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RESUMO

Introdugao: O cancro da préstata (CaP) é o segundo tumor mais incidente e a
quinta causa de morte relacionada com o cancro em todo o mundo. A sua natureza
heterogénea representa um obstaculo importante no tratamento e gestao clinica
dos doentes. Assim, descobrir novas assinaturas moleculares permanece uma
necessidade urgente, de forma a melhorar a estratificacdo de doentes e otimizar as
intervengoes terapéuticas.

A 5-metilcitosina (m°C) é uma das modificagbes do RNA mais comuns nos
mamiferos. As suas proteinas reguladoras, capazes de adicionar, ler ou retirar a
marca de metilagao, tém sido associadas ao processo carcinogénico, incluindo o
CaP. Adicionalmente, esta modificacdo foi descrita como um potencial
biomarcador preditivo para a tomada de decisdes de tratamento noutras doencas.

Contudo, a compreenséo do papel da marca m°C no CaP é ainda limitada. Assim,
o principal objetivo deste estudo é caraterizar de forma abrangente a marca m°C e
respetivas proteinas reguladoras no CaP.

Métodos: Foi realizada uma analise in silico utilizando o The Cancer Genome Atlas
(TCGA), onde as proteinas relacionadas com m°C foram avaliadas no CaP. Os niveis
de transcricdo dos genes mais desregulados, YTHDF2, NOP2, NSUN2 e NSUN6
foram avaliados numa série de doentes com CaP tratados com prostatectomia
radical no IPO Porto. Ensaios imunohistoquimicos (IHQ) para a proteina de NSUN2
foram realizados na mesma série, e os resultados foram analisados de acordo com
a informacao clinico-patolégica, designadamente grau e estadio tumoral.

Os niveis de NSUN2 e NOP2 foram avaliados por transcrito e Western Blot em
diferentes linhas celulares de CaP e ndo-malignas. O gene NSUN2 foi silenciado
com sucesso portransdugado com shRNA na linha celular C4-2B. Caracterizagcdo de
niveis de transcrito e de proteinas associadas a Transicdo Epitélio-Mesénquima
(TEM) foi realizada nas células C4-2B com NSUN2 shRNA.

Resultados: Varios efetores da marca m°C, incluindo NSUN2, encontram-se
significativamente aumentados na série de CaP do TCGA comparativamente com
amostras normais. Relativamente aos doentes com CaP do IPO Porto, niveis mais
elevados de transcrito de NSUN2 associaram-se significativamente com tumores
menos diferenciados e de estadios mais avangados. Observou-se ainda uma
associacéo significativa entre scores e intensidades de NSUN2 mais elevadas e
grupos de graduagdo mais elevados, bem como estadios mais avancados, em
concordéncia com a analise dos transcritos.

Adicionalmente, as linhas celulares de CaP apresentaram niveis contrastantes de
transcrito de NSUN2 comparativamente as linhas nao-malignas, sendo
especialmente mais elevados na linha celular C4-2B. A transfegdo de shRNA
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NSUNZ2 promoveu com sucesso a diminuicao de expressdo de NSUN2 nas células
C4-2B.

As proteinas relacionadas com a TEM aparentam niveis aumentados na linha
celular NSUN2 knockdown, enquanto parte das proteinas com associacao ao
fendtipo epitelial demonstram diminuigdo de valores. Contudo, a NSUN2 nao
parece ter um papel relevante na regulacao da TEM em CaP.

Conclusoes: Niveis elevados da proteina NSUN2 encontram-se associados a CaP
menos diferenciados, bem como a estadios de tumor mais avancados. Os
resultados deste estudo indicam um envolvimento da proteina reguladora NSUN2
em CaP, sugerindo uma funcao potencialmente oncogénica nesta neoplasia.

Palavras-chave: Cancro da prostata; 5-Metilcitosina; Epitranscriptomica; NSUN2
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ABSTRACT

Background: Prostate Cancer (PCa) ranks as the 2" most incident cancer and 5™
most leading cause of cancer-related deaths worldwide. Its heterogeneous nature
presents a significant hurdle in treatment and patient management. Thus, there
remains a critical need to discover new molecular signatures to improve patient
stratification and optimize therapeutic interventions.

5-Methylcytosine (m°®C) is one of the most prevalent RNA modifications in
mammals. Its regulatory proteins, capable of adding, reading or removing the
methylation mark, have been implicated in cancer, including PCa. Furthermore, this
modification was described as a potential predictive biomarker for treatment
decision-making in other malignancies.

Nonetheless, understanding of the role of m*C modification in PCa is still scarce.
Hence, the primary aim of this study is to comprehensively characterize m°C
modification and its associated regulatory proteins in PCa.

Methods: An in silico analysis was performed using The Cancer Genome Atlas
(TCGA), where m*°C-related proteins were evaluated in PCa. The transcript levels of
the most deregulated genes, YTHDF2, NOP2, NSUN2 and NSUN6 were assessed in
a series of PCa patients treated with radical prostatectomy at IPO Porto.
Immunohistochemical (IHC) assays for NSUN2 protein were carried out in the same
series, and the results were analyzed according to standard clinicopathological
variables, namely tumor grade and stage.

Additionally, NSUN2 and NOP2 transcript and protein levels were evaluated in
different PCa and non-malignant cell lines. The NSUN2 gene was successfully
knocked down by shRNA in the C4-2B cell line. Moreover, the characterization of
transcript and protein levels associated with Epithelial-Mesenchymal Transition
(EMT) was performed in C4-2B cells with NSUN2 shRNA.

Results: Several m°C players, including NSUN2, were significantly increased in the
TCGA PCa series compared to normal samples. Regarding IPO Porto PCa patients,
higher NSUN2 transcript levels were significantly associated with cases of less
differentiated tumors and more advanced stages. There was also a significant
association between higher NSUN2 IHC scores and intensities and higher group
gradings, as well as more advanced stages, in agreement with the transcript
analysis.

In addition, PCa cell lines showed contrasting NSUN2 transcript levels compared to
non-malignant lines, being especially higher in the C4-2B cell line. Transfection of
NSUNZ2 shRNA successfully promoted decreased NSUN2 expressionin C4-2B cells.
EMT-related proteins showed increased levels in the NSUN2 knockdown cell line,
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while some of the proteins associated with the epithelial phenotype were
decreased. However, NSUN2 does not appear to have a relevant role in EMT in PCa.

Conclusions: High levels of NSUN2 protein were associated with less differentiated
PCa, as well as more advanced tumor stages. The results of this study indicate an
involvement of this protein in PCa, suggesting a potentially oncogenic function in
this neoplasm.

Keywords: Prostate cancer; 5-Methylcytosine; Epitranscriptomics; NSUN2
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INTRODUCTION






Cancer: a global health management challenge

Cancer has been considered a major concern worldwide: besides being an
important barrier against the global increase in life expectancy, it presents itself as
a major economic and societal burden [1]. It is estimated that between 2020 and
2050, the global economic cost of cancer will be 25.2 trillion US dollars [2]. Besides
this, socioeconomic imbalances that may affect treatment can cause distress for
the patient [3].

According to GLOBOCAN, in 2022, cancer is responsible for one in six deaths in the
world. In terms of premature deaths, three in ten are caused by this disease. As the
numbers increase progressively within the decades, the future predictions reveal
themselves as an even bigger challenge: by 2050, it is projected that 35 million new
cases will emerge, meaning a 77% increase from 2022 [1]. This is a direct result of
the populational growth, especially in low and medium Human Development Index
(HDI) countries [1].

Prostate cancer
Disease insights: incidence, mortality and risk factors

Based on World Health Organization (WHO), prostate cancer (PCa) is the second
most incident and the fifth cause of cancer-related death in males in the world. In
almost two thirds of the world’s countries (118 of 185), PCa is the most frequently
diagnosed cancer among men (Figure 1), along with the leading cause of cancer
death among men in 52 countries. As of 2022, an estimated 1.5 million new cases
were diagnosed, and almost 400,000 deaths occurred due to PCa [1].

Incidence in males
(I Prostate I Stomach

@ Lung @ Lip/oral cavity
s Liver @S Kaposi sarcoma
@ Colorecium @ Esophagus

(T3 No data/ Not applicable

Figure 1. World map of the most incident cancer in males in each country, as of 2022. PCa is the
most common cancer in several countries. Information taken from [1]. Created with BioRender.com
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Furthermore, PCais particularly incident in transitioned countries with a high or very
high HDI (35.5 per 100,000 males, versus 12.6 in low HDI countries), mainly due to
eased access to targeted population screening and diagnostic practices [1, 4].
Contrastingly, the mortality rates are very similar between high HDI and low HDI
countries (7.3 and 6.6 deaths per 100,000 males, respectively) [1].

PCa is believed to first originate from a precursor lesion known as high grade
prostatic intraepithelial neoplasia (HG-PIN), thus being suggested as a transition
phase. HG-PIN presents abnormal cytological features in the glands or ducts of
epithelial cells in the prostate [5]. PCa is commonly divided by three subtypes, in
order of risk: clinically localized PCa, which is treatment naive; metastatic PCa, still
sensitive to hormones; and castration-resistant PCa (CRPC), metastatic and
insensitive to hormones, known as the most lethal type of PCa [5]. Most PCa
diagnoses occur in the localized stage (75 to 80%), yet around 35% of patients
relapse and metastasize, potentially evolving to CRPC in 10-20% of all cases [5].

