo sapiens_hsa00072
Pathways in cancer_Homo sapiens_hsa05200
TNF signaling pathway_Homo sapiens_hsa04668
Nitrogen metabolism_Homo sapiens_hsa00910
Gastric acid secretion_Homo sapiens_hsa04971
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Figure 3.19. Top 10 KEGG terms enrichment analysis in TRIB2 signature in untreated
U20S cells. TRIB2 transcriptional signature was enriched for signalling pathways
involved in cancer. KEGG term enrichment analysis was performed using the web tool
Enrichr by computing the Combined Score, obtained by multiplying the log of the p-
value (the Fisher exact test) by the Z-score. The longer the horizontal bar, the higher
the statistical confidence of the term.
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Enriched KEGG terms for TRIB2 signature (with BEZ235)
(DEG4)
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Figure 3.20. Top 10 KEGG terms enrichment analysis in TRIB2 signature in BEZ235-
treated U20S cells. TRIB2 transcriptional signature was enriched for signalling
pathways involved in cancer. KEGG term enrichment analysis was performed using
the web tool Enrichr by computing the Combined Score, obtained by multiplying the
log of the p-value (the Fisher exact test) by the Z-score. The longer the horizontal bar,
the higher the statistical confidence of the term.

BEZ235 treatment up-regulated transcripts showed significant enrichment for
genes involved in pathways in cancer, TNF signalling and small cell lung cancer
(Figure 3.21, Figure 3.22).
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Enriched KEGG terms for BEZ235 signature (low TRIB2)
(DEG1)
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Figure 3.21. Top 10 KEGG terms enrichment analysis in BEZ235 signature in U20S
cells. BEZ235 transcriptional signature was enriched for signalling pathways involved
in cancer. KEGG term enrichment analysis was performed using the web tool Enrichr
by computing the Combined Score, obtained by multiplying the log of the p-value (the
Fisher exact test) by the Z-score. The longer the horizontal bar, the higher the
statistical confidence of the term.

109



Characterization of TRIB2-mediated drug resistance

Enriched KEGG terms for BEZ235 signature (high TRIB2)
(DEG3)
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Figure 3.22. Top 10 KEGG terms enrichment analysis in BEZ235 signature in U20S
cells with elevated TRIB2 levels. BEZ235 transcriptional signature was enriched for
signalling pathways involved in cancer. KEGG term enrichment analysis was
performed using the web tool Enrichr by computing the Combined Score, obtained
by multiplying the log of the p-value (the Fisher exact test) by the Z-score. The longer
the horizontal bar, the higher the statistical confidence of the term.

TRIB2 overexpression and BEZ235 treatment affect the transcription signature
of the U20S cells.

Considering that BEZ235 is a drug that induces cell senescence and death and
can also decrease cell migration [246, 247], and TRIB2 can promote cell proliferation
and migration [194, 210], we performed a wound-healing assay to evaluate whether
TRIB2 overexpression would affect BEZ235 impact on cell migration (Figure 3.23).

Figure 3.23A shows that after 24H, DMSO-treated U20S-empty cells (-TRIB2)
could migrate and fill the gap (-TRIB2/-BEZ235). When these cells were treated with
BEZ235, BEZ235 inhibited cell migration (-TRIB2/+BEZ235), indicated by an empty

area with no cells after 24H. However, TRIB2 overexpression on BEZ235-treated cells
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restored the cell migration ability in the presence of BEZ235 (+TRIB2/+BEZ235).

These results suggest that TRIB2 decreases the tumour-suppressor effect of BEZ235

on the cells.
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Figure 3.23. TRIB2 overexpression hinders BEZ235-mediated reduced cell migration.
A) To evaluate the impact of TRIB2 and BEZ235 on cell migration, we performed a
wound-healing assay. U20S-empty (-TRIB2) and U20S-TRIB2 (+TRIB2) cells were
grown and treated with 100nM BEZ235 (+BEZ235) or 0.1% DMSO (-BEZ235). When
the cells were almost confluent, they were starved to halt cell proliferation. At OH time-
point, a vertical scratch was made on each well. Microscope images were taken at
time-points OH and 24H to determine wound areas. B) Quantification of cell migration
by wound closure percentage. Increased cell migration correlates with a higher
wound closure percentage. Cells treated with BEZ235 exhibited a lower wound
closure percentage consistent with decreased cell migration, and TRIB2 hindered the
BEZ235 impact on cell migration, increasing wound closure percentage, consistent
with increased cell migration. Statistical significance was determined by 2-Way
ANOVA with Dunnet’s multiple comparisons test with P-value < 0,05, with (ns) P >
0,05, (*) P < 0,05, (**) P < 0,01, (****) P < 0,0001. The meantSEM from five
independent experiments is shown.
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We determined the percentage of wound closure after 24H (Figure 3.23B) to
quantify the cell migration ability under BEZ235 treatment and TRIB2 overexpression.
Wound closure percentage is the decrease in the percentage of an area with no cells
at 24H compared to OH. A wound closure percentage of 100% reflects cells that could
migrate and fill the gap, while a wound closure percentage of 0% reflects cells not
migrating and the gap area did not decrease. BEZ235 treatment on cells with no TRIB2
(-TRIB2/+BEZ235) significantly decreased the wound closure percentage, which
indicates a decrease in cell migration. The presence of TRIB2 hindered the effects of
BEZ235 and increased the wound closure percentage (+TRIB2/+BEZ235), restoring
the migration capacity of the cells (Figure 3.23B).

Taken together, these data indicate that the TRIB2 signature most significantly
affects genes involved in cell survival, migration and proliferation, and we propose that

FOXO is a major player, as TRIB2 is a FOXO suppressor (Figure 3.24).
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Figure 3.24. Proposed model for TRIB2-mediated resistance. BEZ235 inhibits PI3K
and mTOR, leading to AKT inhibition and the tumour suppressor FOXO will remain
transcriptionally active (left). In the presence of elevated levels of TRIB2, TRIB2 will
induce AKT activity downstream of BEZ235 inhibition, leading to FOXO inhibition,
hence decreasing BEZ235 efficacy (right).
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3.2 TRIB2 resistance can be reverted
pharmacologically

We used the RNA sequencing-based transcriptional profiling of isogenic cells
lines with varying TRIB2 status in the presence or absence of PI3K/mTOR inhibition
to identify sets of differentially expressed genes (DEG). Then we used the Connectivity
Map-based algorithms to identify drugs or chemical compounds capable of inducing
reverse transcriptional signatures to TRIB2 to predict the therapeutic response of
BEZ235 in the presence of these drugs.

Our results show that several small-molecule compounds, namely harmine
(HAR) and piperlongumine (PIP), can affect TRIB2-mediated transcriptional signatures
and, in line with this observation, can induce the nuclear translocation of FOXO3 and
its consequent activation. We also show that FOXO regains its transcriptional activity
upon nuclear localisation, successfully modulating its target genes. Moreover, co-
treating cells with both BEZ235 and HAR or PIP induces a synergistic effect, restoring
cells sensitivity to BEZ235 toxicity even with elevated levels of TRIB2, suggesting that
HAR and PIP revert TRIBZ2 resistance effects to BEZ235 treatment.

3.2.1 HAR and PIP reverse TRIB2-induced
expression profiles

We hypothesise that TRIB2-mediated therapy resistance may be abolished or
attenuated by pharmacological treatment capable of reversing TRIB2-mediated
transcriptional signatures. Hence, drugs that reverse TRIB2 signatures might
resensitize cells to the effect of BEZ235 treatment on cell viability and proliferation.

