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ABBREVIATIONS

ADP - Adenosine diphosphate

ATP - Adenosine triphosphate

CRISPR - Clustered regularly interspaced short palindromic repeats

EMP - Epithelial-mesenchymal plasticity

EMT - Epithelial-mesenchymal transition

MET - Mesenchymal-epithelial transition

PTC - Papillary thyroid carcinoma

ZEB1 - Zinc finger E-box-binding homoeobox 1

CD73 - Ecto-5′-nucleotidase/cluster of differentiation 73

NT5E - Ecto-5′-nucleotidase/CD73 encoding gene

TC - Thyroid carcinoma

DTC - Differentiated thyroid carcinoma

PTC - Papillary thyroid carcinoma

FTC - Follicular thyroid carcinoma
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ABSTRACT

Epithelial-mesenchymal transition (EMT) represents an essential process

associated with the advancement of tumors, resistance to therapy, and unfavorable

prognosis in various cancer types. Nevertheless, the endeavor to focus on EMT or

partial-EMT has persisted as a formidable challenge. The CD73 enzyme, a crucial

ectonucleotidase in the adenosinergic signaling cascade, has been associated with

EMT. Additionally, CD73 has been associated with cancer progression and the

invasive front of tumors just as ZEB1, a key transcription factor in EMT. The

present work provides an overview of the interplay between the adenosinergic

pathway and the EMT program, and its implications for the advancement of cancer

cells. Firstly, we present an in silico analysis of RNAseq datasets which reveals

that numerous tumor types exhibit a noteworthy association between the

expression of NT5E (CD73) and an EMT score. Moreover, it is apparent that the

collaboration between EMT and the adenosinergic pathway in the advancement of

tumors is reliant on the specific cellular context and type of tumor. Emerging

evidence indicates a significant association between EMT and the adenosinergic

pathway, as so, we centered the next steps of our investigation on examining the

associations between ZEB1, a pivotal constituent of EMT, and CD73, a vital

element of the adenosinergic pathway. The post-transcriptional regulation of ZEB1

expression was measured in cell lines derived from papillary thyroid carcinoma

(PTC) upon silencing of CD73 expression. Cells lacking CD73 exhibited a

reduction in the expression of ZEB1. Furthermore, a correlation was observed
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between the expressions of CD73 and ZEB1 and alterations in cellular

morphological features that are implicated in cellular migration, including cell

polarity index and cell migration speed. Collectively, our findings suggest that the

post-transcriptional control of ZEB1 could be affected by CD73, experiencing

suppression in its absence in PTC. Additional research is required to clarify the

mechanisms of association between CD73 and ZEB1, with the objective of

identifying them as potential therapeutic options for cancer treatment in the

foreseeable future.
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INTRODUCTION

1. Papillary Thyroid Carcinoma

Thyroid carcinoma (TC) is the most common endocrine malignancy

(ULISSE et al., 2021). The main types of TC are differentiated, anaplastic

and medullary, with differentiated thyroid carcinoma (DTC) representing the

majority of TC cases (DIAS LOPES et al., 2020). DTC has its origins in

epithelial follicular cells and includes two histological types, papillary thyroid

carcinoma (PTC) and follicular thyroid carcinoma (FTC) (ABOELNAGA;

AHMED, 2015). Between them, PTC is the most frequent one, accounting

for approximately 85% of all cancers at this site (ALI; CIBAS, 2017).

Although PTC has a 10-years-survival rate of approximately 90%,

recurrence is a major adverse event, since it leads to surgical procedures

and radioactive iodine ablation (BERGDORF et al., 2019; GHARIB et al.,

2016; HAUGEN et al., 2016).

Papillary thyroid carcinoma is distinguished histologically by the

presence of aggregated, large, ovoid nuclei with a ground glass appearance

and, in some cases, by the presence of nuclear fissures (LAM, 2022).

Nuclear pseudoinclusion can also be found and refers to intranuclear

cytoplasmic herniations in the absence or rarity of mitotic figures (LIVOLSI,

2011). In a subset of papillary carcinomas, the nuclear characteristics are

not as well developed or are limited to focal regions. Some papillary

carcinomas can be circumscribed or encapsulated. Ordinarily arboriform,
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the papillae have a fine fibrovascular cluster and follicles are frequently

present and differ in size and shape, but they are typically elongated,

irregular, and filled with thick colloids (AL-BRAHIM; ASA, 2006; BARNES,

2019).

Even though papillary thyroid carcinoma is characterized by

moderate growth and favorable prognosis, PTC recurrence is, however, a

major adverse event after initial treatment, and ranges widely from 1% to

40% depending on the clinicopathological features and molecular signature,

particularly when harboring mutation BRAFV600E in combination with TERT

promoter (HAUGEN et al., 2016; JEONG et al., 2020). In addition to the

clinical-pathological characteristics considered to contribute to a higher or

lower risk of disease recurrence, the American Thyroid Association

guideline suggests to include the presence or absence and degree of

vascular invasion, multifocality, number and size of cervical lymph nodes

with metastases, and the presence or absence of capsular invasion

(HAUGEN et al., 2016). The collection of these information is important

since to enhance the therapeutic approach, it is crucial to identify new risk

factors for relapse.