The development of PCa is associated with several risk factors (Figure 2). Age is the
most well-established risk factor, as it is known that men with advanced age are
progressively more susceptible to developing [4]. Additionally, having family history
of PCa significantly enhances the risk of developing of this disease. Studies have
shown that men have more than double the probability of developing PCa when their
parent or sibling have been diagnosed [6]. Ethnicity also plays arole in the increased
risk: men with African ethnicity, especially from sub-Saharan Africa have higher
chances of PCa developing. It is speculated that higher prevalence of certain
genetic factors, such as variants of chromosome 8924 (which contains at least 3
independent risk regions for PCa) [7], BCL2 (cell apoptosis gene) and EphB2 (tumor
suppression gene) mutations may be related [4, 6].

Moreover, some lifestyle factors are known to increase the risk of PCa. Major factors
include obesity/high Body Mass Index (BMI), which has been associated with
aggressive PCa and cancer-specific mortality [8]; smoking, as cigarette
components have been associated with DNA damage and therefore carcinogenic
action, as wellas inducing of higher circulating hormone levels like testosterone and
androsterone, that contribute to PCa risk and overall cancer progression, and
alcoholconsumption [6]. Lastly, despite no associated biological mechanisms have
been proved, vasectomies have also been linked to an increased risk of PCa
development [6].
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Figure 2. Risk factors associated with PCa. Age, ethnicity and family history are the main risk
factors among all. Information taken from [4, 6, 7]. Created with BioRender.com.

Classifying Prostate Cancer: Gleason Score and Group Gradings

Since the first medical PCa description, made by Dr. John Adams in 1853 [9], there
has been a need to categorize it, as a way to achieve better prognosis, diagnosis and
more personalized treatment for each patient. In 1966, Dr. Donald Gleason
developed a grading and scoring system for PCa, the Gleason score. This scoring
system is based on the histological characteristics of the PCa tissues from each
patient and uses a classification scale of the patterns ranging from 1 to 5, where 1
is the most differentiated, and 5 is the least differentiated. The scoring is made by
the sum of the first and second most predominant histological patterns, and
therefore ranges from 2to 10 [10].

The Gleason score has since then been the most prevalent scoring system for PCa
management worldwide. However, some classification aspects of the scoring have
been changed. Pathologists found that scores between 2 and 5 were rarely
assigned, and concluded that the classification needed important updates[11]. The
International Society of Urological Pathology (ISUP) determined at consensus
conferences in 2005, 2014, and most recently in 2019, the introduction of several
updates for the Gleason score, named Modified ISUP Gleason score. The Modified
ISUP Gleason score now ranges from 6 to 10, with lower scores frequently not
needing direct treatment [11-13]. Importantly, in the ISUP 2014 consensus
conference, a new type of classification was symbiotically introduced, the Group
Grading (GG). The GG was first proposed in 2013, and created five prognostically
distinct grade groups, based on the likelihood of PCa progression (Table 1). As the
GG turned out as a more accurate prognosis method, the Modified ISUP Gleason
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Score and GG have since then been coupled up to ensure the best overall disease
prediction (Figure 3) [11].

Table 1. Characteristics of the five Group Gradings presented by ISUP.

Category Gleason Score Associated Risk Description

The tumor is well differentiated, more likely to

Grade Group 1 <6 Very Low/Low .
grow more slowly, and less aggressive
Intermediate
Grade Group 2 7(3+4) (Favorable) The tumor is moderately differentiated, likely to
grow (but without quick spread), and moderately
Intermediate ;
Grade G 3 7 (4+3 aggressive
rade Group ( ) (Unfavorable)
Grade Group 4 8 High/Very High
The tumor is poorly differentiated, likely to grow
and spread faster, and highly aggressive
Grade Group 5 29 High/Very High
Gleason score <6 E E
i o il
Group Grade 1 E 2 E 3 E 4 E 5
Cell Small, uniform E More stroma E Distinctly E Irregular INAsSES E Lack' of
characteristics glands ! betweenglands ! infiltrative margins ! of neoplastic ) occasional

glands gland formation

Figure 3. Histopathological characteristics of Gleason Score system associated with Group
Grading. Adapted from BioRender template with BioRender.com.

Diagnostic tools and treatment for prostate cancer

It has been known for a long time that PCa is a heterogeneous disease: although
mostly organ-confined, PCa is often multifocal. This heterogeneity poses an
obstacle for diagnosis and treatment of the patients, hence the need to have
suitable diagnostic and treatment tools, as well as an adequate follow-up [14].
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Currently, there are variate diagnostic tools available for PCa. The most known and
primary test made for suspicion of PCa is the prostate specific antigen (PSA) test,
an enzyme secreted by prostate epithelial cells. In most cases, values of PSA higher
than 3.0 ng/mL are considered the threshold for PCa. However, this enzyme is not
cancer specific, and abnormal levels may indicate other conditions, such as benign
prostatic hyperplasia (BPH) or prostatitis (inflammation of the prostate) [15, 16].
Thus, another diagnostic tool was introduced: the prostate specific antigen density
(PSA-D), which adjusts the PSA values according to the prostate volume, ensuring a
better prediction in calculating risk. Nevertheless, PSA-D remains limited due to a
lack of standardization in prostate volume categorization/definition/measurement.
Additionally, other exams are available for risk assessment, such as digital rectal
examination (DRE) and imaging techniques (magnetic resonance, ultrasound and
tomography), as well as blood and urine specific biomarkers, including Prostate
Health Index (PHI), 4K score and Prostate Cancer Gene 3 (PCA3) [15, 17, 18].
Globally, DRE associated with PSA test remains the most popular diagnostic
techniques used for PCa detection [15].

Population-based screenings have been popular for identifying individuals who
might be at risk of developing PCa. This type of screening is advised for men over 50
years of age, oryounger men who have a family history of PCa, are of African descent
or carry BRCA2 gene mutations [15].

Regarding types of treatments for PCa, many options arise, according to the clinical
needs of each patient. Radical prostatectomy has been a popular treatment and is
currently mostly done in laparoscopic or robot-assisted surgery. Radiotherapy is
also a very common technique used for PCa treatment, and can be delivered
through external beam radiation, proton beam radiation or brachytherapy [15]. Most
PCa cases (around 70-80% of total patients) are detected at initial stages and are
still organ confined. In these cases, radiotherapy sessions or radical prostatectomy
are the usual treatment approaches [19]. However, in other cases, localized PCa
can evolve to CRPC, and hormone-dependent therapies are then used, where
concomitant use of androgen deprivation therapy (ADT) and chemotherapy are
usually the preferable methods [15, 19]. ADT is a type of hormonal therapy
specifically used in PCa that binds directly and inhibits androgen receptors (AR),
since the prostate is dependent on androgens for development and growth [20].
First line ADT consists of agonists or antagonists of gonadotropin-releasing
hormone (GnRH), such as histrelin, goserelin, triptorelin, leuprolide and degarelix,
which provide castration levels of testosterone for the patients [5, 20]. At the same
time, chemotherapy is employed, where standard first line drug is docetaxel (with
usual combination of corticosteroids), and second line treatment applies
cabazitaxel or enzalutamide when docetaxel treatment is unsuccessful [5, 21].
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Epithelial-Mesenchymal Transition

The cell phenotype difference between epithelial and mesenchymal cells is one of
the most primordial divergences in organisms. Epithelial cells secure cell-cell
cohesion, which is crucial for maintaining the integrity of multicellular organisms.
They also act as a crucial barrier for regulating the internal environment
independently from the external environment. On the other hand, mesenchymal
cells offer support and structure to epithelial cells by producing an extracellular
matrix. Unlike cells with epithelial phenotype, which are confined and immobile,
mesenchymal cells present high motility and invasiveness [22].

These two different phenotypes are not static, depending on the environment and
cell type. During embryogenesis, the conversion between epithelial to
mesenchymal phenotypes — known as Epithelial-Mesenchymal Transition (EMT) —
and the opposite conversion from mesenchymal to epithelial - the Mesenchymal-
Epithelial Transition (MET) provides the flexibility needed for this process.
Additionally, it facilitates wound healing, by allowing dynamic cellular remodeling of
differentiated tissues [22].

Some of the most classical EMT-related proteins include E, P and N-Cadherin, ZO-
1, Claudins, Snail, Slug, Vimentin and B-Catenin. E-Cadherin and P-Cadherin are
associated with an epithelial phenotype, being responsible for cell-cell adhesion in
epithelial cells [23, 24]. Similarly, Claudins and ZO-1 are epithelial-linked proteins,
as they assemble into tight junctions between cells, enabling their adhesion [24-
26]. On the other hand, Vimentin and B-Catenin are related with a mesenchymal
phenotype. Vimentin acts as a facilitator for cell migration and invasion [27],
whereas B-Catenin functions as a co-activator for the inhibition of E-Cadherin [26].
Similarly to B-Catenin, Snail and Slug are transcriptional repressors from the Snail
family, and are responsible for binding to the E-Cadherin promoter, repressing its
transcription and therefore inducing the EMT process [26]. With the repression of E-
Cadherin, another protein is increased, N-cadherin, which is therefore associated
with mesenchymal cells and phenotype [23, 26].