We took advantage of the TRIB2-induced gene expression profile (DEG2) to

match it with Connectivity Map (cMAP) gene expression data and selected bioactive
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chemical compounds and FDA-approved drugs that produce an inverse gene
expression profile using pattern-matching algorithms of cMAP [227]. cMAP is a gene
expression database obtained from experiments on cancer cell lines treated with
approximately 5000 small molecule compounds [227]. The list of candidate drugs was
obtained by ruling out enrichment scores with P-values greater than 0.05. The
enrichment scores are calculated based on the Kolmogorov-Smirnov statistic, a non-
parametric rank statistic known as gene set enrichment analysis (GSEA), to interpret
gene expression data [226, 229]. The compounds harmine (HAR) [248],
piperlongumine (PIP) [249], irinotecan [250] and LM-1685 [251] produced an inverse
gene expression profile compared to the profile induced by TRIB2 (Table 4).

Table 4. Drugs with an inverted transcriptional signature of TRIB2. A cMAP query was
performed to identify drugs that generated reversed transcriptional signatures of
TRIB2 on MCF7, PC3 and MDA-MB-231 cell lines. Drugs were selected according to
P-value < 0,05 and lower enrichment score.

Drug Pubchem ID Enrichment Score p-value Mode of Action
Harmine 5280053 O 0.00016 2cetyicholinesterase
inhibitor
~0.965 GSTr and CBR1
Piperlongumine 637858 0.00276 > a"
inhibitor
Irinotecan 60838 ~0.851 0.00655 |oPoisomerase |
inhibitor
LM-1685 10068193  -0.792 0.01827 COX-2 inhibitor

Conversely, three compounds with anti-inflammatory properties, maprotiline
[252], cromoglicic acid [253] and crachidonyl trifluoromethane [254], produced a
similar gene expression profile compared to the profile induced by TRIB2

overexpression (Table 5).
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Table 5. Drugs with a similar transcriptional signature of TRIB2. A cMAP query was
performed to identify drugs that generated similar transcriptional signatures of TRIB2
on MCF7, PC3 and MDA-MB-231 cell lines. Drugs were selected according to P-value
< 0.05 and lower enrichment score.

Drug Pubchem ID Enrichment Score p-value Mode of Action
Maprotiline 4011 0.9 0.0001 porgpmephrme reupt
inhibitor
Cromoglicic acid 2882 0907 001795  chloride channels
inhibitor
Arachidonyl 5280436 0.873 0.03292  PLA, inhibitor
trifluoromethane

HAR is a B-carboline alkaloid isolated from the seeds of Peganum harmala and
inhibits monoamine oxidase [255]. PIP is a natural amide alkaloid [249, 256] isolated
from the Piper longum Linn plant and known to disrupt redox homeostasis by
inhibiting glutathione S-transferase 1t (GSTm) and carbonyl reductase 1 (CBR1) [256].
We validated the most differentially regulated genes upon HAR and PIP treatment
retrieved in the cMAP database by gqRT-PCR. Analysis of U20S-TRIB2 cells treated
with HAR showed that the genes LMCD1 and PCT1A are significantly down-regulated

(Figure 3.25).
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Figure 3.25. Validation of HAR top regulated genes from cMAP analysis by RT-qPCR
in U20S-TRIB2 cells. HAR upregulates ANO2 and ZNF3 and downregulates LMCD1.
Results represent meantSEM from three independent experiments with triplicates.
Statistical significance was determined by unpaired t-test with one-tailed P-value, with

(*) P < 0,05 and (**) P < 0,01.
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Furthermore, PIP significantly down-regulated the expression of the tumour
necrosis factor 6 (TNFAIP6) and GATA3 (Figure 3.26). On the contrary, HAR and PIP
treatments significantly upregulate ZNF3 and ANO2 and GNRH1 genes, respectively
(Figure 3.25, Figure 3.26).
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Figure 3.26. Validation of PIP top regulated genes from cMAP analysis by RT-qPCR.
PIP upregulates GNRH1 and downregulates TNFAIP6 and GATA3. Results represent
meantSEM from three independent experiments with ftriplicates. Statistical
significance was determined by unpaired t-test with one-tailed P-value, with (*) P <
0,05 and (**) P < 0,01.

To test the hypothesis that HAR and PIP sensitize cells resistant to anti-cancer
drugs, we first sought to determine the most effective concentrations for the combined
treatment with the PISBK/mTOR inhibitor BEZ235 and HAR or PIP. We used an MTT
assay that measures metabolic activity as an indicator of cell viability of U20S-TRIB2
cells treated with serial two-fold dilutions of either BEZ235, HAR or PIP for 48H (Figure
3.27) and 72H (Figure 3.28). The dose-response plots at 72H show that growth
inhibition by 50% compared to DMSO (GI50) as measured using MTT assay,
produced by treatment with HAR, PIP and BEZ235, were 12.89uM, 2uM and 95.37nM,

respectively.
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Figure 3.27. Dose-response curves of HAR, PIP and BEZ235 in U20S-TRIB2 cell line
for 48H. Cells were treated with 6 serial dilutions of HAR, PIP or BEZ235 for 48H, and
cell viability was determined. Results were normalized and fitted with non-linear
regression (log inhibitor vs response with variable slope and 4 parameters). Results
were generated from three independent experiments with triplicates.
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Figure 3.28. Dose-response curves of HAR, PIP and BEZ235 in U20S-TRIB2 cell line
for 72H. Cells were treated with 6 serial dilutions of HAR, PIP or BEZ235 for 72H, and
cell viability was determined. Results were normalized and fitted with non-linear
regression (log inhibitor vs response with variable slope and 4 parameters). Results
were generated from three independent experiments with triplicates.

To determine whether co-treatment of BEZ235 with HAR or PIP could
synergistically affect BEZ235-treated cells, we inferred cell viability by MTT assay in
U20S-TRIB2 cells. Co-treatment of BEZ235 and HAR significantly decreased cellular

metabolic activity at all concentrations, and combined ratios at 125nM
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BEZ235/11.4uM HAR and 250nM BEZ235/22.8uM HAR showed synergy, as depicted

by a combination index below 1 (Figure 3.29).
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Figure 3.29. Evaluation of synergistic potential between BEZ235 and HAR at 72H.
U20S-TRIB2 cells were treated with BEZ235 or HAR alone, and BEZ235 and HAR
combined for 72H. Cell viability was determined by measuring cellular metabolic
activity using an MTT assay. BEZ235 and HAR displayed synergy in all concentrations.
Synergy is determined by the Chou Talalay method. The combination index (Cl)<1
denotes synergism, CI>1 antagonism, and Cl=1 additive. Statistical significance was
determined by 1-Way ANOVA with Sidak’s multiple comparisons test with P-value <
0,05, with (ns) P > 0,05, (*) P < 0,05, (**) P < 0,01, (****) P < 0,0001. The mean+SEM
from three independent experiments is shown.

