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It's the questions we can't answer that teach us the
most. They teach us how to think. If you give a man an
answer, all he gains is a little fact. But give him a
question and he'll look for his own answers
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mas nos ensefian. Nos ensefian a pensar. Si le das a
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informacidn. Pero si le das una pregunta, él buscara
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ABSTRACT

Prostate Cancer (PCa) is the most common tumour and the third cause of death by cancer in European
men. Although important advances have been made in early stages of the disease and most of the
tumours respond to hormone deprivation therapy, many patients develop Castration Resistant
Prostate Cancer (CRPC) which lacks effective therapeutic options. One of the major drawbacks for
PCa treatment is the high intratumoural heterogeneity and the lack of reliable biomarkers of disease
progression. During the last years, several studies have highlighted the importance of RNA chemical
modifications in the progression and therapy response of several tumours. Thus, manipulation of the
epitranscriptome might be a potential therapeutic target to specifically eliminate those cancer cell
resistant to conventional treatments. Thereby, this thesis focuses in deciphering the epitranscriptomic
landscape of PCa in order to identify altered epitranscriptomic regulators that may control tumour

proliferation and survival capacities.

In silico analysis demonstrated that the tRNA methyltransferase METTL1 was overexpressed in
primary and advanced PCa tumours, being increased expression correlated with poor prognosis.
Altered expression of the methyltransferase was confirmed in primary tumours samples from both
patients and from PtenKO PCa mouse model. For functional characterization of METTL1 molecular
role, cells over-expressing, silenced and knocked out for the methyltransferase were generated in
distinct PCa cell lines. In consequence, lack of METTL1 resulted in accumulation of 5°TOG tRNA-
derived fragments, which lead not only to a global inhibition of protein synthesis but also to an
alteration of the translational programme. As a result, METTL1 deletion resulted in impaired cell
proliferation and self-renewal capacity in cell cultures and reduced tumour formation and
proliferation in both xenografted and PtenKO PCa in vivo murine models. Impaired self-renewal
capacity is observed in a human PDXs-derived model upon the enzyme depletion. In addition, cells
lacking METTLL1 exhibited impaired autophagy termination, which lead to accumulation of protein
aggregates, ROS and DNA damage, resulting in an hypersensitivity to stress conditions. Altogether,
this thesis demonstrates that METTL1 regulates tumoural cells capacity to respond to stress stimuli
and inhibition of its methyltransferase activity ultimately leads to an increase sensitivity to traditional

therapeutic agents.

This study concludes that METTLL is overexpressed in PCa and higher expression correlates with
poor prognosis. METTL1 is essential for 7-guanine methylation in tRNAs and lack of the
methylation results in protein synthesis alterations, which results in a deregulation of essential
cellular processes as proliferation and self-renewal. Whether METTL1 can be used as a therapeutical

target needs further validation.






RESUMEN

El cancer de Préstata (CaP) es el cancer mas comun y la tercera causa de muerte por cancer de
hombres en Europa. Aunque recientemente se han hecho grandes avances para el tratamiento de las
fases tempranas de la enfermedad y la mayoria de los tumores responden a terapia de deprivacion
androgénica, muchos pacientes desarrollan Céncer de Prostata resistente a la Castracion, con
reducidas opciones terapéuticas. Unos de los mayores problemas para el desarrollo de tratamientos
efectivos para el CaP es la gran heterogeneidad intratumoral y la falta de biomarcadores fiables de
la progresion de la enfermedad. En los ultimos afios, distintos estudios han destacado la relevancia
de las modificaciones del ARN en la progresion tumoral y la respuesta a tratamiento de distintos
tipos de cancer. Asi, la manipulacion del epitranscriptoma podria ser una potencial diana terapéutica
para eliminar de manera especifica aquellas células tumorales resistentes a tratamientos. El objetivo
de esta tesis es descifrar el epitranscriptoma del CaP con el fin dltimo de identificar modificadores

epitranscriptomicos reguladores de la capacidad proliferativa y de supervivencia de los tumores.