Although EMT is an essential process for organisms, this mechanism s also involved
in diseases, such as cancer. The deregulation of transcription factors and pathways
in EMT has been associated with cancer metastasis (Figure 4), and even presents
as a hallmark of cancer [22, 28, 29]. In PCa, EMT is an important process, as it plays
a crucial role in metastatic CRPC development. Several transcription factors and
proteins related to EMT have been associated with PCa metastasis, such as
Transforming Growth Factor Beta (TGF-B), Slug, B-Catenin, and E-cadherin, among
others [30-33]. Therefore, understanding the regulation of EMT in this disease is
crucial for its management.
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Figure 4. Major transformations and characteristics of Epithelial-Mesenchymal Transition in
cancer. Information taken from [30-34]. Adapted from BioRender template with BioRender.com.

From Epigenetics to Epitranscriptomics: a new frontier in science

Epigenetics is considered an essential field of study in cancer. As a matter of fact,
non-mutational epigenetic reprogramming is now considered a hallmark of cancer,
indicating its importance in the transformation of normal cells to neoplastic [28].
The first definition of Epigenetics dates back to 1939 and comes from C.H.
Waddington as “the branch of biology which studies the causal interactions
between genes and their products, which bring the phenotype into being” [35]. As
epigenetics evolved, the currently accepted definition is “the study of heritable
changes in gene expression that occur independent of changes in the primary DNA
sequence”, and it is known that these changes are reversible [19, 36].

The main molecular mechanisms that enable epigenetic modifications are DNA
methylation, histone post-translational modifications and non-coding RNA (nhcRNA)
(Figure 5). DNA methylation refers to the addition of methyl groups and occurs
mostly in regions with a cytosine followed by a guanine, where higher
concentrations of these clustered areas are named CpG islands [37]. Histone
modifications are made through chemical processes, such as acetylation,
methylation or phosphorylation, that occur normally in specific residues of lysine in
histone tails [38]. Lastly, ncRNAs account for the vast majority of the human
genome (around 98%), and are responsible for regulation of protein-coding RNAs
[39]. ncRNAs can be divided according to its length: long ncRNAs (IncRNA) and
small ncRNAs [40]. IncRNAs are longer than 200 nucleotides, and are responsible
for the regulation of gene expression, translation, cell cycle and cellular
differentiation. Inversely, small ncRNAs are shorter than 200 nucleotides, and can
be further categorized in smaller groups, according to specific functions and length.
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Alike to IncRNAs, small ncRNAs have important functions as regulatorsin a plethora
of cellular mechanisms [41].

Nucleus
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Figure 5. Epigenetic mechanisms in the carcinogenic process. Although these mechanisms are
important in normal DNA regulation and modification, when deregulated can become enhancers for
cancer cells proliferation and growth. Created with BioRender.com.

Historically, cancer was credited to be a genetic disease, so, naturally, the study of
the genetic modifications that occurred in cancer — epigenetics —became a popular
topic of interest. However, more recently, cancer has been recognized as a broader
disease. Modifications do not occur exclusively in DNA, and over the past decade,
extensive research efforts have been made to describe the functions, nature and
biological tasks of RNA, revealing a new vital pillar in cell biology field -
Epitranscriptomics [42, 43].

Epitranscriptomics refers to the study of reversible chemical modifications that
occur in RNA molecules, including ncRNA and mRNA [43, 44]. These RNA
modifications are responsible for the regulation of gene expression, such as
oncogenes and tumor-suppressor genes. Thus, these alterations in the RNA are
responsible for the promotion of cancer cell initiation and proliferation, as well as
the regulation of invasiveness and potential for metastasis [45, 46].

Currently, more than 170 RNA modifications are known [42]. However, only a
fraction of those were already subject of study, and some of the most known are N6-
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Methyladenosine (m®fA), 5-Methylcytosine (m®C), N1-Methyladenosine (m'A), N7-
Methylguanosine (m’G), Pseudouridine (W) (Figure 6), 5-Hydroxymethylcytosine
(hm?*C) and 2'-O-Methylation (Nm). These RNA modification marks can range from
simple methylations to more complex and multistep modifications [44, 45].
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Figure 6. Molecular configuration of the main epitranscriptomic marks and its known alteration
sites in mMRNA. m®A, m°C, m'A, m’G and W remain some of the most known RNA modifications, and
can be found in all types of RNA. In mRNA, their location can vary from the coding region to the 5’ and
3’ ends. Information taken from [6, 7]. Created with BioRender.com.

Several types of proteins are responsible to promote changes in the RNA, and are
known as RNA-Modifying Proteins (RMPs). These can be further categorized as one
of three group: writers, erasers and readers. Writers are responsible for inserting the
marks, whereas erasers are responsible for removing them. Readers are the
proteins who selectively identify and bind to these alterations made by writers and
erasers [42]. Deregulations in RMPs have been already connected with human
diseases, such as cancer, obesity, neurological conditions and genetic defects [47].

The m®A mark is by far the most studied, as it was the first RNA modification mark
discovered, and is the most prevalent modified nucleotide found in mRNAs and in
ncRNAs [42, 48]. However, the study of the m°C mark has showed increasing
importance, since it is present in several types of RNA, and is linked to leukemia,
bladder, gastric, lung and gynecologic cancers, among others [43, 49, 50]. This will
be the epitranscriptomic mark further studied for this project.

The 5-Methylcytosine RNA mark

The m®C mark is an RNA chemical modification conserved in all life domains. It has
a special interest in ncRNA, since it regulates RNA’s structure, stability, and
interaction with other molecules. Importantly, m*C RNA modifications have been
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linked with drug resistance and were already described as potential predictive
biomarkers for treatment decision-making in cancer [51].

Specifically, m°C regards a specific post-transcriptional modification that involves
the addition of a methyl group to the fifth carbon of the cytosine base in RNA. All the
players involved in this mark can be seen below (Figure 7). Additionally, since the
writers add a methyl group in this mark, they are also called methyltransferases, and
inversely, erasers can also be named demethylases [52].

Methyltransferases are the most described group of the m*°C regulatory network. It
consists of the NOP2/SUN RNA Methyltransferase (NSUN) family and tRNA aspartic
acid Methyltransferase 1 (TRDMT1), also known as DNA Methyltransferase 2
(DNMT2). The NSUN family is a group of proteins that recognize RNAs within
aspartate side chains, and then target the specific cytosines. Currently, there have
been identified 7 human NSUN variants: NSUN1 (also known as NOP2), NSUN2,
NSUN3, NSUN4, NSUN5, NSUN6 and NSUN7. Lastly, contrary to its name, DNMT2
does not only methylate DNA, but also molecules of RNA, and, surprisingly, has a
preference for specific binding to mRNA in detriment to DNA [50].

These methyltransferases can be found in the nucleus (NOP2, NSUN2, NSUN5 and
TRDMT1), in the cytoplasm (NSUN2, NSUN6, NSUN7 and TRDMT1), and in the
mitochondria (NSUN3 and NSUNA4) [53]. Additionally, the NSUN family has been
recognized as involved in m*C methylation in mRNA, tRNA, rRNA, mtRNA, and even
ncRNA, while TRDMT1 has been implied in tRNA methylation only [50]. More
specificallyy, mRNA stability, translation and export from the nucleus is solely
regulated by NSUN2, whereas tRNA cleavage and charging is controlled by NSUN2
and TRDMT1. Furthermore, ribosomal and mitochondrial assembly are regulated by
NSUN2 and NSUNA4, respectively, while NOP2, NSUN3, NSUN7 and TRDMT1 are
responsible for transcription regulation [50, 53].

Next, the specific demethylases for m°C RNA mark are the Ten-Eleven Translocation
(TET) family, that consist of TET1, TET2 and TET3 [50]. These erasers work by
mediating the base oxidation in m°*C, however, the mechanism used for this process
is still not elucidated, as different theories are still proposed [50, 54]. Due to its
function, these demethylases can be found all around the cell. Additionally, mRNA
oxidation is regulated by TET1 and TET2, while the latter protein is also capable of
regulating tRNA oxidation (therefore altering its fragments) [54, 55]. Mutations in
TET2 have also been implied in hematologic malignancies, such as leukemia [55].

Lastly, the readers for m°C are YTH Domain-containing Family 2 (YTHDF2), ALYREF
Export Factor (ALYREF), and Y-box Binding Protein 1 (YBX1). Readers act as a type of
barcode reader, which influences biological processes by recognizing and binding
to m®°C sites [50, 54]. Additionally, YTHDF2 is a common reader between m°*C and
mSA RNA mark [56], and can be found in the cytoplasm and nucleus. ALYREF is only
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present in the nucleus, while YBX1 is present in both sites, but is mainly located in
the cytoplasm. In terms of functions, rRNA processing is regulated by YTHDF2,
whereas ALYREF and YBX1 are responsible for mRNA stabilization and shuttling
from the nucleus to cytoplasm [50, 54]. However, little is still known about these
readers, and further investigation of novel specific binding proteins might be needed
[50].
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Figure 7. Effectors of RNA m°C, divided by its function. Writers (or methyltransferases) are
responsible for the addition of the m®C mark, whereas erasers (or demethylases) remove these
marks. Readers are the proteins capable of reading all these alterations made in the RNA. Created
with BioRender.com.
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Aims

Epitranscriptomics has emerged as a key field of study in oncology, shedding light
onthe dynamic modifications of RNA and its impact on gene expression and cellular
function in tumor development. Much is now known about the link between
epitranscriptomics and cancer, especially in m®A, that is currently associated with
the development of a plethora of diseases, such as prostate, ovarian, lung, bladder
and breast cancers, between many others [57-62]. However, the main functions of
m°®C, specifically in PCa, remain unknown.