Co-treatment of BEZ235 and PIP also significantly decreased cell viability, with
synergy detected at 250nM BEZ235/2.5uM PIP and 500nM BEZ235/5uM PIP (Figure
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3.30). These results suggest that HAR and PIP, together with BEZ235, synergistically

increase the cytostatic/cytotoxic effects of BEZ235.
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Figure 3.30. Evaluation of synergistic potential between BEZ235 PIP at 72H. U20S-
TRIB2 cells were treated with BEZ235 or PIP alone, and BEZ235 and PIP combined
for 72H. Cell viability was determined by measuring cellular metabolic activity using
an MTT assay. BEZ235 and PIP displayed synergy at combined concentrations of
250nM (BEZ235)/2.5uM (PIP) or higher. Synergy is determined by the Chou Talalay
method. The combination index (Cl)<1 denotes synergism, CI>1 antagonism, and
Cl=1 additive. Statistical significance was determined by 1-Way ANOVA with Sidak’s
multiple comparisons test with P-value < 0,05, with (ns) P > 0,05, (*) P < 0,05, (**) P <
0,01, (****) P < 0,0001. The meantSEM from three independent experiments is
shown.
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At 48H, co-treatment of BEZ235 and HAR also significantly decreased cell
viability at all concentrations, and combined ratios at 125nM BEZ235/11.4uM HAR and
250nM BEZ235/22.8uM HAR showed synergy, as depicted by a combination index
below 1 (Figure 3.31).
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Figure 3.31. Evaluation of synergistic potential between BEZ235 and HAR at 48H.
U20S-TRIB2 cells were treated with BEZ235 or HAR alone, and BEZ235 and HAR
combined for 48H. Cell viability was determined by measuring cellular metabolic
activity using an MTT assay. BEZ235 and HAR displayed synergy in all concentrations.
Synergy is determined by the Chou Talalay method. The combination index (Cl)<1
denotes synergism, CI>1 antagonism, and Cl=1 additive. Statistical significance was
determined by 1-Way ANOVA with Sidak’s multiple comparisons test with P-value <
0,05, with (ns) P > 0,05, (*) P < 0,05, (**) P < 0,01, (****) P < 0,0001. The meantSEM
from three independent experiments is shown.
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Similarly, co-treatment of BEZ235 and PIP for 48H significantly decreased cell
viability, inferred from cellular metabolic activity, with synergy detected at 250nM
BEZ235/2.5uM PIP and 500nM BEZ235/5uM PIP (Figure 3.32).
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Figure 3.32. Evaluation of synergistic potential between BEZ235 PIP at 48H. U20S-
TRIB2 cells were treated with BEZ235 or PIP alone, and BEZ235 and PIP combined,
with 48H treatment. Cell viability was determined by measuring cellular metabolic
activity using an MTT assay. BEZ235 and PIP displayed synergy at combined
concentrations of 250nM (BEZ235)/2.5uM (PIP) or higher. Synergy is determined by
the Chou Talalay method. The combination index (Cl)<1 denotes synergism, CI>1
antagonism, and Cl=1 additive. Statistical significance was determined by 1-Way
ANOVA with Sidak’s multiple comparisons test with P-value < 0,05, with (ns) P > 0,05,
(*) P <0,05, (**) P <0,01, (***) P <0,0001. The mean+SEM from three independent
experiments is shown.
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To evaluate if the decrease in cellular metabolic activity at the synergic
concentrations, determined by the MTT assays, was in part due to cell death, we
performed a cell death assay by Trypan Blue on the U20S-TRIB2 cells treated with
250nM BEZ235 and 22.8uM HAR (the chosen synergic concentration) or 250nM
BEZ235 and 2.5uM PIP (the chosen synergic concentration) for 72H. In line with the
MTT results, we found that combined drug treatment induces increased cell death
compared to DMSO control (Figure 3.33). Nevertheless, it also suggests that these
drugs may also act by preventing cell proliferation (cytostasis) (Figure 3.34), as cell
death did not increase as much as cellular metabolic activity decreased. Indeed,
BEZ235 has been reported to exhibit more cytostatic effects than cytotoxicity effects
on other cell lines [257]. Similarly, HAR exhibits cytostatic effects on cells [258], while

PIP is known to have a strong cytotoxic effect [259].
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Figure 3.33. The impact of synergic combined treatment on cell death. Cell death
assay by trypan blue exclusion assay was performed on U20S-TRIB2 cells treated
with 250nM BEZ235 and 22.8uM HAR (the chosen synergic concentration) or 250nM
BEZ235 and 2.5uM PIP (the chosen synergic concentration) for 72H. The trypan blue
exclusion assay displays an increase of cell death when cells are treated with
combined drugs, compared to DMSO control, in line with the MTT results. P-values
were obtained from unpaired t-test with Welch correction, (*) P < 0,1. The meantSEM
from three independent experiments is shown.
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Figure 3.34. The impact of synergic combined treatment on cell growth. Cell death
assay by trypan exclusion assay was performed on U20S-TRIB2 cells treated with
250nM BEZ235 and 22,8uM HAR (the chosen synergic concentration) or 250nM
BEZ235 and 2,5uM PIP (the chosen synergic concentration) for 72H. The cell death
assay displays a decrease in the total number of cells for each condition compared to
the DMSO control. P-values were obtained from unpaired t-test with Welch correction,
(*y P<04, (**) P <0,01. The meantSEM from three independent experiments is
shown.

To evaluate if the synergistic effect of HAR and BEZ235 or PIP and BEZ235
would affect TRIB2 modulation of its target genes, we performed RT-qPCR on cells
with low and high levels of TRIB2, treated with BEZ235 alone (250nM), or combined
with HAR (22.8uM) or PIP (2.5uM), and evaluated the expression levels of genes
regulated by both TRIB2 and HAR or PIP. TRIB2 overexpression prevented BEZ235
from significantly downregulating LMCD1, but when cells were treated with BEZ235
and HAR, LMCD1 was further downregulated regardless of TRIB2 levels (Figure 3.35).
Our results indicate that HAR and PIP may help cells regain sensitivity to BEZ235
toxicity in the presence of high levels of TRIB2.
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Figure 3.35. The synergy between BEZ235 and HAR contributes to BEZ235-regulation
of LMCD1 regardless of TRIB2 levels. RT-gPCR analysis of LMCD1 gene in U20S-
TRIB2 cells treated with 250nM BEZ235 and 22.8uM HAR (the chosen synergic
concentration) or 250nM BEZ235 and 2.5uM PIP (the chosen synergic concentration)
for 72H. Statistical significance was determined by 2-Way ANOVA and Tukey multiple
comparisons test to evaluate the contribution of TRIB2, and 2-Way ANOVA and Sidak
multiple comparison tests, to evaluate the contribution of BEZ235 to gene expression
with (*) P< 0,05, (***) P < 0,001, (****) P < 0,0001).

3.2.2 HAR and PIP promote FOXO nuclear
translocation

We previously identified TRIB2 as a FOXO suppressor protein promoting
cytoplasmatic localization of FOXO3, leading to its inactivation [55]. We treated a
previously established reporter cell line (U2foxRELOC) with HAR or PIP to test if HAR
and PIP would exert an opposite effect on FOXO. U2foxRELOC stably expresses a

fluorescently labelled FOXO3 fusion protein and enables an image-based approach
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to monitor the subcellular localization of FOXO3 [158]. The cell treatment with the
nuclear export inhibitor Leptomycin B (LMB) shifted the reporter protein almost
entirely into the cell nucleus. Treatment of these cells with HAR and PIP for 1H is
sufficient to promote FOXO nuclear localization similar to the positive control LMB
(Figure 3.36).
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Figure 3.36. HAR and PIP induce FOXO nuclear translocation. U2foxRELOC cells
were treated with 16uM HAR or 13uM PIP for 1H. DMSO and Leptomycin B (LMB)
were the negative and positive controls for FOXO localization, respectively. DMSO-
treated cells continued to display FOXO mainly in the cytoplasm, while LMB, HAR and
PIP-treated cells displayed FOXO mainly in the nucleus. The cells were mounted on
slides with mounting media coupled with DAPI. Samples were imaged using 40x
magnification. Scale bar indicates 50um. All experiments were performed in triplicate.
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These results were automatically quantified by computing the intensity of the
green fluorescence within the area stained with DAPI, which defined the cell nucleus
and the extended cytoplasm. As shown in Figure 3.37, both compounds scored 20%

more positive cells than the negative control (DMSO).
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Figure 3.37. Quantification of FOXO nuclear translocation by HAR and PIP. The
quantification of FOXO localization was performed by determining the ratio of the
green intensity measured in both the nucleus and cytoplasm. Cells treated with HAR
or PIP for 1H showed a 2-fold increase of nuclear FOXO compared to DMSO-treated
cells. Statistical significance was determined by one-way ANOVA with Dunnet’s
multiple comparison test and (*) P-value<0,05.