PTC treatment involves, following a complete thyroidectomy, the

administration of radioactive iodine to treat any remaining or metastatic

illness or to ablate any remaining tissue (CHAN; KWONG, 2022).

Metastases in PTC occur through blood vessels from thyroid lymph nodes to

regional lymph nodes and, less often, for the lungs (SCHLUMBERGER;

BAUDIN; TRAVAGLI, 1998). In PTC, metastases outside the region of the
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neck are less frequent (5-7%) (LIVOLSI, 2011). Among the

clinical-pathological characteristics considered at high risk are advanced

age at diagnosis, size of the primary tumor, extrathyroidal invasion, lymph

node metastasis, distant metastasis and advanced stages of the disease

(JARZAB; HANDKIEWICZ-JUNAK, 2007; MAO et al., 2020).

2. Epithelial-mesenchymal plasticity

The process a cell with epithelial phenotype suffers when becoming a

mesenchymal cell is called epithelial-mesenchymal transition (EMT) or

epithelial-mesenchymal plasticity (EMP). EMT was first described in 1982 by

Greenberg and Hay, who showed that the cell microenvironment changes

cell morphology and migratory abilities in vitro (GREENBURG; HAY, 1982).

In 1994, the first evidence of EMT in vivo showed that EMT activation was

essential for mesoderm and neural crest formation (NIETO et al., 1994).

Since then, EMT has been shown to be involved in embryonic development,

wound healing and cancer metastasis, gaining substantial relevance as a

matter of study for tumor progression.

Furthermore, functional characteristics of EMT transition states are

high proliferation, invasion, plasticity, stemness and metastatic capacity

(PASTUSHENKO et al., 2018). These characteristics are regulated by the

bidirectional crosstalk existent between the stromal microenvironment and

carcinoma cells undergoing EMT operating within individual tumors

(DONGRE; WEINBERG, 2019). Moreover, EMT regulation involves

transcription factors that execute roles from cancer initiation to resistance to
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therapy, being able to maintain the mesenchymal phenotype and increasing

tumorigenicity (PUISIEUX; BRABLETZ; CARAMEL, 2014).

The first molecular transformation switch to the mesenchymal state is

the decrease in epithelial cell adhesion molecule (EpCAM) and CDH1

(Cadherin 1/E-cadherin) expression levels and concomitant increase in

vimentin (PASTUSHENKO et al., 2018). After EMT activation, E-cadherin

(CDH1) expression is repressed, leading to loss of polygonal epithelial cell

morphology and acquisition of spindle-shaped morphology. Mesenchymal

markers begin to emerge, with emphasis on N-cadherin, vimentin,

fibronectin and β1 and β3 integrins (DONGRE; WEINBERG, 2019). These

indicators of occurring EMT are increasingly associated with cell

characteristics that suggest more hostile phenotypes.

EMT markers may represent chemoresistant and/or more invasive

cell states, consequently presenting major imputations to cancer

development (BRABLETZ et al., 2018). Additionally, EMT protein markers

are used by pathologists as very specific indicators of high-grade

malignancy (KALLURI, 2009). The various combinations of mesenchymal

and epithelial markers may indicate cell states crucial for the spread of

cancerous cells, but they are still an incipient subject with very little

knowledge about its different configurations in specific tumor types and host

sites.

Besides the binary definition of EMT, various cell states are found in

the EMT spectrum, presenting mesenchymal and epithelial markers

concurrently (STEFANIA; VERGARA, 2017). These intermediate states
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have been referred to as partial, incomplete, or hybrid EMT states and have

been linked as major contributors to chemoresistance (PASTUSHENKO et

al., 2018). Often, hybrid EMT cells present increased invasion and

migration, while coexpressing mesenchymal and epithelial markers. They

can be divided into different EMT states, as epithelial, early hybrid EMT, late

hybrid EMT and full EMT(PASTUSHENKO; BLANPAIN, 2019). The

distinction of hybrid cell states can be very helpful when evaluating EMT

because of its complex network of regulators, as it is very rare that

carcinoma cells in spontaneously arising tumors advance into a completely

mesenchymal state (DONGRE; WEINBERG, 2019).

Transcription factors such as ZEB1, Twist1/2 and Snai1 are

characteristic of early hybrid to full EMT transition states, while Trp63, Klf4

and Ovol1 configure the epithelial state (PASTUSHENKO; BLANPAIN,

2019). Consisting on a crucial component of EMT, Zinc finger E-box binding

homeobox 1 (ZEB1) is a robust repressor of epithelial genes, being

correlated with poor outcomes in cancer, including chemotherapy

resistance, immune suppression, and metastasis (SMITA et al., 2018;

SPADERNA et al., 2008; WANG et al., 2017). It was also demonstrated that

ZEB1 is required for efficient invasion and metastasis in a mouse model

(KREBS et al., 2017).