With this in mind, the main aim of this Master’s Dissertation is to comprehensively
characterize the m®*C mark in PCa, and understand its importance in functional and
regulatory networks. More specifically, this project is divided into three major
sections:

Aim 1: Profiling of m°C regulators in PCa samples.
Aim 2: Assess m°C regulators’ expression in PCa cell lines.

Aim 3: Dissecting the role of the most aberrantly altered m®C regulator in PCa
development.
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MATERIALS & METHODS






In silico analysis

An in silico analysis was conducted to assess the mRNA expression levels of
different m°C players: NSUN1 to 7, TRDMT1, YBX1, YTHDF2, ALYREF, and TET1 to 3.
The Cancer Genome Atlas (TCGA) database for PCa, comprising 492 PCa samples
and 52 normal prostate samples was used for in silico analysis through the Gene
Expression Profiling Interactive Analysis (GEPIA) web server platform and cBioPortal
for Cancer Genomics.

The cBioPortal for Cancer Genomics was selected to determine the frequency of
gene alterations in all m°C players. The standard processing pipeline used for m°C
players expression analysis is: |Log,FC| Cutoff=0.05, p-value cutoff=0.01 [63].

Patients’ selection and sample collection

Fresh frozen tissues from an independent cohort of 45 patients with PCa submitted
to radical prostatectomy at the Portuguese Oncology Institute of Porto (IPO Porto)
between 2001 and 2005 were selected. The patients were divided by ISUP GG: 10
patients from GG1, 10 patients from GG2, 10 patients from GGS3, 5 patients from
GG4, and 10 patients from GG5. A matching set of 45 formalin-fixed and paraffin-
embedded tissues was retrieved from the archives of the Department of Pathology
at IPO Porto. Normal prostate formalin-fixed and paraffin-embedded tissue from 10
patients submitted to cystoprostatectomy (CP) due to bladder cancer were also
used for control purposes. Clinical-pathological characteristics from the PCa
patients, as well as the 10 CP patients used for control purposes, can be seenin the
table below (Table 2).

Allthe clinicalfiles and pathology reports were thoroughly reviewed. Additionally, all
histological slides were reviewed by a pathologist, and tumors were classified in
consideration of the most recent criteria [64]. This study was approved by the Ethics
Committee (Comissao de Etica para a Satde) of IPO Porto (CES-IPO n°® 2016.019).
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Table 2. Clinical and pathological features of PCa and CP patients’ cohort.

: Clinical
. Median i i
Noof Median PSA at Dletxﬁn:s:)/s recurrence Pathological stage (%)
Patients age at . i method (%) (%)
cases . . diagnosis
diagnosis .
(ng/mL) PSA Biopsy No Yes pT2a pl2b pT3a pl3b
GG1 10 60 years 12.39 1 5 9 1 0 1 7 2
(51 -66) (6-20)  (10%) (50%) (90%) (10%) (10%) (70%) (20%)
64.7 years 10.89 4 8 2 3 7
GG2 10 (53-68)  (7.43-15) 0 (40%)  (80%) (20%) 0 (30%) (70%) 0
. 62.9 years 10.61 5 9 1 4 2 4
"°‘;‘2':ed GG3 10 (51-71) (35-17.7) ° (50%) (90%) (10%) O (40%) (20%) (40%)
GG4 5 62.7 years 8.90 0 1 4 1 1 0 2 2
(60-66)  (4.03-15) (20%)  (80%) (20%) (20%) (40%) (40%)
11.80
62.6 years 1 4 6 4 6
GGS 10 (52 - 69) 265?837; 0 (20%)  (40%) (60%) 0 0 (40%) (60%)
68,9 years
CP 10 (54 - 80) n.a. n.a. n.a. n.a.

n.a.—Non applicable.

RNA extraction and cDNA synthesis

RNA was extracted from various prostate cell lines with the use of TRIzol reagent
(Thermo Scientific Inc., USA) (Figure 8). In this procedure, the cell flask was washed
with phosphate buffered saline (PBS) 1x, and 1 mL of TRIzol was added. Then, the
cells were scraped, and the mixture was transferred to a tube and let homogenize
for 5 min at room temperature. Next, 200 uL of chloroform was added, and left to
homogenize for 2 min. After a centrifugation at 10000 RPM for 15 min at 4 °C, three
phases were created: an organic phase at the base, with a reddish color and
consisting of proteins and lipids from the cells, an interphase, containing DNA, and
an aqueous phase at the top, containing the total RNA from the cells. The aqueous
phase was transferred to a new RNAse-free tube, and 500 pL of isopropanol was
added for 5 min at room temperature to RNA precipitation, following centrifugation
for 10 min at 4 °C. Then, the supernatant was discarded, and the RNA was washed
twice with 1 mL of ethanol 75% and centrifuged at 10000 RPM for 5 min at 4 °C.
Finally, the supernatant was discarded, the tubes were left upside down for 30 min
to evaporate the remaining ethanol, and the RNA was resuspended with 10 pL of
bidistilled water and stored for longer periods of time at -80 °C.

For the complementary DNA (cDNA) synthesis from the extracted RNA, a previous
RNA quantification was done using the NanoDrop Spectrophotometry System
(Thermo Scientific Inc., USA). This system measures the absorbance of RNA at a
wavelength of 260 nm (A260). The analysis was made with 1 pL of bidistilled water
as a blank, and 1 pL of RNA was used to measure concentration and purity. Ideal
samples have a concentration between 100 — 1000 ng/pL, and a A260/A280 purity
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ratio of approximately 2. Higher or lower than 2 purity ratios are suggestive of DNA,
protein or phenols contamination.

Regarding the cDNA synthesis itself, the kit used to transform the RNA into cDNA
was RevertAid First Strand cDNA Synthesis Kit (Thermo Scientific Inc., USA) (Figure
9), becauseituses an appropriate transcriptase, presenting a lower RNase H activity
in comparison with other reverse transcriptases (RT), such as Avian Myeloblastosis
Virus (AMV).

Firstly, proper dilutions of each sample were made, according to its concentration,
for a quantity of 1000 ngin avolume of 11 pL. Then, 1 pL of random hexamer primers
were added to each tube, transferred to a Veriti thermocycler (Thermo Scientific
Inc., USA), and put in a program of 65 °C for 5 min. Next, 8 uL of a mix of RiboLock
RNase inhibitor, dNTPs at 10 nM, 5x Reaction buffer and RevertAid RT enzyme was
added to the tubes, prefacing a total volume of 20 pL. Lastly, the tubes were put to
a program in the thermocycler of 5 min at 25 °C, 60 min at42 °C, and 5 min at 70 °C,
for the final conversion into cDNA. The storage was made at -20 °C.

RNA isolate
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Figure 8. Basic steps of RNA extraction assay. Created with BioRender.com.
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Figure 9. Basic steps of cDNA synthesis assay. Created with BioRender.com.

Reverse Transcriptase Quantitative PCR

Following the cDNA synthesis from RNA extracted from cell lines, Reverse
transcriptase quantitative PCR (RT-gPCR) was performed in these samples, as well
as in the described fresh frozen PCa cohort.
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In this process, cDNA at 5 ng/uL was combined with Xpert Fast SYBR (GRiSP, Porto,
Portugal) (with 4 pL of ROX per vial previously added) and primers mix (forward and
reverse) at 10 uM, totaling a final volume of 10 pL per reaction well. Every sample
was made in triplicates, to ensure curve efficiency, and positive and negative

controls were used to each primer employed, to confirm its quality. After adding the
cDNA, SYBR and primers, the 384-well PCR plates were sealed and centrifuged at
1000 RPM for 1 min at room temperature. Lastly, the plates were transferred to the
Real-Time PCR (RT-PCR) thermocycler QuantStudio 12K Flex (Applied Biosystems,
Thermo Scientific Inc., USA), and put to a specific temperature (ranging from a
temperature of annealing of 60 °C to 66 °C) and cycle program (ranging from 40
cycles to 45 cycles), according to each primer. The forward and reverse sequences,

as well as annealing temperature of each primer can be seen below (Table 3).

Table 3. Characteristics of primers used in RT-qPCR.