Andlisis in silico han demostrado que la metiltransferasa de ARNts METTL1 estd sobreexpresada
en tumores de prostata primarios y avanzados, existiendo una correlacion directa entre mayores
niveles de expresion y peor prognosis. La alteracion de los niveles de la proteina se validd en
muestras de tumor primario de pacientes, asi como en el modelo murino de CaP PtenKO. Para la
caracterizacion funcional del papel molecular de METTLL, se generaron distintas lineas de CaP con
sobreexpresion, silenciamiento o ausencia total de la enzima. En consecuencia, la ausencia de
METTLL1 produjo una acumulacion de fragmentos 5‘TOG derivados de ARNts, lo que no solo
condujo a una inhibicién de la sintesis global de proteinas sino también a una alteracion del programa
traduccional. Como resultado, la delecion de METTL1 dio lugar a un deterioro de la capacidad
proliferativa y de autorrenovacién de lineas celulares y a una reduccion de la formacion y
proliferacion de tumores tanto en modelos murinos de xenotransplantes como de CaP. La capacidad
de autorrenovacion de un modelo humano derivado de PDXs se vio disminuida tras la deplecién de
la enzima. Ademas, las células que carecen de la metiltransferasa mostraron una alteracién de la
terminacion de la autofagia, que conduce a una acumulacion de agregados de proteinas, ROS y dafio
al DNA, lo que se traduce en una hipersensibilidad a condiciones de estrés. En conjunto, esta tesis
demuestra que METTL1 regula la capacidad de las células tumorales para responder a los estimulos
de estrés y la inhibicion de su actividad metiltransferasa conduce en dltima instancia a un aumento

de la sensibilidad a los agentes terapéuticos tradicionales.

Este estudio concluye que METTL1 esta sobreexpresada en CaP y que una mayor expresion se
correlaciona con un mal pronostico. METTLL1 regula la metilacion de guanina-7 en ARNts y la falta
de esta modificacion altera la sintesis proteica, lo que se traduce en una desregulacion de procesos
celulares esenciales como la proliferaciény la capacidad de autorrenovacion. El potencial terapéutico

de METTLL1 precisa de un analisis més detallado.
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INTRODUCTION

1. Prostate Cancer

Prostate Cancer (PCa) is the second most commonly diagnosed cancer type and the first in terms of
prevalence in men worldwide!. Every year, an estimation of 1,414,2059 new cases of the disease are
diagnosed, which causes 375,304 deaths worldwide (Figure 1). Age comprises the fundamental risk
factor for the disease development, since higher PCa incidence and mortality are observed in elderly
men (>65 years of age). Race and family history are also linked with higher PCa probability, and

certain diseases and conditions such as obesity and Lynch disease (reviewed in?).
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Figure 1. Estimated number of new cases and 5-year prevalent cases in 2020 in men worldwide, from a total of 10,065,305
and 24,828,480 patients respectively. Modified from *

1.1. Anatomy of the prostate

The prostate is a small muscular gland, part of the male reproductive system, whose main function
is the production of the seminal fluid. There are anatomically differences in the prostate between
species. Human prostate consists in a single structure divided in three zones: peripheral zone, where
most of the tumours are formed, the central and the transition zone®. In comparison, mouse prostate
is divided into paired lobes: the anterior prostate (AP), the ventral prostate (\VP) and the dorsolateral
prostate (DLP)* (Figure 2). At cellular level, human and mouse prostates are comprised by a

pseudostratified epithelium constituted by three different cellular types*®:

o Luminal cells. Responsible of production of secretory proteins. Characterised by expression
of cytokeratin 8 (CK8) and 18 (CK18), androgen receptor (AR) and NK homeobox 3.1
(NKX3.1).

e Basal cells. Their function remains unclear. They are thought to regulate luminal cell biology
and serve as structural barrier to maintain prostate tissue homeostasis®. Distinguished by high

expression levels of CK5, CK14, p63, Sca-1 and Trop2, and low levels of AR.
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e Neuroendocrine. Small cell population located within the basal cell layer. Express

neuroendocrine markers such as synaptophysin.
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Figure 2. Graphical representation of normal prostate. Anatomical comparison of human and mouse prostates and
schematic description of the different cell types that comprise the prostatic epithelium. A summary of the characteristics
markers for every cell type is also indicated. Modified from”.

1.2. Prostate tumour formation

Prostate tumour formation initiates with the appearance of a prostatic intraepithelial neoplasia (PIN),
characterised by neoplastic proliferation of luminal cells within pre-existing benign ducts’. This
event is the beginning of a multistep process that progress to in situ adenocarcinoma, which can
further develop into invasive prostate cancer, characterised by an invasion through the basal lamina.
The last step of prostate transformation is the metastatic prostate cancer, in which the tumoural cells
metastasises first to draining lymph nodes and then to distant organs such as bones, liver and lungs®®
(Figure 3).