Next, we wanted to determine if the nuclear translocation of FOXO3 was due
to the inhibition of the nuclear export receptor CRM-1 known to recognize the nuclear
export sequence (NES) in the FOXO proteins. U2nesRELOC cells [216] were treated
with 16uM of HAR or 13uM of PIP for 1H and analysed the subcellular distribution by
measuring the fluorescent signal. U2nesRELOC cells were generated from the

parental U20S cell line expressing pRevMAPKKnesGFP reporter protein. Compounds
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that interfere with the CRM-1 export receptor accumulate NES-containing proteins in
the nucleus [216].

The results obtained from this experiment showed that treatment with HAR or
PIP does not affect the nuclear export through CRM-1 (Figure 3.38), suggesting that

these agents may interfere with the regulatory network upstream of FOXO3.

NES-GFP DAPI MERGE

Figure 3.38. HAR and PIP do not inhibit nuclear export mediated by CRM-1.
U2nesRELOC cells were treated with 16 and 13uM of HAR or PIP, respectively, for
1H. DMSO and LMB were used as negative and positive controls for FOXO
localization, respectively. DMSO-treated cells continued to display FOXO mainly in
the cytoplasm, while LMB, HAR and PIP-treated cells displayed FOXO mainly in the
nucleus. The cells were mounted on slides with mounting media coupled with DAPI.
Samples were imaged using 40x magnification. Scale bar indicates 50um. All
experiments were performed in triplicate.
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Since FOXO nuclear translocation is often accompanied by loss of
phosphorylation on S253, a target residue of the upstream kinase AKT [53], we
monitored both FOXO and AKT phosphorylation status upon HAR and PIP treatment.
Figure 3.39 indicates that the exposure of cells to HAR for 1H already decreased the
total amount of FOXO. More extended treatment periods provided a similar pattern of
AKT and FOXQO3 regulation (Figure 3.39). These data show that HAR treatment may
decrease FOXO protein stability and suggest that FOXO phosphorylation by AKT

might not be the predominant mechanism of HAR-induced translocation of FOXO.
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Figure 3.39. The impact of HAR treatment in FOXO and AKT activity. HAR treatment
affected the total FOXO protein levels. U2foxRELOC cell line was treated with 16uM
HAR (H) for 1H, 12H, 24H and 48H, and western blot was performed to evaluate the
levels of FOXO3a and P-FOXO3a, Akt and P-Akt. DMSO (D) was used as a control for
HAR and PIP treatments, and GAPDH as the loading control. Representative image of
two independent experiments.
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Whereas PIP treatment for 1H strongly induced the phosphorylation of AKT,
more prolonged exposure to PIP reverted the effect and lead to decreased levels of
AKT phosphorylation after 12H (Figure 3.40). Although PIP treatment also decreased
the amount of FOXO3 protein, the net effect on FOXO phosphorylation is evident,
suggesting that PIP impairs FOXO phosphorylation and this effect seems to be
regulated by the activation status of AKT.
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Figure 3.40. The impact of PIP treatment in FOXO and AKT activity. PIP treatment
affected AKT and FOXO phosphorylation. U2foxRELOC cell line was treated with
13uM PIP (P) for 1H, 12H, 24H and 48H and western blot was performed to evaluate
the levels of FOXO3a and P-FOX0O3a, Akt and P-Akt. DMSO (D) was used as a control
for HAR and PIP treatments and GAPDH as a loading control. Representative image
of two independent experiments.

Next, we investigated if the nuclear localization of FOXO induced by HAR or
PIP would affect the transcription of FOXO target genes. We treated U2foxRELOC
cells with HAR or PIP and performed RT-qPCR analysis using specific primers for
known FOXO target genes. HAR and PIP treatment upregulated p21 and PUMA
(Figure 3.41), known to be regulated by FOXO3 [260, 261]. However, as other

transcription factors, including p53, might regulate p21 and PUMA, we cannot exclude
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that additional mechanisms can contribute or even represent HAR and PIP's

predominant mode of action.

p21 PUMA

*k

I e 1 3' **

3_ v N LJ

Fold Change
Fold Change

DMSO HAR PIP DMSO HAR PIP

Figure 3.41. HAR and PIP treatments affect the transcription of FOXO target genes.
U2foxRELOC cells were treated with HAR 16uM, PIP 13uM or DMSO (control) for 6H.
PUMA and p21 mRNA levels were determined by RT-qPCR. Graphics represent the
meantSEM from four independent experiments with triplicates. Statistical
significance was determined by 1-Way ANOVA with Tukey multiple comparison test
and with (*) P < 0,05, (**) P < 0,01 and (***) P < 0,001.

3.2.3 Validation of TRIB2-mediated resistance with a
CRISPR/Cas9 TRIB2 KO cell line

We analysed and validated the obtained data using a different cell line. Hence,
an alternative isogenic cell system was generated, which completely abolished the
expression of TRIB2. We identified the human malignant melanoma cells UACC-62 as
the cell line with the highest endogenous TRIB2 levels in a panel of cell lines for TRIB2
mRNA levels (Figure 3.2).

CRISPR-Cas9 system was used to disrupt the TRIB2 locus in UACC-62
genetically, effectively generating TRIB2 knockout (KO) cells as confirmed by the

absence of TRIB2 protein in western blot analysis (Figure 3.42).
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Figure 3.42. Immunoblot of UACC-62 TRIB2 KO cell line. GAPDH was used as a
loading control. Representative image of two independent experiments.

We performed an MTT assay (as described previously) and calculated GI50
values on parental UACC-62 cells following treatment with BEZ, HAR and PIP for 72H.

We obtained values of 20.4nM, 9,06uM and 2,14uM for BEZ235, HAR and PIP,
respectively (Figure 3.43).
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Figure 3.43. Dose-response curves of HAR, PIP and BEZ235 in UACC-62 parental cell
line for 72H. UACC-62 parental cells were treated with serial dilutions of HAR, PIP or
BEZ235 for 72H, and cell viability percentage was determined to generate dose-
response plots. Results were normalized and fitted with non-linear regression (log

inhibitor vs response with variable slope and 4 parameters). Results were generated
from three independent experiments with triplicates.
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Following, we assessed cell death by trypan blue exclusion assay using the
GI50 values obtained previously. These results show that co-treatment with BEZ235
and HAR (or PIP) tend to increase cell death, albeit not statistically significant, which
suggests that the dominant effect of these drugs on the cells may be through arresting
cell proliferation (cytostasis) and not solely cell death (cytotoxicity) (Figure 3.44), as
with U20S-TRIB2 cells.
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Figure 3.44. The impact of combined treatment on cell death in UACC-62 cells. Cell
death assay by trypan exclusion was performed on parental UACC-62 cells treated
with 20nM BEZ235 and 9uM HAR or 20nM BEZ235 and 2uM PIP for 72H. The trypan
blue exclusion assay displays increased cell death when cells were treated with
combined drugs, compared to DMSO control. P-values were obtained from unpaired
t-test with Welch correction, (*) P < 0,1. The meantSEM from three independent
experiments is shown.