Gene Foward Sequence (5’ - 3’) Reverse Sequence (3’-5’) T:n:::?:\it?;gre
TPJ1 TGGATTTACCTGTCAGTCCATCT CAGCCGCAACCCACACTAT 60°C
CDH Il AGGCTTCTGGTGAAATCGCA GCAGTTGCTAAACTTCACATTGAG 64°C
CDH I CTTTGACGCCGAGAGCTACA AAATTCACTCTGCCCAGGACG 64°C
CDH Il GAGGAGATTGCCAAGTATGAGC GTCACGATGATGGAGATGTTCA 66 °C
CTNNB1 AGGGCTTACTGGCCATCTTT AAGGTTGTGGAGAGTTGTAATGG 64°C
ViM CGAAAACACCCTGCAATCTT CTGGATTTCCTCTTCGTGGA 60°C
SNAI2 TGGTTGCTTCAAGGACACAT GCAAATGCTCTGTTGCAGTG 60°C
SNAI1 CCCAATCGGAAGCCTAACTA GGACAGAGTCCCAGATGAGC 64°C
CLDN1 GATGAGGTGCAGAAGATGAGGAT GACTGGGGTCATAGGGTCATAGAAT 60°C
GUSB CACTGAAGAGTACCAGAAAAGTC TCTCTGCCGAGTGAAGATCC 60 °C-66 °C*
YTHDF2 GGAGCAGAGACCAAAAGGTCA GCATTATTGGGCCTTGCCTG 60°C
NOP2 GGAGATTGGGCTCTGTTGAAG AGCTCCTTTTGGTAGCTTTCC 60°C
NSUN2 GAACTTGCCTGGCACACAAAT TGCTAACAGCTTCTTGACGACTA 60°C
NSUN6 TCTCAGCCCTTCATTTGACAGT TCCAGTGCTATAACTTCTCCCTG 60°C

*The sequence of GUSB primer can handle different temperatures of annealing, ranging from 60 °C
to 66 °C.

Immunohistochemistry

Immunohistochemistry (IHC) was performed in slides from the matched samples of

PCa patients submitted to prostatectomy at IPO Porto. The levels of the reader
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NSUN2 were evaluated in patients’ tissues using the Novolink Max Polymer
Detection System (LeicaBio systems, Germany) (Erro! A origem da referéncia nao
foi encontrada.). Colon tumor tissue was used as IHC positive control for NSUN2
expression. Several optimizations were made to achieve ideal IHC efficacy.

Thick sections of 4 pm were cut using a micrometer and placed in coated slides. To
help the paraffin melting, the slides were putin an oven at 60 °C for at least 15 min.
Subsequently, the slides were deparaffinated, with two baths of xylene for 10 min
each, and hydrated in ethanol baths with decreasing concentrations: two baths at
100% for 5 min each, and 95%, 90% and 70% baths for 3 min each, respectively.
After a 3 min wash in running water, antigen retrieval was attained in
ethylenediamine tetraacetic acid (EDTA) buffer pH=8 (Abcam, Cambridge, UK) in the
microwave for 25 min at 800 W, followed by 20 min of cooling. Then, the tissues were
delimited by a hydrophobic pen, and the slides were put in a wet chamber and the
endogenous peroxidase activity was then inhibited with hydrogen peroxide solution
at 3% in methanol, for 10 minutes. Next, the slides were washed with tris-buffered
saline solution with Tween 20 (TBS-T) at 0.1%, and any unspecific binding was
blocked with horse serum at a 1:50 dilution with antibody diluent for 20 min. Lastly,
the slides were washed again in TBS-T at 0.1%, and the incubation of the NSUN2
primary antibody (1:400 dilution) (#52901, Cell Signaling) was performed overnight
at4°C.

The next day, all slides were washed with TBS-T at 0.1%, and incubated with post
primary for 30 min, followed by polymer for 30 min. The slides were then washed
again with TBS-T, followed with PBS 1x, and signal was developed with 3,3’-
Diaminobenzidine tetrahydrocloride cromogen (DAB) (Sigma-Aldrich, Germany) for
10 min and counterstained with filtered hematoxylin. Next, the slides were washed
with warm water to allow nucleus differentiation, and dehydration and
diaphanization was performed, in an opposite order from the beginning: ethanol
baths at 70%, 90% and 95% for 3 min each, respectively, and two baths at 100% for
5 min each, followed by two baths of xylene for 10 min each. Finally, the slides were
mounted in a Leica CV5030 glass coverslipper (Leica Biosystems, Germany).

Lastly, an experienced pathologist performed a semi-quantitative analysis of the
protein expression, by categorizing the slides according to intensity and overall
percentage. The intensity score was applied as 0 if immunostaining was absent, 1+
if it was less intense than the control tissues, 2+ when with similar intensity to the
control tissues, and 3+ if it presented more intensity than the control tissues.
Additionally, the percentage score was classified as 0 if less than 1% of cells were
immunoreactive, 1+ for up to 30% of immunoreactive cells, 2+ for 30 to 70% of
immunoreactive cells, and lastly 3+ for 70 to 100% of immunoreactive cells. The
final IHC scoring was calculated with the multiplication of the intensity score with
the percentage score, therefore ranging from 0 to 9+. Pictures were taken in a
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microscope Olympus BX41 with a digital camera Olympus U-TV0.63XC (Olympus
Corporation, Japan) using Applied Spectral Imaging software (ASI Ltd., Israel).

4" DAB

31 Polymer —
e 2" Post primary @ Brown
h ™
N \' k J precipitate
P ST
15‘ Primary ant\body
Xylol EtOH Armgen ‘ EtOH Xylol
2 baths 5 baths L[S 5 baths 2baths
(100% 2%, 95%, 90%, 70%) e B (100% 2x, 95%, 90%, 70%) slide ob ti d
) i . . . ide observation an
Deparaffination and hydration Antigen retrieval, hydrogen peroxide, Hematoxylin staining Dehydration and clearing classification

horse serum and antibody marking

Figure 10. Basic steps of an IHC assay. Created with BioRender.com.

Prostate cell lines

Seven PCa cell lines, 22Rv1, LNCaP, C4-2, C4-2B, PC-3 and Du145 were used for
the characterization of m°C players, as well as one normal prostate epithelium cell
line, RWPE-1, and one non-malignant prostate epithelium cell line, PNT2. The cell
lines’ characteristics can be seen in the table below (Table 4).

The RPMI 1640 culture media was supplemented with 10% Fetal Bovine Serum
(FBS) (Biochrom, Merck, Germany) and 1% penicillin/streptomycin (GIBCO,
Invitrogen, USA), providing the cells with a complete culture media (RPMlc). The
cells were maintained in an incubator at 37 °C and 5% CO,. Additionally, all cells
were frequently tested for Mycoplasma spp., using TaKkaRa PCR-based Mycoplasma
detection kit (TaKaRa Bio Inc., Shiga, Japan).

Table 4. Characteristics of the prostate cell lines used.

Androgen Culture
Name Cell Type Patient Source Origin .
yp Receptor g Media
PNT2 Non-.Mallgnant 33 year-old male Positive n.a. RPMiIc
Epithelium
RWPE-1 Normal S4year-old male, Positive n.a. K-SFM
Epithelium Caucasian
Male with Gleason . Derived from xenograft of
22Rv1 Tumour score 9 PCa Positive CWR22R cells RPMic
LNCaP Tumour 50 year-old.male, Positive Lymph Node metastasis RPMlc
Caucasian

Chimeric tumor from
C4-2 Tumour n.a. Positive LNCaP and human RPMIlc
fibroblasts

Bone metastasis from

C4-2B Tumour n.a. Negative Ca-2 RPMic

PC-3 Tumour 62 year-old.male, Negative Bone metastasis RPMic
Caucasian

Du145 Tumour 69 year-old.male, Negative Brain metastasis RPMlc
Caucasian

n.a.-Non applicable.
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Protein extraction and quantification

Total protein was extracted from the different PCa and normal/non-malignant cell
lines in culture. For this, cells were collected from cell culture flasks and
homogenized in Radioimmunoprecipitation Assay (RIPA) lysis buffer (Santa Cruz
Biotechnology Inc., USA) supplemented with 10% Protease inhibitor Cocktail (PIC)
10x (Merck, Germany). The samples were put in ice for 15 min and were
subsequently centrifuged at 13000 RPM for 30 min at 4 °C. After the centrifugation,
the supernatant was collected into a different tube.

Then, protein quantification was made using a Pierce BCA Protein Assay Kit (Thermo
Scientific Inc., USA), according to the manufacturer’s instructions.

Western Blot

Western Blot was employed to identify and quantify specific proteins from PCa and
normal/non-malignant cell lines (Figure 11). Firstly, 3.2 pyL of loading buffer was
added to 20 pg of total protein from the different cell lines, previously diluted in
water, and put at 95 °C for 5 min to denature its structures. Then, after being put on
ice and centrifuged, the samples were loaded in a polyacrylamide gel (with 8-12%
concentration, depending on the type of molecular weight separation desired), and
separated by molecular weight through a sodium dodecyl sulphate-polyacrylamide
gel electrophoresis (SDS-PAGE) system at 100 V for 1 h 30 min at room temperature.
The proteins in the gel were then transferred to a 0.22 pm WesternBright
nitrocellulose membrane (Advansta Inc., USA), using a Tris-base/glycine 25mM
buffer and two different transfer systems, according to specific protein needs: a
semi-dry transfer with Trans-Blot Turbo Transfer system (Bio-Rad Laboratories, Inc.,
CA, USA) at 25V and 1.3 mA for 20 min; or a wet transfer with a Tank Blotting system
(Bio-Rad Laboratories, Inc., CA, USA) at 50 V and 1.3 A for 1 h at 4 °C. After the
transfer, the membranes were blocked with 5% dry milk in TBS-T, for 1 h at room
temperature, followed by an incubation with primary antibody (Table 5) overnight at
4 °C with agitation. The next day, the membranes were washed with TBS-T 3 x 5 min
with agitation, and incubated with the respective secondary antibody (Cell Signaling
Technology) for 1 h at room temperature (Table 5). Finally, the membranes were
washed with TBS-T 3 x 5 min with agitation, incubated with Enhanced
Chemiluminescence (ECL) (Bio-Rad Laboratories, Inc., CA, USA), and revealed with
a ChemiDoc Imaging System (Bio-Rad Laboratories, Inc., CA, USA). Additionally, B-
Actin was used as loading control, and quantification was made by band
densitometry analysis using Imagel) Software version 1.8.0 (National Institutes of
Health, USA).
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Table 5. Characteristics of primary antibodies used in Western Blot.