The identification of the cell of origin for prostate cancer is one of the unanswered issues of the field
since prostate tumours exhibit both luminal and basal phenotypes. Understanding the cells of origin
of cancer would provide crucial information about tumour initiation and evolution, as well as
molecular features that would help to identify new markers for early cancer detection and treatment®.
Traditionally, basal cells have been established as the preferred cell-of-origin of PCa, mainly due to
the technical limitations of luminal cells culture. However, advances in 2D and 3D culture systems
are enlarging the knowledge about the role of luminal cells in PCa initiation®2, Several published
studies exhibit that either luminal-3!* or basal-derived>'® prostate tumours are more aggressive and
carry a worst prognosis, but no consensus has yet been reached. Which has been clearly proved is
that both stem-like and differentiated cells have tumorigenic potential'’. The main luminal
composition of prostate tumours® together with the increased susceptibility of luminal cells to
oncogenic transformation”° establish luminal cells as potential candidates to be cell of origin of
prostate tumours21317:2021 'Nevertheless, further research is needed to clarify the nature of the cell-
of-origin of PCa, In addition, other cell types comprising prostate epithelium such as fibroblast,
muscle cells, endothelial cells and immune cells, can influence biology and clinical outcome of the

tumour?,
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1.3. Treatment of PCa

After PCa detection, the suitable treatment choice would depend on the tumoural characteristics of
each patient. Initial prostatic specific antigen (PSA) levels, clinical TNM stage, Gleason’s score
together with the presence of potential risk factors such as comorbidities, are the principal prognosis
factors considered for specific treatment application?®. For patients with localised disease and low
risk PCa, the standard treatment consists in active surveillance, total or partial prostatectomy,
cryotherapy and radiotherapy. The most common radiation therapies used in PCa are brachytherapy
and external beam radiation®. Androgen deprivation therapy (ADT) is used in patients with
advanced localised PCa with the main aim of producing maximum androgen blockade (MAB) due
to the dependency of PCa on testosterone levels®. First-generation anti-androgens such as flutamide
and bicalutamide are commonly used at this stage. However, after prolonged AR blockade, castration
resistance by genomic mutations in AR gene is commonly developed, progressing to metastatic
castration resistant prostate cancer (mMCRPC) characterised by its poor prognosis®. For years, the
standard treatment for mMCRPC was Docetaxel, with an overall survival improvement of 3 months?,
Recently, a new subset of second-generation AR inhibitors has been developed, as abiraterone?’2
and enzalutamide?® with promising results in naive or post-Docetaxel treatment of mCRPC (Figure
3). Moreover, Cabazitaxel is a second generation taxane approved by the Food and Drug
Administration (FDA) in 2010 for the treatment of Docetaxel resistant mMCRPC*® with modest
efficacy results. More recently, the radioactive calcium mimetic radium-223 dichloride has been
accepted for the treatment of bone metastases in MCRPC, which are present in 80-90% of the cases.
Radium-223 has been shown to significantly improve survival and recovery of patients with
mCRPCZ,

Localised Metastasis
adenocarcinoma Y

Normal
prostate

Hormone naive: Hormone naive:
- Prostatectomy -ADT

- Radiotherapy - Chemotherapy
-ADT mCRPC
CRPC: - Enzalutamide

- Apalutamide - Abiraterone

- Cabazitaxel
- Sipuleucel-T

Figure 3. Schematic representation of prostate cancer progression and development of metastasis. The most common
treatments used in every phase are indicated. Adapted from’.

Conversely, although PCa is characterised by its low immunogenic capacity, the immunotherapeutic

agent Sipuleucel-T, which is an autologous dendritic cell-based immunotherapy, was approved in
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2011 as a first-line treatment of patients with asymptomatic advanced and metastatic PCa with
resistance to hormone therapy®!. Due to the high heterogeneity of PCa tumours, a rising interest in
the development of precise medicine treatments is emerging. For example, tumours with mutation in
BRCA1 and BRAC2 related genes are suitable for treatment with poly-ADP ribose polymerase
(PARP) inhibitor olaparib®, meanwhile anti-PD-1 agent pembrolizumab exhibited high response in

tumours with mismatch repair deficiencies®.