Next, we validated the previously observed synergy effect between these drugs
in the U20S cell line. We obtained a Cl value of 0,5 using the 78,1nM BEZ / 25uM
HAR treatment combination in the UACC-62 cell line (Figure 3.45), which indicates a
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synergistic effect between both drugs (Figure 3.45). Moreover, we observed a
significant reduction in cell viability upon combined HAR and BEZ treatment at 39,1nM
BEZ / 12,5uM HAR and 19,5nM BEZ / 6,25uM HAR drug combinations, compared to

each treatment alone (Figure 3.44).
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Figure 3.45. Evaluation of synergistic potential between BEZ235 and HAR in UACC-
62 parental cell line at 72H. BEZ235 and HAR displayed synergy in all concentrations,
while BEZ235 and PIP displayed synergy in all concentrations except the 125nM
(BEZ235) / 1,25 pM (PIP) combination. Parental UACCG62 cells were treated with
BEZ235, HAR, and BEZ235 and HAR combined for 72H. Cell viability inferred by MTT
assay. Statistical significance was determined by 1-Way ANOVA with multiple testing
with SIDAK’s multiple comparisons test with (*) P < 0,05 and (**) P < 0,01. Synergy is
determined by the Chou Talalay method. Combination index (Cl)<1 denotes
synergism, CI>1 antagonism, and Cl=1 additive. The meantSEM was obtained from
three independent experiments.
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Combined treatment of 39,1nM BEZ and 3,13uM PIP also showed a statistically
decrease in cell viability compared with single-drug treatments (Figure 3.46).
Collectively, these data indicate that these drugs display cytotoxicity, but their
dominant effect may be cytostatic, similar to the results obtained from the experiments
in U20S-TRIB2 cells (Figure 3.30 and Figure 3.32).
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Figure 3.46. Parental UACCG62 cells were treated with BEZ235, PIP or BEZ235 and
PIP combined, with 72H treatment. Co-treatment with BEZ235 and PIP significantly
decreased cell viability compared to cells treated with either BEZ235 or PIP. Cell
viability inferred by MTT assay. Statistical significance was determined by 1-Way
ANOVA with multiple testing with SIDAK’s multiple comparisons test with (*) P < 0,05.
The meantSEM was obtained from three independent experiments.

We evaluated whether BEZ235, HAR and PIP would affect the FOXO and AKT
activity levels in the presence and absence of TRIB2 by western blot (Figure 3.47),
similarly to the U20S-TRIB2 cells (Figure 3.39, Figure 3.40).

Western blot analysis of parental and TRIB2-KO UACC-62 cell lines revealed
that phosphorylation of AKT and FOXO decreased in untreated UACC-62 cells without
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TRIB2 (Figure 3.47). Unlike U20S cells, UACC-62 cells did not show altered levels of
total FOXO3 protein levels upon compound treatment. Exposure of the isogenic cell
lines to BEZ235 almost completely abolished AKT phosphorylation, while HAR and
PIP reduced it significantly after 2H of treatment. Notably, the effect of HAR and PIP
treatment on AKT and FOXO phosphorylation was more pronounced in TRIB2 KO
cells compared to parental cells. These data agree with the previously established
role of TRIB2 as an activator of AKT [56] and as a FOXO repressor [55]. TRIB2 protein
levels increased with BEZ235 and HAR treatments. Previous data from our lab (data
not shown), cell treatment with inhibitors of the PI3K/AKT signalling pathway resulted

in impairment of the proteasome-dependent TRIB2 degradation.
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Figure 3.47. Parental UACCG62 cells (P) and UACC-62 TRIB2 KO cells (KO) were
treated with 16uM HAR or 13uM PIP for 2H. Proteins from lysates were immunoblotted
with phospho-specific antibodies as indicated. Representative image of two
independent experiments.

A decrease in FOXO phosphorylation levels by BEZ235, HAR or PIP in UACC-

62 cells is consistent with an increase in FOXO activity. To confirm if FOXO is
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transcriptionally active, we treated UACC-62 isogenic cell lines with BEZ235 (100nM)
for 72H and analysed the transcript level of FOXO target genes. BEZ235 treatment
significantly increases the transcriptional levels of the FOXO targets PLK1 and OCT4
in cells lacking TRIB2 expression compared to cells that express TRIB2 ( Figure 3.48).
These results are consistent with previous results showing that PUMA is upregulated
with BEZ235 treatment in U20S cells with no TRIB2 (Figure 3.12). Additionally, we
previously showed that U2foxRELOC cells induced p21 and PUMA transcription upon
HAR and PIP treatment, respectively (Figure 3.41). Together, these data indicate that
HAR, PIP and BEZ235 induce FOXO transcriptional activity, indicated by the
upregulation of p21, PUMA, PLK1 and OCTA4.
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Figure 3.48. Parental UACCG62 cells were treated with 100nM BEZ235 or 0.1% DMSO
(control) for 72H. The upregulation of the FOXO target genes PLK1 and OCT4 was
potentiated with TRIB2 KO. Statistical significance was determined with 2-Way
ANOVA with multiple testing with SIDAK’s and Tukey’s multiple comparisons test with
(*) P <0,05and (**) P <0,01.

Our data suggests so far that TRIB2 decreases BEZ235 efficacy by indirectly
inhibiting FOXO transcriptional activity, at least partially by promoting FOXO
cytoplasmic localization. To evaluate whether TRIB2 levels in untreated cells affect
FOXO localization, the isogenic UACC-62 cell lines (parental and TRIB2 KO) were
transfected with a GFP-FOXO3 reporter plasmid.
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Interestingly, UACC-62 parental cells tolerated the overexpression of FOXO3
better than the cells without TRIB2. FOXO3 was detected in the cytoplasm and the
cell nucleus in the parental cells, while localization in the few surviving TRIB2 KO cells
was less consistent, with more cells with nuclear fluorescence (Figure 3.49). These
results, which are in line with our previous results, suggest that TRIB2 overexpression
may contribute to FOXO inhibition by cytoplasmic localization, which can be the

underlying reason for decreasing BEZ235 efficacy.

TRIB2 TRIB2 KO

Figure 3.49. TRIB2 KO promotes more FOXO nuclear accumulation. Subcellular
localization of GFP-FOXQO3 stably transfected into parental UACCG62 cells (left panel)
and UACC-62 TRIB2 KO cells (right panel). Samples were imaged using 40x
magnification. Scale bar indicates 100um.

So far, our results suggest that HAR and PIP treatments seem to improve
BEZ235 efficacy by inducing FOXO nuclear localization, where it is transcriptionally
active, and we demonstrated this effect in the different cell lines U20S, U2foxRELOC
and UACC®62. Similarly, we previously performed a screening for compounds that
activate FOXO, and we demonstrated that an isothiazolonaphthoquinone compound
(LOM612) induced endogenous FOXO1 and FOXO3a nuclear localization in a dose-
dependent manner [161], resulting in the upregulation of FOXO targets such as p27
and FasL (Figure 3.50) [161]. The upregulation of p27 and FasL inhibits cell cycle

progression and induces apoptosis, respectively, thus promoting tumour suppressor
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activity [262, 263]. Taken together, our results suggest that compounds that activate
FOXO by promoting its nuclear localization, such as HAR and PIP, have significant

clinical potential for cancers characterized by inactivated FOXO (Figure 3.51).

p27 FasL

Fold Change %
5
= N
& S

Fold Change %
2

o
o
L

o
o
L

DMSO LOME12 DMSO LOMé612

Figure 3.50. LOM612 treatment in U20S cell line induced activation of FOXO. FOXO
upregulated p27 and FasL after LOM612 treatment. Results represent meantSEM
from three independent experiments with triplicates. Statistical significance was

determined by unpaired t-test with one-tailed P-value, with (*) P < 0,05 and (**) P <
0,01.
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Figure 3.51. Proposed model for the reversal of TRIB2-mediated resistance by HAR
and PIP. In the presence of elevated levels of TRIB2, TRIB2 will induce AKT activity
downstream of BEZ235 inhibition, leading to FOXO inhibition by inducing FOXO
translocation to the nucleus, hence decreasing BEZ235 efficacy (left). The presence
of HAR or PIP upon BEZ235 treatment decreases TRIB2-mediated resistance to
BEZ235 (right). We propose that HAR and PIP induce FOXO translocation to the
nucleus and activate its transcriptional activity, although the exact mechanisms need
further investigation.
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Discussion

Identifying molecular mechanisms involved in drug resistance is of enormous
clinical importance, and our lab discovered a novel mechanism of drug resistance
facilitated by TRIB2 by activating AKT. However, the exact mechanism is still unknown.