ZEB1 centrality in EMP has diffusive motifs, being involved with

RAS/ERK (BAE et al., 2013), TGFβ (GREGORY et al., 2011), PI3K/Akt

(CHEN; PLEBANSKI, 2020), and NFκB (CHUA et al., 2007) pathways,

contributing to propel tumorigenesis and metastasis (PEREZ-OQUENDO;
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GIBBONS, 2022). The transcriptional regulation of ZEB1 is, in many cases,

context- or tumor-specific, and its dynamic chromatin modifications can be

responsible for ZEB1 expression variance (GUENTHER et al., 2007; KHAN;

LEE; ROH, 2015; MUELLER et al., 2007). Due to its complexity and

importance when studying many types of cancer, ZEB1 is a relevant

selection amongst EMT transcription factors as a matter of investigation.

It is important to give notice to the post-transcriptional regulation of

ZEB1, since it can play a major part when it comes to tumor progression. It

mainly involves a feedback loop named ZEB1/miR200 axis that functions

both ways: miR200 repressing ZEB1 mRNA in the 3’-untranslated region

(3’-UTR) and ZEB1 repressing the miR-200 family via binding to its

promoter regions (GREGORY et al., 2008; KORPAL et al., 2008). If a double

feedback loop like ZEB1/miR200 is disrupted, it can lead to ZEB1-mediated

tumor progression, promoting cell invasive and chemoresistant phenotypes,

since it consists of a regulation mechanism of cellular plasticity,

(de)differentiation, and EMT machinery (GREGORY et al., 2008; KORPAL

et al., 2011; PARK et al., 2008; TIAN et al., 2014; ZHANG et al., 2019).

The miR-200 family elicits a cell migration inhibitory effect by

targeting ZEB1, but it can also inhibit metastasis in a ZEB1-independent

manner via protein kinase Cα (PKCα) (HUMPHRIES et al., 2014). Besides

the independent effect, the interplay between ZEB1 and miRNA200 have

an important role in leading the cell in and out of EMT (HUMPHRIES;

YANG, 2015), and the comprehension about how the members of miR-200
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family influence cancer development in a positive or negative manner is of

utmost relevance for therapeutic advancement.

3. Adenosinergic signaling

The action of adenosine as a cellular signaling agent in relation to its

receptors and enzymes constitutes the adenosinergic signaling, which is a

critical physiological process, being involved with immune and

cardiovascular functions and neurotransmission (CAMPOS-CONTRERAS;

DÍAZ-MUÑOZ; VÁZQUEZ-CUEVAS, 2020). Various components of the

adenosinergic pathway, from enzymes to receptors and metabolites, play

key roles in tumor progression. Amongst the adenosinergic signaling

receptors are A1R, A2AR, A2BR, and A3R, which have different parts in the

tumor microenvironment.

A1R is primarily located in the brain, regulating neuronal excitability,

while A2AR is in the brain tissue, immune cells and blood vessels,

regulating dopamine release, inflammation, and vasodilation. Dual-faced as

other players of the adenosinergic pathway, A1Rs was suggested to

promote breast cancer cell propagation and melanoma cell chemotaxis, but

its levels are minimal in advanced prostate cancer (GESSI et al., 2011; LIN

et al., 2010; MIRZA et al., 2005; MOUSAVI et al., 2015). It also has a

protective effect in endometrial carcinoma through stimulating actin

polymerization, enhancing cell–cell adhesion, and maintaining epithelial

structure (BOWSER et al., 2016). A2BR is found in many tissues, including

immune cells, and plays a role in inflammation, angiogenesis, and cell
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proliferation, while A3R is involved in inflammation regulation, cell

proliferation, and apoptosis, and its activation has been demonstrated to

have anti-inflammatory and anti-tumor effects (BOREA et al., 2018;

GORAIN et al., 2019; VAN CALKER et al., 2019).

Research on A2AR and A2BR also demonstrated controversial

findings. Induction of tumor cell A2ARs may increase proliferation of breast

cancer cells, or induce cell demise in melanoma cells (FLAMENT, 2009;

MERIGHI et al., 2002). Nevertheless, there is indication that A2BR

activation inhibits proliferation via the ERK pathway (GESSI et al., 2011).

Moreover, the receptor is overexpressed in oral squamous cell carcinoma,

and its suppression seems to reduce tumor growth (KASAMA et al., 2015).