Thus, due to its major androgen dependency, ADT is one of the first lines of action to hamper tumour
growth®. However, the high percentage of patients that acquire hormone therapy resistance limit
these treatments application. Although several new therapeutic agents have been recently developed,
the survival improvement obtained is of around 3-4 months. Thereby, the development of new
effective therapies to target mMCRPC is still a pending task.

1.4. Molecular characteristics of PCa

With the aim of further deciphering the molecular characteristic underlying the disease progression,
several large-scale genomic studies in primary tumours and mCRPC have been performed during the
last years®#2, Altogether, these data picture both primary prostate tumours and mCRPC to exhibit a
low mutational load in comparation with other tumours. However, prostate tumours are characterised
by a marked increase of genome-wide copy number alterations, genomic rearrangements, and gene
fusions®434¢, The most commonly genetic altered pathways in PCa are Androgen Receptor (AR),
Phosphatidylinositol-3-kinase/phosphatase and tensin homolog (PI3K-PTEN), DNA repair and cell
cycle components*®®. Thus, amplifications of MYC have been detected in 50% of prostate
tumours*®*°, meanwhile activating mutations of AR pathway are usually correlated with castration
resistance**>!. One of the most common genes that is deleted in PCa is PTEN, correlated with a more
aggressive tumour and increased metastasis® and being detected in approximately 23% of high-grade
prostatic intraepithelial neoplasia (HGPIN), in the 69% of localised PCa®, and 86% of mCRPC>,
NKX3.1, which plays an essential role in urogenital development and function, has been reported as
a tumour suppressor gene linked with prostate carcinogenesis initiation*’. In addition, mutations in
BRCA genes and other DNA repair related genes as ATM, increase predisposition for PCa
development and are associated with poorer prognosis, being detected in ~30% of mCRPC

tumours®%:%5,

But not only genetic alterations are important in PCa evolution. Aberrant DNA methylation has been
widely proved to contribute to oncogenic transformation either by hypermethylation of tumour
suppressor genes promoters, which lead to silencing of gene expression, or by generating genome
instability through global hypomethylation®. mCRPC and tumours insensitive to AR treatments have
been described to be enriched in alterations of epigenetic master regulators (reviewed in®). Thus,
deregulation of DNA methyltransferases such as DNMT1%, histone modifiers (AXL1, KMT2A,
KMT2D, UTX), chromatin remodelers (ARID family)*#® and proteins of polycomb group
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(EZH2)%8%° have all been associated with PCa progression and castration resistance. For example.
DNMT1 has been shown to act as a tumour suppressor gene at early stage PCa and an oncogene in
later stages®’. However, the most-widely studied alteration is the hypermethylation of glutathione S-
transferase P (GSTP1) promoter, which leads to gene silencing in early stages during prostate
carcinogenesis®. GSTP1 protein modulate distinct signalling pathways associated with cell
proliferation, differentiation and apoptosis®® and has been proposed as potential prognostic
biomarker®2. Other PCa key genes have been also described to present DNA methylation alteration,
since inactivating hypermethylation of AR promoter is described in up to 30% of CRPC®, In
addition, hypermethylation of PTEN promoter CpG islands is a frequent cause of the gene silencing,
while hypermethylation of the tumour suppressor gene p16 is associated with cell cycle acceleration
which leads to increased proliferation and disease progression®4. Moreover, hypomethylation and
consequent upregulation of several genes as heparenase and urokinase plasminogen activator (UPA)
has been reported to contribute to metastasis and tumour invasion®, and several methylation

signatures have been proposed as molecular biomarkers of PCa progression®,

To summarize, even though important advances has been made in PCa research, its elevated
prevalence, therapy resistance and the high inter-patients and intratumoural heterogeneity, comprise
major milestones that still require further investigation. New therapeutic approaches and specific
prognostic biomarkers are essential for facing a significant medical problem that affects a high
percentage of the population.