In this study, we propose that TRIB2 mediates resistance to the dual
PIBK/mTOR inhibitor BEZ235 through transcriptional changes in cells. We used RNA
sequencing-based transcriptional profiling of isogenic U20S cells lines with different
TRIBZ2 status in the presence or absence of PI3K/mTOR inhibition (BEZ235) to identify
sets of differentially expressed genes. RNA-seq analysis showed that the
overexpression of TRIB2 and exposure to the PI3K/mTOR inhibitor BEZ235 altered
the transcriptional signatures of the U20S osteosarcoma cell line. The inhibition of the
PI3K/AKT signalling by BEZ235 treatment affects the expression level of over 2000
genes which is in line with previous studies [264], whereas the ectopic expression of
TRIB2 affects ten times fewer genes. A possible explanation might be that while
BEZ235 treatment completely abolishes PI3K/AKT signalling, TRIB2 only affects
components of this signalling pathway that act downstream of AKT. TRIB2 is a
pseudokinase that lost the ability to phosphorylate its targets but can act as a scaffold
or promote protein degradation due to the MEK and E3 ubiquitin ligase binding
domains. Additionally, these C-terminal domains regulate the interaction of target
proteins to the pseudokinase domain, such as CEBPA degradation. Likewise, TRIB2
with its COP1-binding domain binds to AKT and leads to its phosphorylation at S473
[265]. Thus, this mode of action leads to the interaction of TRIB2 with specific target
proteins.

We determined that TRIB2 overexpression attenuates BEZ235-induced gene
expression and regulates genes involved with processes associated with tumour
progression, such as cell proliferation, survival and migration. In general, TRIB2
overexpression increased the expression of genes, promoting tumour progression
while repressing those genes known to prevent tumour progression [242-244].

Notably, in line with previous studies, PISK/mTOR inhibition by BEZ235 treatment
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produced an opposite transcriptional signature [264, 266]. Still, TRIB2 overexpression
blunted the modulation of several BEZ235-regulated genes, suggesting that TRIB2
hinders BEZ235 from regulating specific genes and prevents BEZ235 from promoting
tumour suppressor effects, increasing cancer cell survival to treatment, which is
consistent with reports stating that TRIB2 expression correlated with increased
resistance to different chemotherapeutic drugs [56, 185, 195, 196, 202, 267].

Promoter activity assays confirmed that TRIB2 indirectly drives changes in the
transcription levels of genes involved with cancer cell migration and invasion [234,
268], which agrees with similar studies that showed that TRIB2 regulates the promoter
activity of genes to induce pluripotency of embryonic stem cells and increases cell
proliferation in colorectal cancer [212, 268]. In addition, it has been reported that
reduced TRIB2 promoter activity decreased enzalutamide resistance in prostate
cancer [269]. Genes regulated by TRIB2 overexpression and BEZ235 treatment were
enriched for perturbed kinases involved with cancer progression and
chemoresistance and enriched for KEGG pathways in cancer. Similar studies showed
that paclitaxel-resistant and ibrutinib-resistant cell lines displayed enriched and
activated PI3K/AKT signalling. BEZ235 was the most successful compound in
paclitaxel-resistant cells to show anti-tumour effects [270, 271].

We also evaluated the impact of TRIB2 and BEZ235 on cell migration in U20S
cells, as increased cell migration ability is an indicator for tumour aggressiveness.
BEZ235 treatment decreased cell migration, but TRIB2 presence increased cell
migration even with concomitant BEZ235 treatment. These results are consistent with
our previous data and others that report BEZ235 to decrease cell proliferation and
migration in melanoma, AML and squamous cell carcinoma [55, 246, 247].

Many genes regulated by TRIB2 and BEZ235 have an oncogenic or tumour-
suppressive role, regulating cancer cell survival, migration and proliferation. Several
TRIB2-regulated genes were FOXO targets, which is not surprising considering TRIB2
is a FOXO repressor [55]. However, we cannot rule out additional mechanisms, as
TRIB2 can also interact with the MAPK/ERK components and the Wnt pathways [265,
272).

Our data suggest that elevated levels of TRIB2 induce transcriptional changes

in genes relevant to cell growth, proliferation, migration and survival, hindering
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BEZ235 treatment from regulating genes necessary to arrest the cell cycle and induce
toxicity (Figure 3.24).

Several cancers present dysregulated TRIB2 expression. TRIB2 is a known
FOXO suppressor, and TRIB2 expression promotes cancer progression and confers
resistance to several anticancer therapies [56, 185, 195, 196, 202, 267]. Therefore
pharmaceutical means to interfere with TRIB2 activity might overcome drug
resistance and improve clinical outcomes in cancer patients.

Thus TRIB2 is a promising therapeutic target that is, so far, poorly explored.
TRIB2 can bind target proteins, prime them for degradation, or act as a scaffold
protein, affecting the activity of the target proteins, such as AKT and CEBPA. Despite
TRIB2 not presenting known catalytic activity in vivo, having lost the ability to
phosphorylate proteins, it can bind to ATP [56, 175, 177]. Recently reported, the FDA-
approved EGFR inhibitors, afatinib, neratinib and osimertinib, bind to and uncouple
the c-terminal domain from the pseudokinase domain in TRIB2, promoting TRIB2
destabilization and degradation in breast cancer and non-small cell lung cancer.
However, covalent drugs can accumulate significantly in the cells, and the side effects
of these drugs are frequent [207, 265].

Furthermore, miRNAs are being investigated as potential therapeutics in
cancer and could be helpful to target TRIB2. miR-509-5p was reported to directly
inhibit TRIB2, decreasing proliferation and invasion in osteosarcoma [210]. miR-99 is
a tumour suppressor that inhibits TRIB2 in cervical carcinoma cells, similar to miR-
511, miR-1297, miR-206 and miR-240 in lung adenocarcinoma [208, 209, 273].
However, the delivery of therapeutic miRNAs is still problematic. Delivery by systemic
circulation leads to clearance from the body, off-target side-effects, and once inside
the cells, miRNAs can accumulate in endosomal vesicles. Local delivery improves
bioavailability but may not be accessible according to the localization of the tumour.
Therefore formulation strategies are under development to improve the delivery of
miRNAs in vivo [274].

More recently, proteolysis targeting chimaeras (PROTACs) are under
investigation to promote the degradation of considered undruggable targets.
PROTACSs display excellent selectivity to their targets and promote proximity between

a recruited ubiquitin E3 ligase and a target protein, inducing the ubiquitination and
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degradation of the target protein [275]. Moreover, hydrophobic tagging (HyT) is being
used to promote the degradation of target proteins. The human epidermal growth
factor receptor 3 (HER3) inhibitor TX2-121-1 leads to HER3 proteasomal degradation.
It will be exciting to determine if PROTACs and HyT can be adapted to target TRIB2,
as they can affect the non-catalytic functions of proteins [276, 277]. A screening
process must be performed on a generated library of various protein degraders to
identify functional PROTACSs to generate TRIB2-targeting PROTACSs. This process is
a challenge, especially for proteins with limited or unknown direct inhibitors of the
targeted protein, which is the case for TRIB2 [278].