A2BR may also play a significant part in promoting invasion and metastasis,

since its activation has been shown to result in a buildup of non-prenylated

Rap 1B, a small GTPase that regulates cell adhesion (NTANTIE et al.,

2013). Additionally, the inhibition of A2BR inhibits the growth of bladder and

breast tumors in mice, most likely by enhancing T-cell-mediated antitumor

response (CEKIC et al., 2012).

The function of A3Rs in cancer has been studied more extensively,

also presenting contradictory results. A3Rs are expressed by numerous

human tumor cell lines, as well as by a number of primary human tumors,

where its expression could be associated with the development of the

disease (GESSI et al., 2004, 2011). Besides, stimulation of the A3R inhibits

the proliferation of various cancer cells, but promotes the proliferation of

colon cancer cells (GESSI et al., 2011). Considering that the A3R couples
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with the glycogen synthase kinase (GSK)-3 WNT/catenin pathway, it was

proposed to prevent proliferation via this route (FISHMAN et al., 2004).

Regardless of the contradictory findings on A3R, it is the most extensively

disseminated and pharmacologically accessible adenosine receptor in

cancer cells.

Amongst the adenosinergic enzymes are the ectonucleotidases,

which can regulate cell behavior by controlling the level of extracellular

nucleotides, since they are in charge of hydrolyzing nucleotides into different

nucleosides (HÄUSLER et al., 2011). Cell proliferation and metastasis in

ovarian cancer, for instance, are mainly caused by the overexpression of

these enzymes, which are present in nearly all cells (LUPIA et al., 2018).

Ectonucleotidases are divided into four main families, including alkaline

phosphatases (APs), ecto-5′-nucleotidase (e5NT)/CD73, ectonucleoside

triphosphate diphosphohydrolases (NTPDases), and ectonucleotide

pyrophosphatase/phosphodiesterases (ENPPs) (AL-RASHIDA et al., 2017).

Important ectonucleotidases for controlling immunological

homeostasis in cancer cells include CD39, encoded by ENTPD1 gene, and

CD73, encoded by NT5E gene. While CD73 dephosphorylates AMP to

produce adenosine, CD39 is responsible for the catalytic conversion of ATP

to AMP (ALLARD et al., 2016; ANTONIOLI et al., 2013). Since adenosine

has been the focus of cancer research for several years, its function is more

widely recognized than that of ATP. The product of CD73, adenosine, is one

of the most multifaceted biochemical components of the tumor

microenvironment (TME), influencing both host and tumor responses.
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Moreover, it is well-known for its potent immunosuppressive and

anti-inflammatory effects on the host.

However, the effect adenosine has on the tumor itself is dependent

on the specific receptors exhibited by tumor cells, so stimulation and

inhibition of tumor growth have been reported. Due to the effect of

transcription factors such as Sp1, Stat3, and Gfi-1, tumor-associated

macrophages express higher levels of CD39 and CD73 under hypoxic

conditions, which causes a large-scale production of immunosuppressive

adenosine (BONO et al., 2015). While in murine tumor models of breast

cancer and prostate cancer as well as in xenograft models of human breast

cancer, NT5E has been shown to support tumor angiogenesis (ALLARD et

al., 2014; WANG et al., 2013; ZHOU et al., 2007). Similarly, human breast

cancer cells, as well as melanoma cells from mice and humans, were

encouraged to invade and metastasize by NT5E expression (BURGHOFF et

al., 2014; WANG et al., 2008).

Diverse cancer cohorts have associated poor patient outcomes with

CD73 overexpression (JEONG et al., 2020; LECLERC et al., 2016; PARK et

al., 2018; TURCOTTE et al., 2015). One of the reasons for this association

is that adenosine from CD73 promotes immune escape via lymphocytes

immunosuppression while increasing tumor cell migration (STAGG et al.,

2010). Additionally, CD73 participation in metastasis goes beyond its

enzymatic role in generating adenosine, since its enzyme-independent

function also contributes to the spread of cancer cells through extracellular
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matrix proteins interaction and adhesion (SADEJ et al., 2008; SADEJ;

SPYCHALA; SKLADANOWSKI, 2006).

As a metabolic regulator, adenosine is a relevant target to immune

therapies. CD39 and CD73 are known to break down extracellular ATP into

adenosine, subsequently activating adenosine receptors with antitumor and

protumor repercussions (YEGUTKIN; BOISON, 2022). In addition, the

purinome of different cancers is of great variance due to its complex and

integrated network, but the potential of attacking its participants is

promising. As previously summarized, the effectiveness of adenosine-based

therapeutic depends on overcoming major gaps in its investigation, as

ignorance of redundant pathways controlling ATP and adenosine levels, as

unawareness of the differences between receptor-dependent and

-independent effects of adenosine and as attention centralization in

extracellular adenosine without considering intracellular metabolism and

compartmentalization (BOISON; YEGUTKIN, 2019).

Interventions directioning CD73 and adenosinergic signaling in

cancer are mainly a combination of A2AR blockers and anti-CD73

antibodies, with additional benefits when using an integrated strategy with

both A2AR blockers and anti-CD73 antibodies (YOUNG et al., 2016).