1.1. In vivo PCa models

1.1.1. PCa mouse models

Reliable mouse models that accurately mimic patient conditions are crucial tools to unravel and study
the behaviour, development, and progression of a disease, and thus, address different treatment
approaches. As so, a huge effort has been made in the development of genetic engineered mouse
strains that resemble human prostate cancer. The major idea that must prime when choosing a
specific mouse model is that it has to be representative of the disease under examination. As so,
distinct mouse model have been engineered to express many oncogenic elements (Myc, ERG) or to
delete tumour suppressor genes that can either initiate (Pten or Nkx3.1) or promote (smad4, Trp53)
PCa progression in combination with other tumour suppressors or oncogenes®®. Usually, these
Genetically Engineered Mouse Models (GEMMSs) use prostate-specific promoters to selectively
regulate the gene edition by Cre expression in the prostatic tissue, such as the ARR,PB (Probasine)
promoter®’ or regulatory elements from PSA, Nkx3.1, Hoxb13 and TMPRSS2 genes®®. The use of Pb
promoter allowed the generation of more accurate mouse model. Besides to regulate specific
expression in prostatic epithelium, Pb promoter is androgen responsive, which results that gene

expression is induced after puberty (at age of 7 weeks), once the prostate is completely formed®’.
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The first PCa mouse model developed was the Transgenic Adenocarcinoma Mouse Prostate model
or TRAMP®, which is based in the expression of the viral oncogene Simian Virus 40 (SV40) under
the control of Pb promoter. SV40 encodes for Large T and Small T tumour antigens, resulting in
cancer development since Large T antigen bind and inhibit p53 and Rb tumour suppressors’. These
mice display hyperplasia at 8 weeks and PIN from 18 to 24 weeks of age. Adenocarcinoma can arise
at 28 weeks of age, and ultimately develop metastases by 30 weeks, primarily to lungs and lymph
nodes®®. As one of the first developed models, TRAMP mice have been widely used for validation
of PCa oncogenic role of specific genes’™ as well as for development of new chemotherapeutic
approaches’?,

The LADY model is a variation of TRAMP mice. In this case, the Pb promoter drives the expression
of only Large T antigen of SV40, since Small T antigen has been described to target a wide subset of
intracellular proteins. These mice develop dysplasia and PIN by 10 weeks of age and undifferentiated
adenocarcinoma in 20 weeks-old mice. After 33 weeks of age, several metastases with
neuroendocrine characteristics are developed. Distinct LADY models have been established in the
last years (reviewed in™®), all of them characterised by a rapid progression of the disease®.

Due to the differences with the human disease of these firstly generated models, a second generation
of GEMMs was established with the aim of targeting genetic lesions observed in human PCa in
murine prostates’. Based in this approach, mice with mutant Nkx3.1, Pten, p53 or Rb successfully

developed epithelial hyperplasia and dysplasia.

PTEN is one of the most common driver genes of PCa development, being deleted in approximately
23% of HGPIN, 69% of PCa and 86% of metastatic CRPC)". The first Pten edited mice consisted
in heterozygous Pten knockout (Pten*’), which developed lymphomas, endometrial hyperplasia, PIN
and thyroid neoplasm™. However, mice exhibited adenocarcinoma between 40 and 65 weeks of age.
For accelerating PCa development, combination of Pten*” with Nkx3.17- was performed, with 60%

of the mice exhibiting HGPIN at 26 weeks and adenocarcinoma at week 52 with 100% penetrance’.

However, one of the most extended models for invasive localised PCa adenocarcinoma is the PB-
Cre4 x Pten"™ mouse model developed by Professor Pandolfi”’. This model is based on the
conditional deletion of Pten in prostatic epithelium™. Thus, a genetic engineered mouse with Pten
exons 4 and 5 flanked by loxP sites was generated by Trotman et al.””. For prostate specific deletion,
Cre recombinase gene expression is under the control of ARR.PB promoter, that induces Cre
expression at high levels and high penetrance’®. This provides an essential benefit, since any possible
developmental effect that could be caused by Pten inactivation during prostate organogenesis is
avoided””. Therefore, PB-Cre4 x Pten™1™ mouse is characterised by developing at HGPIN at 12
weeks in all three prostate lobes and 100% penetrance, that progresses to invasive cancer after 4-6

months latency. No metastasis has been detected even in mice up to 130 weeks of aging’®. Thus, this
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model can be widely used for deciphering the tumorigenic role of specific genes of interest by

evaluating how its presence/absence affects prostate tumour development.