Currently, there are efforts to explore systematic approaches to identify novel
therapeutics based on molecular features of diseases, with the development of large-
scale technologies, such as microarray gene expression signatures and high-
performance computing [279]. A study showed that the increased capacity of a drug
to reverse cancer-associated gene expression profiles correlated with greater
efficiency in preclinical models in liver, colon and breast cancers [280].

We propose that TRIB2-mediated resistance can be reverted
pharmacologically. Our hypothesis relies on the observation that TRIB2
overexpression increased the expression of genes that promote tumour progression
while repressing those genes known to prevent tumour progression. Notably, in line
with previous studies, PI3BK/mTOR inhibition by BEZ235 treatment showed an
opposite transcriptional signature compared to TRIB2 signature [264, 266]. We
identified several small-molecule compounds capable of inducing inverse signatures
compared to TRIB2, suggesting their potential to interfere with TRIB2 downstream
effects. We used the cMAP tool, a gene expression database that allowed us to query
compounds that induced transcriptional signatures opposite TRIB2. Numerous
investigations illustrated the potential of this approach to identify novel indications for
approved drugs or compounds with known modes of action [281-283]. Accordingly,
we found that the naturally occurring alkaloids HAR and PIP can revert TRIB2-
dependent transcriptional signatures, and several of the genes regulated by HAR and
PIP affect cell proliferation, migration and cell death [104].

As HAR and PIP were reported to lead to decreased AKT activity [284, 285]

and TRIB2 increases AKT activity, we propose that reversing TRIB2-induced
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transcriptional signatures by HAR and PIP might improve BEZ235 treatment efficacy.
We found that HAR and PIP act synergistically with the PISBK/mTOR inhibitor BEZ235
affecting cell viability. Thus, cells with high levels of TRIB2 treated with either of these
compounds would be more prone to enter apoptosis or become more senescent upon
treatment with PI3BK/mTOR inhibitors. Moreover, TRIB2 no longer hindered gene
regulation by BEZ235 in the presence of HAR and PIP. In line with our data,
sanguinarine, a plant alkaloid such as HAR and PIP, has been reported to sensitize
cancer cells resistant to cytostatics and induce cell cycle arrest in several phases,
decreasing tumour proliferation and metastasis [286]. Other alkaloid compounds were
already successfully developed into FDA-approved chemotherapeutic drugs, such as
camptothecin, vinblastine, and irinotecan [279]. Alkaloids belong to a diverse group of
molecules, hence not every alkaloid presents anti-tumour activity [287], and several
of these compounds display elevated toxicity [288]. Consistent with our data, PIP
synergized with oxaliplatin in vivo to induce ROS in colorectal cancer and synergized
with gemcitabine to induce apoptosis in KRAS mutant lung cancer. Doxorubicin can
present cardiotoxicity at therapeutic levels. HAR synergized with doxorubicin to elicit
apoptosis at non-toxic doses of doxorubicin in MCF7. HAR and gemcitabine
synergistically inhibited cell proliferation and induced apoptosis in pancreatic cancer
cells [286, 289-292].

Moreover, as HAR and PIP successfully reverted TRIB2 resistance through the
reversal of the transcriptional signature of the cells, we confirmed the robustness of
the cMAP tool to generate candidate compounds for experimental validation.

We hypothesized that HAR and PIP revert TRIB2 resistance by modulating
FOXO activity. TRIB2 activates AKT, which leads to FOXO phosphorylation and
subsequent translocation to the cytoplasm, rendering FOXO transcriptionally inactive
[55]. Hence, it is a possibility that HAR and PIP exert their effects by decreasing the
activity of the PI3K/AKT signalling pathway, leading to FOXO activation. We
determined that both compounds act upstream of FOXO, modulating AKT activity and
regulating FOXO subcellular localization and transcriptional activity. PIP was reported
to inhibit CRM-1 in HeLa cells after 4H of treatment by binding covalently to a cysteine
residue within the export receptor protein CRM-1 and preventing the interaction

between CRM-1 and cargo proteins, thus inhibiting the nuclear export of proteins that
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bear nuclear export sequences [293]. Hence, we assessed whether FOXO nuclear
localization by HAR and PIP would result from CRM-1 inhibition. We treated a U20S
cell line expressing a fluorescent CRM-1 substrate reporter with HAR or PIP for 1H.
The treatment of the reporter cells with HAR and PIP failed to affect CRM-1-mediated
nuclear export. Our data suggest that the primary mechanism for FOXO nuclear
translocation by HAR and PIP is not through the inhibition of CRM-1 but mainly due to
modulation of AKT activity and preventing FOXO phosphorylation. Consistently,
FOXO nuclear localization correlated with decreased phosphorylated AKT and FOXO,
resulting in decreased AKT activity and increased FOXO activity. These results agree
with other studies, in which PIP induced nuclear translocation of FOXO3, decreased
FOXO3 phosphorylation and restored FOXO3 transcriptional activity via AKT
activation [294]. Likewise, HAR was reported to decrease AKT and FOXO
phosphorylation via inhibition of DYRK1A, preventing DYRK1A-mediated FOXO
cytoplasmic translocation [284, 295]. Moreover, HAR and PIP also affected the total
protein levels of AKT and FOXO in addition to the phosphorylation status, suggesting
that these compounds may also decrease FOXO protein stability, independent of
changes in FOXO transcription and translation processes that are known to take
longer than 1H. Hence, HAR and PIP may modulate FOXO phosphorylation by
inducing FOXO nuclear localization and degradation of phosphorylated FOXO. In
agreement with our data, AKT induces ubiquitin degradation of cytoplasmic FOXO1
and FOXO3 following their export from the nucleus [296, 297].

In both osteosarcoma and melanoma cell lines, the presence of TRIB2 blunted
the impact of BEZ235, HAR or PIP on AKT phosphorylation levels, indicating that this
does not represent a cell line-specific effect. TRIB2 interferes with the efficacy of
PI3K/AKT signalling pathway inhibitors but ultimately, HAR and PIP treatments
culminated in the upregulation of FOXO target genes, confirming that FOXO regained
its transcriptional activity in the nucleus. Others determined that HAR or PIP
treatments in SW620 and Hela cells, respectively, inhibited AKT, decreased
phosphorylation of FOXO and affected the transcription of FOXO targets involved in
apoptosis and cell cycle arrest [294, 295]. Hence HAR and PIP increased the
transcriptional impact of BEZ235 in the presence of TRIB2, most likely via modulation