. Molecular R Incubation Secondar
Antibody Manufacturer . Dilution . . y
Weight time antibody

Anti-ZO-1 Cell Signaling (#8193) 220 KDa 1:750 Overnight Anti-rabbit

: . BD Transduction . . )

Anti-E-Caderin Laboratories (#C20820) 120 KDa 1:300 Overnight Anti-mouse

Anti-B-Catenin Cell Signaling (#8480) 92 KDa 1:1000 Overnight Anti-rabbit

Anti-Vimentin Cell Signaling (#5741) 57 KDa 1:1000 Overnight Anti-rabbit
Anti-B-Actin Sigma-Aldrich (#A1978) 42 KDa 1:10 000 1 hour Anti-mouse

Anti-SLUG Cell Signaling (#9585) 30 KDa 1:750 Overnight Anti-rabbit

Anti-SNAIL Cell Signaling (#3879) 29 KDa 1:750 Overnight Anti-rabbit

Anti-Claudins Cell Signaling (#13255) 20KDa 1:1000 Overnight Anti-rabbit

Anti-NOP2 Cell Signaling (#90709) 110 KDa 1:500 Overnight Anti-rabbit

Anti-NSUN2 Cell Signaling (#52901) 100 KDa 1:500 Overnight Anti-rabbit

Anti-5- . . . .
Methylcytosine Active Motif (#39649) n.a. 1:2000 Overnight Anti-mouse
n.a.-Non applicable.
2
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Figure 11. Basic steps of Western Blot assay. Created with BioRender.com.

NSUN?2 silencing via short hairpin RNA transduction

NSUN2 knockdown was performed in the C4-2B cell line via short hairpin RNA
(shRNA) transduction, because it offers a highly efficient and stable knockdown for
the desired gene.

The transduction was made with Dharmacon GIPZ Lentiviral shRNA vectors
(Horizon Discovery, Cambridge, United Kingdom), which consists of three shRNA
constructs targeting the human NSUN2 gene, one non-silencing control (negative
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control), and one Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) positive
control, to control experimental workflow (Table 6). All these vectorsinclude a Turbo
Green Fluorescent Protein (TurboGFP) marker for the cells that incorporated the
shRNA. To ensure high efficiency of the protocol, transduction conditions were
optimized, such as the value of multiplicity of infection (MOI). MOI defines as the
number of viral transducing units per cell, and can be influenced by several factors,
such as the nature of the cell, the nature of the gene of interest, and the transduction
efficiency. According to the conditions of this study, MOI 10 and MOI 20 were chosen
to test optimal transduction efficiency. The volume of shRNA vector to pipette for
each MOI can by calculated by:

1) nCcells perwellxMOI=y 2) m = Volume (uL)

Table 6. Characteristics of Dharmacon GIPZ Lentiviral shRNA vectors.

Name Source Clone ID Gene Target Sequence Titer (TU/mL)

Non-sﬂe.ncmg ShRNA n.a. n.a. 3.94x 108
negative control

GA?PH shRNA n.a. n.a. 9.87 x 108
positive control

Shl V2LHS_173635 CACACAAATTTAAGTCGAA 6.45x 108

shil V3LHS_311369 AGGAACTGGTGACACAGAA 1.05x 10°

Shlll V3LHS_311366 AAGCTGTTCGAGCACTACT 8.62x 108

n.a.-Non applicable.

Briefly, 3 x 10* cells/well were plated in 24-well plates and incubated overnight.
Then, on the next day, the culture media was removed, and a new media with the
adequate amount of lentiviral shRNA per MOI conditions tested (MOI 10 and MOI
20) was added to the wells, and the cells were incubated again at 37 °C and 5% CO..
At the timepoint of 48 h post-transduction, the wells were observed with the
Olympus IX51 Inverted Fluorescence microscope (Olympus Corporation, Japan)
with a digital camera Olympus XM10 (Olympus Corporation, Japan) in a Fluorescein
Isothiocyanate (FITC) filter, for the presence of the reporter gene TurboGFP
expression. The presence of TurboGFP in the cells is the first indicator that the
transduction was successful, suggesting that the vector was able to be incorporated
in the cells.

With the intent to reduce background expression of the gene from untransduced
cells, a selection of puromycin was made. This protocol works by killing the cells
that did not incorporate the shRNA vector, as the vector includes a puromycin
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resistance. First, the same cell density for the transduction was used for platting the
wild type cells, with RPMI, in 24-well plates. The next day, the culture media was
replaced with different puromycin concentrations (ranging from 0.25 - 2.0 pyg/mL).
The cells were then observed daily and photos were taken for the next 7 days, and
the culture media was replaced as needed. After the 7 days, a puromycin curve was
made, and the minimal concentration of antibiotic that kills efficiently all
puromycin-sensitive cells was identified, at 1.0 pg/mL. Lastly, this concentration of
puromycin was used on the vials of all the 3 shRNA transduced cells and negative
control, and the cells were carefully watched in the following 7 days, observing the
percentage of surviving cells and its TurboGFP gene expression with FITC filter. At
the end of the selection process, all media with puromycin was taken off, and
replaced with the usual RPMIc without other reagent additions.

Once the puromycin selection was complete and the transduced cell line was
stable, the percentage of NSUN2 silencing was assessed, using RT-gPCR and
Western Blot analysis.

Dot Blot

The Dot Blot technique was employed to evaluate the relative quantity of m®C mark
in total RNA from the different PCa and normal/non-malignant cell lines (Figure 12).
For this, specific quantities of RNA were diluted in bidistilled water, and, to undo the
secondary structures, the samples were incubated at 95 °C for 3 min, before being
put in ice immediately. Then, drops of 2 uL of diluted RNA were put in 0.45 pm
Amersham Protran nitrocellulose membranes (Merck, Germany), and put under UV
light for 5 min, to allow cross-linking. Next, the membranes were washed with TBS-
T for 5 min with agitation and blocked with 5% dry milk in TBS-T for 1h at room
temperature, followed by m°C antibody (Table 5) incubation overnight at 4 °C. The
next day, the membranes were washed with TBS-T for 3 x 5 min with agitation and
incubated in secondary antibody for 1 h at room temperature. Lastly, the
membranes were washed with TBS-T 3 x 5 min with agitation, and incubated with
ECL (Bio-Rad Laboratories, Inc., CA, USA), and revealed with a ChemiDoc Imaging
System (Bio-Rad Laboratories, Inc., CA, USA). As a loading control, the membranes
were incubated with methylene blue staining buffer 0.2% for 30 min with agitation
and photos were taken.
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Figure 12. Basic steps of Dot Blot assay. Created with BioRender.com.

Statistical analysis

The statistical analysis was performed with the use of GraphPad Prism Software
version 8.0.2 (GraphPad Software, CA, USA) and SPSS Statistic Software version 26
(IBM-SPSS Inc., CA, USA). For two-group comparisons, non-parametric Mann-
Whitney U test was performed, whereas for multiple-group comparisons, non-
parametric Kruskal-Wallis test was employed. For categorical data group
comparisons, such as IHC analysis, Chi-square or Fisher’s exact test was utilized.

P-values were considered statistically significant when inferior to 0.05. The
significance is presented in comparison with the respective control and/or other
groups, and is depicted as it follows: *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001
and "*p>0.05 (non-significant).
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RESULTS






In silico analysis of m°C players

An in silico analysis was made for all the m°C-related writers, readers and erasers,
using normal prostate and prostate adenocarcinoma (PRAD), from the TGCA
database. The analysis showed significantly higher levels of writers NOP2, NSUN2,
NSUN5, NSUNG6, and NSUN7 (Figure 13 A.) and erasers TET2 and TET3 (Figure 13
C.) in PCa than in normal tissues. Additionally, although not significant, the same
tendency was found for reader YTHDF2 (Figure 13 B.). In fact, NSUN2, the major
m>C writer, followed by NSUNG6 [65] was reported to associate with rapid PCa
progression [66]. Furthermore, NOP2 increased expression was considered an
indicator of poor prognosis in PCa, associated with PSA levels, Gleason score, and
recurrence, by prompting EMT initiation [67]. Then, YTHDF2 was previously
identified as highly expressed in PCa, also correlating with poor prognosis, by acting
as a facilitator of proliferation and migration [68], as well as associated with
progression of other cancers like leukemia, bladder, cervical, lung, and colorectal
cancers [69]. Thus, YTHDF2, NOP2, NSUN2, and NSUNG6 were selected for further
analysis in patients’ samples.