Variations of these model have also been developed, as Pten"™/°/Nkx3.1-Cre®R™ with ablation of
one allele of Nkx3.1. These mice constitute the best model for CRPC since, after castration, there is
a tumour regression that progress to microinvasive adenocarcinoma with nuclear AR, Another

interesting variant of the model is the Pten™/"/Nkx3.15%™ coupled with oncogenic Ras Kras-s-

1207y developed by Aytes et al.®*, which besides aggressive adenocarcinomas also develop
metastasis with 100% penetrance in lung and liver. Thus, this model is a potent tool for studying the

most advanced stage of PCa.

Lastly, another commonly used PCa model is based in the overexpression of the c-Myc oncogene. c-
Myc is overexpressed in PCa, being higher the expression towards tumour stage progression. Two
distinct models with different expression models depending on the used promoters have been
generated: Lo-Myc with small Pb promoter, and Hi-Myc, with ARR,PB promoter®, Hi-Myc mice
develop PIN at 13 weeks which progress to invasive adenocarcinoma by week 26, while Lo-Myc
progress slower, with a delayed adenocarcinoma appearance at 30 weeks-old mice. The main
limitations of these models are that they do not become castration resistance after castration and no

metastasis have been detected®.

In summary, the generation of PCa mouse models is an expanding field but due to the differences in
human and mouse prostates, the search of a model that accurately represents the disease is still
ongoing. In fact, one of the main disadvantages of working with PCa mouse model is the long time
needed for disease generation and the difficulties in reproducing metastatic phenotypes specially

bone dissemination. Thus, further research of target genes is still needed.

1.1.2.Patient Derived Xenografts Organoids

A novel in vitro model that is gaining interest over the years is the use of Patient Derived Xenografts
(PDXs)-derived organoids. PDX-derived organoids are 3D in vitro models generated from patient
tumour tissue expanded in murine models, or in other words, are in vitro models derived from an in
vivo PDX®,

Due to the elevated complexity of human tumours, cancer cell lines often fail in recapitulate some
of their biological characteristics. Thus, although a high number of anti-cancer compounds tested for
clinical safety in Phase | studies progress to the efficacy testing in Phase I, most of these drugs fail
in Phase Il or Phase 1l of examination of clinical response due to the vast differences between the
pre-clinical models and the patients®*. With the aim of overcoming the limitations of cancer cell lines
and enhance the correlation with human tumours, the establishment of surgically derived primary
clinical tumour samples that are grafted into mice or PDXs was performed®. PDXs are powerful

tools that allow the study of intra-tumour characteristics and drug response in a more reliable and
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accurate manner than two-dimensional cell culture since consist in a more realistic representation of
the original tumour®. For tumour engraftment, immunodeficient mice such as NOD/SCID/IL2Rynui
are necessary to increase efficiency®. PDXs models have been established in a broad variety of
cancers, including colorectal®’, pancreatic®®, breast®, lung®, skin®, head and neck®, prostate®® and
ovarian cancer®. However, several limitations arise when working with PDXs. Limited engraftment
rates of PDXs remain a major challenge and is highly variable between cancers. Orthotopic
transplantation in the organ of interest has been described to provide a more physiological
engraftment that heterotopic (e.g. subcutaneous), even leading with invasive growth and
metastases®, but reduced viability is also observed. In addition, accumulation of copy number
alterations and genomic instability after serial transplantations reduce the accuracy of the model®®’.
It has been described that human stroma is subsequently replaced by murine stroma over engraftment
passages, resulting in a deviation of the PDXs from the original tumour over time®. Additionally,
when using PDXs to evaluate the effect of specific drugs, it is crucial to take into account that drug
metabolism and pharmacokinetics differ from mouse to human, which may influence in the treatment