of the PI3K/AKT signalling pathway. Interestingly, TRIB2 protein levels increased with
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BEZ235 and HAR treatments. Previous data from our lab have shown that PISK/AKT
pathway inhibitors lead to the stabilization of TRIB2 protein levels. Indeed, Wang et al.
reported that the mTOR inhibitor rapamycin impairs the proteasome-dependent
TRIB2 degradation in liver cancer cells. The authors showed that p70S6K
phosphorylates TRIB2, allowing Smurfi-mediated TRIB2 ubiquitination and
degradation in liver cancer cells. Liver cancer is characterized by elevated expression
of TRIB2 and stable TRIB2 protein compared with healthy tissue. They also
demonstrated that rapamycin treatment inhibits p70S6K, thus preventing TRIB2
degradation. Furthermore, rapamycin treatment led to TRIB2 translocation from the
nucleus to the cytoplasm, which the authors suggest is mediated by p70S6K activity
[298]. In agreement with our data, PIP was previously reported to inhibit the PISK/AKT
axis in human triple breast cancer cells [299] and activate FOXO3, inducing FOXO
nuclear translocation and expression of FOXO target gene BIM in HelLa cells [294].
PIP is found in long pepper fruit (Piper longum) and used in traditional Indian medicine
to treat many diseases, including tumours [300]. In line with our data, PIP has been
found to reverse chemotherapy resistance in several cancers [301-304]. PIP
synergized with cisplatin to increase ROS levels and induce apoptosis in head and
neck cancer cells in vitro and in vivo through PIP-mediated regulation of p53 target
genes [301]. PIP improved the sensitivity of resistant human leukaemia cells to
doxorubicin by reducing the expression of drug efflux pumps, upregulated genes
involved with cell cycle and apoptosis, and decreased levels of phosphorylated AKT
and NF-kB [302]. PIP increased the half-life of docetaxel in triple-negative breast
cancer cells and downregulated BCL2 and survivin, improving docetaxel toxicity
[303]. PIP restored the sensitivity of chemoresistant retinoblastoma cells to vincristine
or carboplatin through decreased cell death, decreased expression of the efflux
pumps MRP1 and MDR1, downregulation of genes involved with cell cycle regulation
and survival, and decreased phosphorylated AKT and PI3K levels [304]. A recent
study showed PIP to reverse resistance to Cisplatin in non-small cell lung cancer cells
by inhibiting AKT phosphorylation [285]. Collectively, PIP displays no toxicity in normal
cells but displays anti-tumour activity in cancer cells in combined treatment, improving
the toxic effects of anti-cancer drugs. PIP impacts the activity of signalling pathways,

such as PI3K/AKT, to modulate transcription of target genes that regulate cancer cell
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proliferation and survival and decreasing drug efflux [302]. This observation is
consistent with our results and suggests that the therapeutic effects of PIP in
combined therapy could be helpful in various cancers with dysregulated prosurvival
signalling, such as the PISK/AKT pathway.

HAR is a fluorescent B-carboline alkaloid found in several plant species,
including Banisteriopsis caapi vine and Peganum harmala. It has been shown to act
as a reversible, selective inhibitor of monoamine oxidase (MAQO)-A [305], a
flavoenzyme that degrades amine neurotransmitters by oxidative deamination. It
remains to determine if the enzymatic inhibition of MAO-A mediates the reversion of
TRIB2-induced gene expression profile and synergic susceptibility observed upon
HAR treatment. Reversible inhibitors of monoamine oxidase A (RIMAs) chemically
unrelated to HAR such as Moclobemide, Brofaramine, Toloxatone or Befloxatone
could be used to test this hypothesis. Conversely, HAR has been shown to potently
and specifically inhibit DYRK1A kinase activity in vitro [306]. Interestingly, DYRK1A
kinase is known to phosphorylate FOXO1 at S329 [307]. A more recent study shows
that inhibition of DYRK1A decreased phosphorylation of FOXO3 on S253 by
downregulation of AKT activity in head and neck squamous cell carcinoma cell lines
[284]. In another study, Riben et al. synthesized HAR analogues that retain DYRK1A
inhibition but lost MAO-A inhibition. These compounds can be used to determine
whether reversal of TRIB2-induced gene expression may result from MAO-A or
DYRK1A [308, 309].

Our results indicate that HAR and PIP synergize with BEZ235 by inducing
FOXO nuclear localization and transcriptional activity by modulating the PISK/AKT
signalling pathway in our in vitro models (Figure 3.51). As TRIB2 interacts with other
substrates besides AKT, we cannot exclude alternative mechanisms for TRIB2-
mediated resistance. In AML, TRIB2 increases the efflux pumps MDR1 and MRP1
expression by increasing phosphorylation of ERK and signal transducer and activator
of transcription 3 (STAT3), generating resistance to doxorubicin [196, 265]. As such,
further studies can be performed to characterize the full spectrum of TRIB2 effects in
tumour progression and facilitate the discovery or repurposing of drugs to revert
TRIB2 effects. Liang et al. developed a novel in vivo model to generate cisplatin-

resistant cells and evaluate the impact of TRIB2 in this resistance [267]. Similar in vivo
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experiments would be valuable to assess the clinical potential of combined treatment
with HAR or PIP and standard chemotherapeutic agents. The in vivo anticancer
activity of HAR or PIP combined with BEZ235 might be evaluated using our
U20S/TRIB2 cells xenografted into mice [310]. The resistance-reversal effect of HAR
and PIP must be investigated in relevant clinical models and combined with standard
therapeutic agents in cancers with TRIB2-induced resistance. A potential clinical
model could be a melanoma patient-derived orthotopic xenograft (PDOX) mouse
model derived from metastasis tissue from a melanoma patient with elevated
expression of TRIB2, similar to other studies [311]. Ultimately, if HAR or PIP are
successful, they can be incorporated into the standard treatment protocol for patients
identified with suffering from cancers that present TRIB2-mediated resistance in a
personalized medicine approach.

Taken together, our findings suggest that the natural alkaloids PIP and HAR
might be beneficial in the clinic to overcome therapy resistance and improve the
clinical outcome of treatments for patients with advanced melanoma and other tumour

types.
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Concluding remarks

Our lab has previously shown that the tumour suppressor FOXO is the central
downstream transcriptional mediator of the PI3BK/AKT pathway after PI3K inhibition,
which is crucial for the anti-cancer action of several drugs, particularly PI3K pathway
inhibitors, including BEZ235. Our lab previously established TRIB2 as an oncogenic
protein that suppresses FOXO, and we hypothesized that TRIB2 mediates resistance
to BEZ235 treatment by altering the gene expression profile of the cells, rendering
them less sensitive to BEZ235 toxicity. We have confirmed that TRIB2 impacts cells
at the transcriptional level by modulating genes involved with cancer progression,
resulting in drug resistance.

Given the transcriptional changes resulting from TRIB2 overexpression that
lead to a decrease in BEZ235 efficacy, we hypothesized that TRIB2 resistance effects
could decrease with drugs that counteract these effects by reverting the gene
expression signature of cells. We used the cMAP tool, a gene expression database,
to identify candidate compounds that elicit transcriptional signatures opposite TRIB2.
We discovered two compounds, HAR and PIP, that produce transcription signatures
in cells opposite the TRIB2-induced transcriptional signature. This effect was enough
to render cells sensitive to BEZ235 toxicity in the presence of TRIB2, ultimately
reversing TRIB2-mediated resistance. Although this mechanism is still not fully
characterized, we showed that HAR and PIP decrease the activity of the PISK/AKT
signalling pathway and reactivate FOXO transcriptional activity by inducing FOXO
nuclear translocation. Considering that HAR and PIP successfully reverted TRIB2
resistance via reversal of transcriptional signature of the cells, we confirmed the
robustness of the cMAP tool to generate candidate compounds for experimental
validation.

Identifying molecular mechanisms involved in drug resistance or sensitization

to targeted therapy is of enormous clinical importance. Therefore our results are the
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proof of concept that TRIB2-mediated resistance can be pharmacologically targeted,
using drugs that induce FOXO activation by modulating AKT activity.

Ultimately, our results might pave the way to a personalized clinical application
to combine the treatment of tumours with high TRIB2 expression with agents such as
HAR or PIP. Reducing the intrinsic and acquired resistance in TRIB2-induced resistant

cancers may significantly improve the clinical outcome of anti-cancer therapies.
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