Nonetheless, the frequency of genetic alterations in these m°C effectors was rather
low (up to 3%), with most percentages lower than 1%, suggesting that genetic
alterations are quite rare in this tumor type, while epitranscriptomic alterations in
the m°C effectors may be relevant (Supplementary Figure 1).
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Figure 13. m°C modifying enzymes expression analysis in prostate adenocarcinoma and normal
prostate. From TCGA database, where n=492 for tumor (T), and n=52 for normal (N). A. Writers from
NSUN family (NOP2-NSUN?7) and TRDMT1. B. Readers YBX1, YTHDF2 and ALYREF. C. Erasers from
TET family (TET1-3).
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Evaluation of selected m°C players in IPO Porto PCa patients’ samples
through qPCR

YTHDF2, NOP2, NSUN2, and NSUNE transcript levels players were evaluated and
displayed by GG. The results show that higher GG (GG3+GG4+GG5), and less
differentiated PCa samples displayed significantly higher NSUN2 transcript levels
than lower GG (GG1+GG2) (Figure 14 C.), while no associations were found for
YTHDF2, NOP2 and NSUNG6 and tumors differentiation (Figure 14 A., B. and D.).
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Figure 14. Transcript levels of YTHDF2, NOP2, NSUN2 and NSUNG6 in PCa patients, categorized
by GG. Results grouped by lower GG (1+2) and higher GG (3+4+5). All transcript levels were
normalized to a housekeeping gene (Gus). Statistics from Mann-Whitney tests, where *p<0.05,
**p<0.01, ***p<0.001 and ****p<0.0001. A. YTHDF2 levels (GG1+GG2 n=19; GG3+GG4+GG5 n=19).
B. NOP2 levels (GG1+GG2 n=18; GG3+GG4+GG5 n=20). C. NSUN2 levels (GG1+GG2 n=18;
GG3+GG4+GG5 n=18). D. NSUNG levels (GG1+GG2 n=18; GG3+GG4+GG5 n=20).
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Additionally, significantly higher YTHDF2, NSUN2 and NSUNG transcript levels were
found in PCa at more advanced stages than lower stages (Figure 15 A., C. and D.).
Nonetheless, NOP2 did not present statistical differences among different
pathological stages (Figure 15 B.).
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Figure 15. Transcript levels of YTHDF2, NOP2, NSUN2 and NSUNG6 in PCa patients, grouped by
tumor stage (pT2 a+b and pT3 a+b). All transcript levels were normalized to a housekeeping gene
(GuspB). Statistics from Mann-Whitney tests, where *p<0.05, **p<0.01, ***p<0.001 and
****n<0.0001. A. YTHDF2 gene levels (pT2 (a+b) n=8; pT3 (a+b) n=24). B. NOP2 gene levels (pT2 (a+b)
n=9; pI3 (a+b) n=23). C. NSUN2 gene levels (pT2 (a+b) n=8; pT3 (a+b) n=22). D. NSUN6 gene levels
(pT2 (a+b) n=8; pT3 (a+b) n=24).

Evaluation of NSUN2 in PCa patients’ samples through IHC

IHC was performed on the matched slides of PCa patients’ cohort for the writer
NSUNZ2, along with 10 cases of normal prostate tissue from CP.

NSUN2 was located mainly in the nucleus, but was also present in the cytoplasm.
Illustrative images of the IHC assay can be seen below (Figure 16).
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Figure 16. Illustrative images of immunostaining for NSUN2 protein. From left to right, can be
seen normal prostate tissue (CP), lowest grade PCa (GG1) and highest grade PCa (GG5). Pictures

were taken with Olympus BX41 microscope and Olympus U-TV0.63XC digital camera (40x
amplification).

In line with transcript levels, the IHC results grouped by GG show that higher NSUN2
immunostaining scores are significantly associated with higher GG, where 14% of
these cases showed the highest score (Figure 17 A.). Regarding the staining
intensity, the differences between normaltissue and PCa GG are even more evident:
the lower GG group presented a higher percentage of cases with intensity 2 than
normal tissue (53% versus 40%, respectively), while the highest intensity was only
found in higher PCa GG (28% of its total cases) (Figure 17 B.).
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Figure 17. Characterization of NSUN2 in normal prostate and PCa tissues by IHC, categorized
by GG. Results grouped by CP (normal prostate) (CP n=10), lower GG (1+2) (GG1+GG2 n=19) and
higher GG (3+4+5) (GG3+GG4+GG5 n=22). Statistics from Chi-square test, where *p<0.05, **p<0.01,
***p<0.001 and ****p<0.0001. A. Immunostaining h-scores (Intensity x Percentage), grouped by low
score (1+2), medium score (3+4+6) and high score (9). B. Intensity levels, that range from 1 to 3.
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Furthermore, when grouped by pathological stage significant differences in
immunostaining scores were shown. Higher NSUN2 expression scores were
displayed by tumors compared with normal tissue. Moreover, 11% of lower-stage
PCa were score as 9, and are representative of a subset of pT2b tumors with
aggressive features (Figure 18 A.). Additionally, NSUN2 intensity staining increased

in higher stage groups, with 9% of plT3 cases presenting intensity higher than 2
(Figure 18 B.).
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Figure 18. Characterization of NSUN2 in normal prostate and PCa tissues by IHC, categorized
by tumor stage. Results grouped by CP (normal prostate) (CP n=10), lower tumor stage (pT2 a+b)
(pT2 a+b n=9) and higher tumor stage (pT3 a+b) (pT3 a+b n=32). Statistics from Chi-square test, where
*p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001. A. Immunostaining h-scores (Intensity x
Percentage), grouped by low score (1+2), medium score (3+4+6) and high score (9). B. Intensity
levels, that range from 1to 3.

In vitro evaluation of NSUN2 in PCa cell lines through qPCR and WB

NSUN2 transcript levels were 15-fold higherin C4-2B cell line than in the normal cell
line RWPE-1, as it can be seen below (Figure 19).
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Figure 19. Transcript levels of NSUN2 in prostate cell lines. All transcript levels were normalized
to a housekeeping gene (Gusp). Statistics from Kruskall-Wallis test, where *p<0.05, **p<0.01,
***pn<0.001 and ****p<0.0001. Replicate value n=3.

Most PCa cell lines presented higher NSUN2 protein levels than normal/non-
malignant cell lines. Importantly, C4-2B cell line NSUN2 levels were the highest,
with more than double the protein amountthan non-malignant cell lines (Figure 20).
Hence, C4-2B cell line was chosen for NSUN2 knockdown.
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Figure 20. Relative protein levels of NSUN2 in prostate cell lines. All protein levels were
normalized to a housekeeping gene (B-Actin). Statistics from Kruskall-Wallis test, where *p<0.05,
**p<0.01, ***p<0.001 and ****p<0.0001. Replicate value n=3.
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Cell line transduction and establishment

The successful shRNA vectors transduction was attained, as observed in the GFP
fluorescent C4-2B cells in culture (Figure 21).

CTR- Shl Shill Sh il

Figure 21. Illustrative images of establishment of C4-2B cell line with NSUN2 gene silencing,
with negative control (CTR-) and shRNA vectors (Sh I, Il and lll). Photographs taken in Olympus
IX51 microscope with Olympus XM10 digital camera (20x amplification).

NSUN2 knockdown was verified by gPCR and Western Blot (Figure 22). Although
decreased NSUN2 transcript and protein levels were attained with the 3 vectors,
cells transduced with Sh | and Sh Il vectors presented the highest silencing, 74%
and 63%, respectively (Figure 22 B). Thus, further evaluations were made with these
clones, along with CTR-.
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Figure 22. Assessment of NSUN2 silencing of negative control (CTR-) and shRNA vectors (Sh , Il
and Ill). Statistics from Kruskall-Wallis test, where *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001.
A. Transcript levels, normalized to GusB housekeeping gene (n=6). B. Relative protein levels,
normalized to B-Actin (n=3).

Importantly, C4-2B cells transfected with both Sh | (C4-2B NSUN2KD-Sh |) and Sh llI
(C4-2B NSUNZ2KD-Sh Ill) presented lower m°C levels than the control. Moreover, the
m*°C mark reduction was more impressive in C4-2B NSUN2KD-Sh llI cells (Figure
23).
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Figure 23. Assessment of m°*C mark relative levels with Dot Bot of negative control (CTR-) and
shRNA vectors (Sh | and Ill). A. Relative total levels of m®*C mark attained with chemiluminescence
(n=3). B. Control dots with methylene blue staining.

Characterization of EMT players after NSUN2 knockdown in C4-2B cell
line
As observed, NSUN2 knockdown cells presented significantly decreased CLDN1

and SNAI1 transcript levels (Figure 24 B. and E.). Contrarily, these cells displayed
significantly higher VIM transcript levels (Figure 24 G.).

Nonetheless, differences were apparent for TPJ1, SNAI2, and CDH Il transcript
levels between C4-2B NSUN2KD-Sh | and C4-2B NSUN2KD-Sh 1l (Figure 24 A., D.
and F.). Moreover, no differences were found for CDH Il and CTNNB1 transcript
levels upon NSUN2 knockdown (Figure 24 C. and H.).
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Figure 24. Transcript levels of EMT-related genes in C4-2B NSUN2 knockdown cell line. All levels
were normalized to a housekeeping gene (GusfB) (n=3). Statistics from Kruskall-Wallis test, where
*p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001. A. TPJT1 gene, which codes for ZO-1 protein (n=3).
B. CLDN1 gene, which codes for Claudin protein (n=3). C. CDH Il gene, which codes for E-Cadherin
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(ECAD) protein (n=3). D. CDH Il gene, which codes for P-Cadherin (PCAD) protein (n=3). E. SNAI1
gene, which codes for SNAIL protein/transcription factor (n=3). F. SNAI2 gene, which codes for SLUG
protein/transcription factor (n=3). G. VIM gene, which codes for Vimentin protein (n=3). H. CTNNB1
gene, which codes for B-Catenin protein (n=3).