response®s,

To address some of these restrictions, PDXs-derived organoids arise as an optimal alternative, since
they recapitulate tumour features such as phenotype, heterogeneity, drug response and overall
complexity, while providing an alternative to animal model®**°. Due to its origin from cancer stem
cells, PDXs-derived organoids faithfully recapitulate the histopathology properties of the PDX
tumour. Moreover, numerous studies have shown that the concurrent genetic profile and
pharmacological response observed in organoids may accurately predict the clinical outcome0%10%,
The growth of PDX-derived organoids in highly enriched conditions allows the generation of three-
dimensional multicellular structures that mimic patient tumour with high stability and genomic
integrity. Thereby, organoid cultures are a potent in vitro tool to evaluate therapy response of certain
patients subgroups and decipher the underlying cause®®. However, the use of PDX-derived organoids
also entails several limitations, as the low proliferation rates of PCa organoids which results in the
need of mouse expansion step, and the limited availability of material’®. In addition, organoid
cultures cannot mimic vasculature and tumour-stroma interactions. Tough, the establishment of
distinct bone metastatic PCa PDXs models as BM18%%2 and LAPC9% improves material availability,
as well as allow genetic manipulation to address the effect of specific genes in a human preclinical
model. So far, large scale drug screening on primary PCa organoids have not been yet performed and
the extent to which PCa organoids can model key features of therapy resistance and drug response
needs further investigation, but patient-derived tumour organoids are a promising tool for distinct

translational applications®1°t,
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2. Epitranscriptomics

During the last years, numerous studies have highlighted the high relevance of non-mutational
mechanisms, such as epigenetic marks, on prostate cancer development and progression®. In this
scenario, RNA modifications or epitranscriptomics arise as a new layer of information/regulation
with an important role in maintaining essential biological processes and regulating different tumour-

initiating events (reviewed in'%1%7),

Epitranscriptomics has emerged as the study of all the changes at which RNA is subjected once the
transcription is over, in terms of chemical modification or sequence alterations (known as RNA
editing). Currently, more than 170 different known RNA modifications compose the
epitranscriptome, containing most RNA species one or multiple chemical modifications that can be
present in all four RNA bases and the ribose sugar'®®. Although their existence has been known for
decades, until the development of sufficiently sensitive tools and high-resolution genome-wide
techniques their identification and study have been hampered, especially of those present in low-
abundant RNA species'®. Thus, despite their abundance, the lack of specific and sensitive techniques
has maintained the epitranscriptome out of the focus of study for years, being their function still
widely unknown. Nevertheless, even the limited characterisation performed so far has highlighted
numerous essential biological functions regulated by RNA maodifications, such as cell self-renewal,
differentiation, migration or stress response!'®!'!, The epitranscriptome, indeed, arises as an area as
complex and extensive as epigenetics''>113, Similar to DNA, RNA modifications can be dynamically
and reversibly regulated by specific enzymes named as readers, writers and erasers'4.
Epitranscriptomic writers are defined as the enzymes responsible for deposition of RNA marks, while
erasers arise as the proteins in charge of their removal. Readers are proteins that selectively recognise
and bind to specific RNA chemical modifications to perform various functions*®>. Some examples
of writers are the methyltransferases from METTL, NSUN, TRMT or ALKBH8 families, or non-
methyltransferases as DKC1, NAT10 and TRIT1, that mediate pseudouridine (¥), N4-acetylcytidine
and N6-isopenenyladenosine, respectively!®®, The first eraser discovered that lead to the coining of
the epitranscriptome as a dynamic event was the fatmass and obesity-associated protein (FTO), that
demethylates N6-Methyladenosine (m°A) in both DNA and RNA®, Another example of m°A eraser
is the alpha-ketoglutarate-dependent dioxygenase homolog 5 (ALKBH5)Y. Regarding readers, the
most well-known family of RNA readers is the YTH domain proteins'!8, which bind to mA-mRNA
and perform distinct functions. YTHDF1 was described to increase translation efficiency in a m’G
cap-independent manner. In contrast, the extensively studied reader ALYREF specifically recognises

m>C-modified mMRNA promoting its nucleus-to-cytosol export*®°.

3. tRNA modifications
Among all RNA species, transfer RNAs (tRNASs) are the most extensively modified, with more than

90 different types of modifications identified so far'%®. Despite its non-coding RNA (ncRNA) nature,
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tRNAs are essential elements of the translational machinery, being the molecules responsible of
carrying the amino acids required to form the nascent peptides at the ribosome!®, Molecularly,
tRNAs exhibit a characteristic double-strand clover leaf secondary structure with five major domains
(Figure 4)*2;

e  Acceptor stem, to which the specific amino acid is attached.

e D-loop, together with acceptor stem, is involved in amino acid recognition and charge on to
the acceptor stem.

e Anticodon loop is responsible for mMRNA codon recognition.

e Variable loop regulates three-dimensional structure by interacting with D-loop and T-loop.