Interestingly, several anti-CD73 antibodies and inhibitors are in clinical trials,

with suggestions that merging this approach together with tumor-reactive

immune cells and CAR-T cells can be potentially beneficial (BEAVIS et al.,

2017; LEONE; EMENS, 2018; SITKOVSKY et al., 2014; VIJAYAN et al.,

2017). Gene silencing via shRNA and siRNA have also been demonstrated
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to significantly block tumor angiogenesis, supporting its clinical development

for tumor therapeutics (ALLARD et al., 2014; KORDAS; OSEN;

EICHMÜLLER, 2018).

4. Interconnections between EMT and adenosinergic signaling

Purinergic signaling and the epithelial-mesenchymal plasticity (EMP)

are both essential for the initiation and development of cancer. Epithelial

cells lose their apico-basal polarity through EMT, changing into

mesenchymal cells with the ability to invade and infiltrate tissue (BRABLETZ

et al., 2018). Similarly, adenosinergic signaling governs how certain

receptors interact with extracellular purines like adenosine and ATP to

control cell functions as migration, also contributing to tumor cell

invasiveness (JEONG et al., 2020). Growing data suggest that EMT and

purinergic signaling are intertwined and that this connection is essential for

the initiation and development of cancer (ISER et al., 2022). Due to this

relevance, there is now more interest in examining how these two biological

processes interact in order to create novel treatments.

Interestingly, changes in the expression of CD73/adenosine pathway

members are correlated with EMT and have been shown to contribute to the

mesenchymal phenotype in different types of cancer (LUPIA et al., 2018;

NGUYEN et al., 2020; PETRUK et al., 2021). A study with primary ovarian

cancer cells demonstrated the co-regulation of CD73 with EMT-associated

factors such as SNAI1, TWIST1 and ZEB1, promoting a mesenchymal-like

phenotype (LUPIA et al., 2018). Additionally, nanoparticles encapsulating
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CD73/ZEB-1 siRNA molecules were shown to reduce migration and

proliferation of cancer cells in vitro and in vivo (ALZAMELY et al., 2021).

CD73 expression is also associated with decreased survival and an

unfavorable prognosis in cancer (BUISSERET et al., 2018; CAO et al.,

2021; SCIARRA et al., 2019; SHRESTHA et al., 2018; XIONG et al., 2014;

XU et al., 2020). Recently, low NT5E methylation at various sites within the

gene and elevated CD73 mRNA levels were associated with a poor

prognosis (VOGT et al., 2018). CD73/NT5E protein levels and mRNA levels

were also linked to poor prognosis in head and neck squamous cell

carcinoma, as it promoted tumor progression and metastasis (CD73 is

associated with poor prognosis in HNSCCREN et al., 2016a). In addition,

the expression of critical tumor-associated macrophage (TAM) targets that

represent emerging biomarkers for immune checkpoints, such as CD73, is

positively correlated with the immune risk score and was upregulated in

high-risk patients (YANG et al., 2021). These findings are supported by

additional research demonstrating that the upregulation of CD73 in cancer

cells correlates with tumor progression and aggressiveness, which are

EMT-related variables (MA et al., 2019; MUÑÓZ-GODÍNEZ et al., 2020;

PIETROBONO et al., 2020; CD73 is associated with poor prognosis in

HNSCCREN et al., 2016b).

In papillary thyroid carcinoma specifically, EMT influences tumor

progression by inducing thyroid follicular cells to lose cohesion, which in turn

makes them more migratory and invasive (LOPEZ-CAMPISTROUS et al.,

2021). Also, activation of EMT plays a key role in thyroid cancer progression
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by promoting capsular invasion, extrathyroidal extension and local and

distant metastasis (SHAKIB et al., 2019). CD73 is also an important player

in PTC, since it has increased expression in cell lines and biopsies,

positively influencing cell migration and proliferation and being associated

with cells from the invasive front of PTC (BERTONI et al., 2018, 2019;

JEONG et al., 2020; KONDO et al., 2006; MONTEIRO et al., 2021).

Poor survival may be attributable to the immunosuppressive

microenvironment created by ADO in a diverse set of cancers, including

PTC, protecting tumor cells from chemotherapy (DE LOURDES

MORA-GARCÍA et al., 2019; GARCÍA-ROCHA et al., 2019; LI et al., 2017).