At the protein level, all mesenchymal-related proteins (SNAIL, SLUG, Vimentin and
B-Catenin) were slightly upregulated in C4-2B NSUN2 knockdown cells, compared
with the control (Figure 25 C., D., E. and F.), although not reaching statistical
significance.

Contrastingly, a tendency of decreased epithelial protein ECAD was found in C4-2B
NSUNZ2KD-Sh I, while no alteration was apparent in C4-2B NSUN2KD-Sh Il (Figure
25 B.). Nonetheless, ZO-1, also a protein associated with epithelial phenotype,
exhibited an apparent increase in C4-2B NSUN2KD-Sh |, but was unaltered in C4-
2B NSUNZ2KD-Sh lll (Figure 25 A.). Parental C4-2B cells did not express Claudins
and PCAD, and, therefore, these proteins were not plotted.
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Figure 25. Relative protein levels of EMT players in negative control (CTR-) and shRNA vectors
(Sh I and lll). All levels were normalized to a housekeeping gene (B-Actin) (42 KDa). Statistics from
Kruskall-Wallis test, where *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001. A. ZO-1 (n=6) B. E-
Cadherin protein levels (n=3). C. SNAIL protein levels (n=4). D. SLUG protein levels (n=4). E. Vimentin
protein levels (n=3). F. B-Catenin protein levels (n=3).
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DISCUSSION






Discussion

PCa ranks as the second most incident cancer and as the fifth cause of deaths by
cancer in males in the world [1]. Most deaths occur at late stages of the disease,
where castration resistance and cancer metastasis occur, and treatment options
are not effective [70-72]. Besides this, PCa is known for its heterogeneous nature
[14]. Consequently, diagnostic and treatment approaches are not adequate for
every patient, as they are standardized and lack personalization [73]. Hence, there
is a need to better understand the underlying biological mechanisms of PCa
progression, and further research is imperative.

Epitranscriptomics is a new research field that investigates the reversible chemical
modifications that occurin RNA [43, 44]. Some RNA marks have been recognized as
more prevalent in eukaryotes and having a better described link between its
functions and cancer, such as mfA, the first found and most studied
epitranscriptomic mark [74-77]. Despite this, other epitranscriptomic marks have
been piquing increasing interest to the scientific community [78]. More recently, the
m>C RNA modification was recognized as a very promising epitranscriptomic mark,
as it has been linked to a plethora of cancer models, as well as being present in
various types of RNA [43, 49, 50]. Nevertheless, much of the functions of RNA
modifications in cancer still lack knowledge. Importantly, many m®C functions
remain to be elucidated, especially in the context of PCa.

Herein, this project aims to narrow the understanding between epitranscriptomic
regulation and carcinogenesis/progression of PCa. More specifically, we intend to
establish a characterization of the m°C RNA mark in PCa, understanding its
significance in the functional and regulatory networks of the disease.

In silico analysis revealed significantly higher mRNA levels of NOP2, NSUN2,
NSUNG, as well as increased values of YTHDF2 in PCa tissues compared to normal
prostate tissues. Higher expression in these players had already been implied in
other cancer models, such as leukemia, bladder, cervical, lung, and colorectal
cancer for YTHDF2 [69], ovarian and colon cancer for NOP2 [79, 80], pancreatic,
gastric, and thyroid cancer for NSUN2 [81-83], and cervical, colon and breast
cancer for NSUN6 [84-86]. Furthermore, YTHDF2 was associated with tumor
suppressor degradation, cancer cell proliferation and PCa progression [87-89].
Thus, these four players were selected for further characterization in patients’
samples.

Additionally, transcript levels of the same players were assessed in an independent
PCa patient cohort of IPO Porto selected and grouped based on its GG and tumor
stage.

Higher NSUN2 transcript levels were significantly associated with lower PCa
differentiation, whereas no significant differences were found for the other players.
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However, increased levels of YTHDF2, NSUN2 and NSUN6 were found in higher
tumor stages. Accordingly, NSUN2 was already described to be increased in
advanced pathological stages from several other cancers, including head and neck
squamous cell carcinoma, uterine corpus endometrial carcinoma, lung squamous
cell carcinoma, cervical and esophageal cancer [90]. These results suggest that
NSUN2 may act as an unfavorable prognostic marker.

Thus, NSUN2 was selected as the targeted m°C player for further characterization
in patients’ tissues by IHC. Predominant nuclear staining of NSUN2 was found, but
expression was also found at the cytoplasm. In the same line, other studies also
report this protein as being mainly located in the nucleolus [91]. Additionally,
recentlyy, NSUN2 was even found in the mitochondria, although its specific
functions remain to be elucidated [92].

Moreover, higher NSUN2 immunostaining scores and intensity significantly
associated with higher GG, and advanced disease stages. Overall, these results go
hand in hand with the previous in silico and transcript results.

Additionally, most PCa cell lines displayed higher transcript levels of this m°C
player, in comparison with non-cancerous cell lines, PNT2 and RWPE-1. These
results further corroborate that m°C-related effectors are linked to PCa [93-95].
Furthermore, C4-2B cell line presented the highest and significant fold values of
NSUN2, with an approximate 15-fold increase. Importantly, similar results were
found in protein, where C4-2B cell line presented the biggest NSUN2 protein
increase —with an almost 4-fold change, compared to non-malignant cell lines. The
metastatic nature of C4-2B cell line, derived from C4-2, that was created from
LNCaP [96, 97], may explain these results. Indeed, metastasis-derived cell lines
often show more aggressive PCa traits and higher progression-related transcript
levels. Regulation mechanisms that were once present in C4-2 cell line may no
longer function in C4-2B, as it is a metastasis cell line from C4-2.

Moreover, in vitro NSUNZ2 knockdown led to a m*°C significant decrease in the C4-2B
cell line, further confirming the pivotal importance of the writer in this RNA
methylation mark.

Recently, NSUN2 was determined as a tumorigenesis promoter, with a metastasis-
prompting role, by inducing the EMT process in pancreatic cancer [81]. Yet, little to
no characterization of NSUN2 role in EMT was achieved in PCa models. Moreover,
EMT and its related proteins and transcription factors have been closely associated
with cancer progression and metastasis, as it is even considered one of the
hallmarks of cancer [22, 28, 29]. Several markers, such as ZO-1, Claudins, SNAIL,
SLUG, ECAD, NCAD, PCAD, Vimentin and B-Catenin had previously been described
as important to EMT process, even in PCa [98-100].
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In our hands, EMT-promoting proteins such as SNAIL, SLUG, VIM and B-Catenin tend
to be higher with NSUN2 knockdown, whereas levels of epithelial-related protein
Z0-1 was somewhat decreased. However, no solid conclusions can be taken from
these results regarding the function of NSUN2 in the EMT process.

Importantly, NSUN2 has been implicated in other major cell pathways, such as
PiBK/AKT/mTOR in esophageal, lung, kidney and gastric cancers, MAPK/ERK
pathway in esophageal and gastric cancers, and RAS pathway in kidney cancer [82,
101-104]. Since all these pathways are known to be implicated in prostate
carcinogenesis, one can hypothesize these pathways may be regulated by NSUN2
function.
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Conclusions

These results provide new insights into the role of the main m°C writer NSUN2 in
PCa. As observed, NSUN2 seems to function as an oncogene, since it seems to be
associated with malignancy/aggressiveness in the context of prostate
carcinogenesis. High levels of this protein were associated with undifferentiated
and more advanced tumors. Nonetheless, the function of NSUN2 did not have a
major effect on classic EMT-related players.

Whether NSUNZ2's cancer regulation is model dependent remains unclear, requiring
further study in other cancer models. Nevertheless, NSUN2 shows promise as a
biomarker for management of PCa.

Future perspectives

In the recent years, epitranscriptomics is revealing itself as a pivotal area for cancer
management. The diversity of RNA modifications and their involvement in the most
diverse molecular pathways suggest that we are just at the beginning of the RNA
epigenetics era in cancer treatment.

The extensive evidence connecting epitranscriptomic dysregulation with cancer
strongly indicates that developing inhibitors targeting these RNA pathways could be
highly effective. Remarkably, some initial therapies focused on RNA have shown
effective results in some types of cancer. Thus, it is expectable that RNA m®°C-
related treatments and biomarkers may emerge in a matter of time and research.

Hence, based on our results, several tasks are needed to be performed in a near
future:

1. The number of cases evaluated will be increased to strengthen the
conclusions drawn from this dissertation.

2. Other prostatic carcinogenesis pathways where NSUN2 has beenimplicated
will be investigated. For this, RNA-seq applied to NSUN2 may help in
understanding which cellular pathways might be worth exploring for their
impact on PCa development.

3. Other RNA m°C players will be characterized in the context of PCa, to further
elucidate their impact in the m°C mark and in PCa development and
progression.
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Supplementary Figure 1. Frequency of genetic alterations in m°C regulators. From TCGA
database. A. Writers from NSUN family (NOP2-NSUN7) and TRDMT1. B. Readers YBX1, YTHDF2
and ALYREF. C. Erasers from TET family (TET1-3).
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