But CD73 is not always upregulated in cancer cells and is not always

positively associated with EMT and cancer progression. There is a link

between adenosine and inhibition of cervical cancer cell migration, invasion,

and induction of apoptosis (GAO et al., 2016). Similarly, a study on

endometrial carcinoma indicates that CD73 expression is lower in

profoundly invasive tumors compared to non-invasive tumors. The authors

reported that the absence of CD73 shifted TGFβ1 from tumor suppressor to

tumor promoter, primarily by inducing the growth of stress fibers, migration,

and invasion (KURNIT et al., 2021). Moreover, ovarian carcinoma cells

treated with adenosine exhibited decreased migration and induction of

E-cadherin (MARTÍNEZ-RAMÍREZ et al., 2017), emphasizing the

context-dependent nature of CD73's effect on EMT progression and tumor

growth.
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GOALS

Main goal

To evaluate the role of CD73 in ZEB1 post-transcriptional regulation via its

3’UTR in cancer.

Specific goals

I. To understand CD73 impact on the mesenchymal phenotype;

II. To establish ZEB1 expression impact on cell morphological changes;

III. To identify how CD73 influences ZEB1 expression impact on cellular

parameters.
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CHAPTER I

The crossroads of adenosinergic pathway and epithelial-mesenchymal

plasticity in cancer

Article published in the journal Seminars in Cancer Biology

The article presented in this first chapter was a collective effort to review the

impacts of adenosinergic signaling participants over epithelial-mesenchymal

markers in various tumors, since the unknown links between these two processes

may represent new possibilities for cancer therapeutic treatment. My contribution

reflected on a shared co-first authorship, being essential for the review

development, from topics structure to rationale.
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CHAPTER II

Interconnections between CD73 and ZEB1 in papillary thyroid carcinoma

Article to be submitted to Endocrine-Related Cancer

The second chapter aims to investigate the CD73-ZEB1 relationship, two

important players in adenosinergic signaling and epithelial-mesenchymal plasticity,

specifically on cell lines derived from papillary thyroid carcinoma. My contributions

to the article went from theme suggestion and article organization to experiments

conduction and literature review.

OBS: Suprimido da tese até publicação
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DISCUSSION

Papillary thyroid carcinoma (PTC) is the most prevalent form of malignant

lesions affecting the thyroid gland, accounting for the majority of cases (ALI;

CIBAS, 2017). Although this variety of carcinoma has a favorable prognosis, it has

an estimated recurrence rate of 30% (SCHREINEMAKERS et al., 2012). The

heterogeneous nature of this tumor, as demonstrated by disparities in

histopathological characteristics, genetic factors, and prognosis, creates diverse

variables to take into consideration when studying PTC. This variation influences

treatment selection, which results in divergent protocols and contradictory data

collection. In that setting, a better understanding of possible mechanisms

contributing to PTC progression is of utmost importance and, since the

epithelial-mesenchymal transition and the adenosinergic signaling were already

demonstrated to be involved with PTC development, they are interesting targets of

investigation (BERTONI et al., 2019; JEONG et al., 2020).

The process represented by epithelial-mesenchymal transition provides a

diverse set of tumor aggressiveness markers, with the possibility of epithelial and

mesenchymal markers making combinations associated with more resistant and

migratory phenotypes (PASTUSHENKO et al., 2018; PASTUSHENKO; BLANPAIN,

2019). Similarly, players of the adenosinergic pathway are involved with aggressive

phenotypes in cancer, which can contribute to poor prognosis. CD73, an

ectonucleotidase that converts AMP into adenosine, is an important participant of

the adenosinergic contribution to malign traits, being associated with tumor
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progression in various types of cancer (ALLARD et al., 2014, 2020; LI et al., 2018;

WANG et al., 2012; YU et al., 2015). Similarly, ZEB1, one of the EMT markers, is a

crucial transcription factor correlated with cancerous cell progression and poor

survival (PEREZ-OQUENDO; GIBBONS, 2022). From this perspective, we

investigated potential associations between CD73 and ZEB1 expression, partially

connecting the adenosinergic pathway and the epithelial-mesenchymal transition.

Cancer cell heterogeneity involves genetic and non-genetic variations that

are manifested as a complex gathering of genotypic and phenotypically different

cells in the tumor microenvironment (LENZ et al., 2021). Considering these

heterogeneities, different approaches were taken to study PTC cells individually,

enabling us to observe cancer cell diversity in cell lines derived from PTC. Beyond

the assessment of the post-transcriptional regulation of ZEB1 via GFP lentiviral

transduction, cell polarity index and cell migration speed were also quantified, via

cell axis measurements and manual tracking of individual cells. An additional layer

of analysis was presented by the comparison of these cell variables between WT

cells and cells in which CD73 was inactivated via CRISPR-Cas9.

Through the evaluation of the post-transcriptional regulation of ZEB1 via

GFP fluorescence in WT and CD73 negative cell lines derived from papillary

thyroid carcinoma, we were able to explore latent links between EMT and the

adenosinergic pathway. Notably, ZEB1 expression was altered in BCPAP cells

lacking CD73 but was not modified in TPC cells. As so, it could be hypothesized

that the differences between TPC and BCPAP cell lines may play a role in ZEB1

expression dissimilarities, since BCPAP is BRAFV600E-mutated and this mutation

was previously associated with high levels of ZEB1 (RICHARD et al., 2016).
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Interestingly, dabrafenib and trametinib treatment for BRAFV600E-mutated

melanomas caused profound CD73 downregulation in tumor cells (YOUNG et al.,

2017). In addition, ZEB1 knockdown was previously associated with a reduction of

CD73 expression on the protein and mRNA level (TSIAMPALI et al., 2020). Hence,

CD73 and ZEB1 expressions association needs further investigation, because

despite the results seen in BCPAP, TPC cell did not present significant differences,

and, in order to understand this divergence, the mechanisms behind CD73 and

ZEB1 connection would have to be elucidated.

The reduction of ZEB1 expression by the deletion of CD73 suggests an

influence of CD73 on ZEB1, which is not clearly explained by the literature yet.

Considering signaling pathways connection points between CD73 and ZEB1

regulation, we can hypothesize that miR-200c can play a role in the construction of

a CD73-ZEB1 bridge, since it controls CD73 expression via SMAD2, the last

functioning as a transcriptional activator of CD73, and it also represses ZEB1

mRNA via the 3’-untranslated region (3’-UTR) (GREGORY et al., 2008; KORDAS;

OSEN; EICHMÜLLER, 2018; KORPAL et al., 2008). Besides, when trying to

identify miRNAs that affect the invasive potential of anaplastic thyroid carcinoma, it

was found that miR-200c and miR-30a–e target SMAD2, which contributes to our

conjecture (BRAUN et al., 2010).

As so, in addition to the hypothesis of an interconnection between the

ZEB1/miR200 feedback loop and the regulation of CD73 by miR200c via SMAD2,

another hypothesis that can be discussed here is the participation of the hypoxia

inducible factor-1a (HIF-1a) in the CD73-ZEB1 relationship. Recently it was
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demonstrated that TGFβ, a known EMT inducer, influences CD73 expression

positively via the mTOR-HIF-1a pathway in a trophoblast cell line (ZHU et al.,

2022). The authors observed simultaneously increased levels of pmTOR, pSMAD2

and pSMAD3 as well as CD73 after TGFβ administration, indicating a link between

SMAD signaling and mTOR activation. Moreover, after addition of a SMAD2/3

inhibitor these increases were diminished, suggesting a TGFβ-mTOR signaling

pathway in the trophoblast cell line. TGFβ-induced phosphorylation of mTOR was

also inhibited, suggesting that this phosphorylation was SMAD2/3-dependent (ZHU

et al., 2022).

Considering that CD73/NT5E is a direct target of HIF-1a, the last acting as a

NT5E transcription factor, Zhu et al. (2022) also analyzed HIF-1a activation,

observing that TGFβ enhanced HIF-1a expression in the presence of hypoxia

mimetic CoCl2, but it was reduced by rapamycin (ROZEN-ZVI et al., 2013;

SYNNESTVEDT et al., 2002). CoCl2 increased CD73 expression, but this effect

was annihilated by a HIF-1a inhibitor. Furthermore, when rapamycin suppressed

the mTOR pathway, TGFβ-mediated expression of CD73 also decreased.

Altogether, the study indicates that TGFβ may induce CD73 expression via the

mTOR-HIF-1a pathway (ZHU et al., 2022). Brought to the context of our data and

considering that TGFβ activates ZEB1 transcription by increasing pSMAD2, it can

be suggested that SMAD2 is a central contributor to associations between CD73

and ZEB1 expressions, thus requiring future exploration.

With the intent to use this tool to study potential modulation mechanisms

connecting EMT and adenosinergic signaling and aiming to examine the impacts

on cell polarity index, we measured the cells axis from WT and CD73 negative
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cells. Cell polarity can be apico-basal, as in epithelial cells, or front-rear, as in a

migratory cell state (NELSON, 2009). The transition from apico-basal to front-rear

polarity is considered a hallmark of cancer progression, turning the cells into more

invasive and metastatic phenotypes (GANDALOVIČOVÁ et al., 2016; ROYER; LU,

2011). When evaluating cell polarity index in cell lines derived from PTC, it was

revealed that BCPAP CD73 negative cells were significantly less polar than WT

cells, suggesting the importance of the ectonucleotidase for the maintenance of a

fusiform phenotype. Apart from what was already discussed on polarity in the

manuscript, it is important to notice that the absence of CD73 seemed to

homogenize cell polarity, as seen in Figure 3. Cells from the WT group presented

higher polarity index heterogeneity, which also contributed to the suggestion that

CD73 may play a relevant role in cell polarity configuration.

ZEB1 can affect the expression of cell polarity complexes, repressing

Crumbs, PATJ and Lgl, as well as tight junctions and adherens junctions proteins

via their promoter regions (AIGNER et al., 2007). Due to ZEB1's importance as an

EMT transcription factor contributing to cell polarity, we evaluated its expression in

cell lines derived from PTC, both WT and CD73 edited by CRISPR-Cas9.

Concurrently, we analyzed polarity index and cell speed for the same cells

individually. Contrastingly, the expected correlation between ZEB1 expression and

cell polarity index and between ZEB1 expression and cell speed observed in WT

cells were lost in CD73 negative cells, also indicating the importance of this gene

to the maintenance of the link between these processes. Since SMAD2 may

contribute to the connection between CD73 and ZEB1 expressions association, it
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can also be related with the regulatory mechanism affecting the correlations

between their expressions and the cellular parameters studied.

Interestingly, cell speed was significantly higher in TPC WT cells in

comparison to CD73- cells, while BCPAP WT cells did not differ from CD73- cells in

speed, but in ZEB1 expression and polarity index. Again, lineage differences as

mutations can be responsible for the contrasting results, but further investigation is

needed. As for differences caused by CD73 absence, they also suggest its

importance to ZEB1 expression and consequently for the fusiform phenotype, as

well as, for a greater extent, to cell migration potential.

To discriminate EMT transition states in PTC and explore its relation to

BRAF mutation and CD73/NT5E and ZEB1 expressions, RNAseq data from PTC

samples from a TCGA cohort were analyzed. PTC samples were divided based on

EMT profile (epithelial, hybrid and mesenchymal), and it was possible to observe

an increase in the hybrid signature expression in BRAF-mutated samples (Fig. 6A).

The patients in the hybrid state and BRAF mutated were 84%, against 75% and

36% of epithelial and mesenchymal states, respectively (Fig. 6B). Interestingly, in

response to NRAS/BRAF activation, EMT transcription factors alter their

co-regulation to support TWIST1 and ZEB1, collaborating with BRAF and

contributing to dedifferentiation and neoplastic transformation of melanocytes

(CARAMEL et al., 2013). Additionally, there are also suggestions that, at the tumor

front, TGFβ could exhibit synergistic effects with BRAFV600E, stimulating EMT

(ELOY et al., 2012). Intriguingly, both ZEB1 and NT5E expressions are

increased in the hybrid state, which encourages the hypothesis of the transition

state being of interest for further study on the ZEB1 and NT5E association.
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Unfortunately, several limitations can be pointed out in our study. First of all,

it would be ideal to have a normal thyroid cell line for comparison, enabling us to

discuss the differences between the normal cell and the tumor cell lines when it

comes to ZEB1 and CD73 expressions. Secondly, it would enrich our study if other

EMT markers were analyzed. E-cadherin, for example, would give us an

informative image to trace the opposite phenotype of ZEB1. Other markers would

also be interesting, because we could quantify different co-expressions to make a

parallel with cell variables such as speed and polarity index, as well as

associations between them. Another subject that would be interesting to be

addressed is the participation or influence of other players of the adenosinergic

pathway, using inhibitors of CD73, as APCP, or introducing ways to evaluate

adenosinergic receptors.

Despite the appointed limitations, we were able to shed light over potential

links between CD73 and ZEB1, using cellular parameters as polarity and speed to

better evaluate their interrelation. We showed that CD73 impacts ZEB1 expression

negatively in PTC, as well as has negative repercussions on cell morphology and

migration in vitro. Furthermore, we were also able to distinguish the hybrid EMT

transition state as a relevant condition to BRAF mutation presence and ZEB1 and

CD73 expressions. Altogether, we were able to superficially touch the dark matter

of EMT-adenosinergic signaling relationship, contributing to further research with

the aim to advance cancer therapy in the near future.
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PERSPECTIVES

● To add other EMT markers to the analysis, contemplating epithelial

and mesenchymal phenotypes;

● To study how different players of the adenosinergic pathway would

affect ZEB1 expression.
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CONCLUSIONS

Understanding the interdependence of the adenosinergic system and the

EMT is a valuable asset in comprehending cancer progression and therapeutic

response. The potential to utilize this knowledge in clinical settings is of significant

importance as it encompasses a wide range of neoplastic conditions. In this study,

we conducted a comprehensive analysis of the interplay between these two

biological processes and their impact on the progression of metastasis and tumor

invasion. The influence of CD73 on the post-transcriptional regulation of ZEB1 via

3’UTR in cell lines derived from PTC presented an insightful observation for future

exploration of the EMT-Adenosinergic signaling relationship. The correlation

differences between cell polarity index, cell migration speed and ZEB1 expression

in CD73 negative cells and WT cells contributed to the comprehension of possible

mechanisms associating EMT and the adenosinergic pathway. Our emphasis on

the potential interplay between CD73 and ZEB1 may contribute to a better

understanding of the contribution of these processes to papillary thyroid carcinoma

progression. The overview presented herein is anticipated to make a valuable

contribution to the formulation of strategies that are geared towards enhancing the

management of metastasis risk and increasing the overall survival rate.
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