e T-loop and T¥C arm are implicated in the ribosome-tRNA interaction essential for efficient

translation.
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Figure 4. A) Cloverleaf structure of the general structure of tRNAs. B) L-shaped three-dimensional representation of the
yeast Phenylalanine tRNA. Colours label the same structures within both representations. Adapted from?22,

It is largely known that tRNAs are multiple and versatile molecules capable to regulate gene
expression, being RNA modifications crucial in this process. All tRNAs isotypes carry chemical
modifications distributed along the cloverleaf structure, however, the number of modifications in
individual tRNAs can vary between organisms, tissues, organelles and tRNA species. The standard
length of the majority of eukaryotic tRNAs isoforms is of 76 nucleotides, with an average of 13
different modifications per molecule. This entails that approximately 20% of the nucleotides that
comprise a tRNA molecule carry a modification'?® (Figure 5). Mitochondrial tRNAs exhibit an

average of 5 modifications per molecule, being some of them exclusive!?3124,

tRNA modifications are highly diverse, being pseudouridylation (V) the most abundant and
conserved modification followed by methylation (m°C, 5-methylcytosine; m’G, 7-methylguanosine;
m°U, 5-methyluridine; m*A, N1-methyladenosine...). Other complex multistep modifications such
as N6-threonylcarbamoyladenosine (t°A) and 5-methoxycarbonylmethyl-2-thiouridine (mcm®s2U)

also decorate the tRNA structure'® (Figure 5).
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A wide variety of functions of tRNA modifications have been described, being dependent of the
location within the molecule and its chemical nature. The anticodon loop hosts complex
modifications involved in regulating strength and specificity of codon recognition as well as
optimization and maintenance of reading frame%41%126 Modifications in this region are highly
conserved in eukaryotes due to its high relevance in regulating translation fidelity. In fact, the highest
variability in chemical deposition occurs at the wobble position (position 34), with more than 30
distinct modifications identified to date!®. Wobble modifications control base pairing and codon
usage, regulating the diversity of codon recognition properties of the tRNA?25127,

Acceptor
sFt)em ’. @ Other modifications ~ Figure 5. Schematic representation of an average tRNA molecule.

The distinct parts are indicated. Coloured circles represent the type
of modification present in that position: : blue for methylations,
orange for ¥, and in purple other less common modifications are
indicated. Among methylation, the modifications included are:
m'A; msibA, 2-methylthio-N6-threonylcarbamoyladenosing;
) m'G, 1-methylguanosine, ; Gm, 2’-O-methylguanosine; m’G; Cm,
© Variable 2'-O-methylcytidine; m5C; m°U; m?G, N2-methylguanosine; Um,

loop 2'-O-methyluridine; méAm, N6,2’-O-dimethyladenosine. Other
modifications are composed by: yW, wybutosine; I, inosine;
mcmPU,  5-methoxycarbonylmethyluridine;  mcm®s?U,  5-
methoxycarbonylmethyl-2-thiouridine; ncm®U, 5-
carbamoylmethyluridine; ncm®Um,  5-carbamoylmethyl-2'-O-

methyluridine, hm®C, 5-hydroxymethylcytidine. Adapted from%*
105

Anticodon

Modifications deposited within the structural D- or T-loops of the tRNA are necessary for tRNA
stability and proper folding'?®, and its absence is linked to tRNA degradation'?® and impaired
processing!1%12%130  Besides, modifications on the tRNA structure are arising as key regulators of
tRNA-derived RNA fragments formation, small noncoding RNA molecules produced by tRNA
cleavage. Although initially considered as degradation products, a growing interest in the study of
these tRNA fragments is emerging due to its role in regulating gene expression at both transcriptional

and translational levels''®13L,
3.1. Regulation of protein translation by modifications deposition at anticodon loop

Due to tRNAs function as mRNA decoders, modifications located at the functional sites of the
molecule, the anticodon loop, are crucial for the modulation of protein synthesis by regulating tRNAs
capacity to interact with mRNA. As previously mentioned, the most relevant effect is produced by
those modifications localised at the wobble position, which is the most heavily modified region of
the tRNA and the responsible to optimise codon usage during gene-specific translation by restricting
or expanding the decoding capacity of the molecule'®. The most known modification is the
adenosine deamination to Inosine (I, A-to-1), which occurs in at least eight different tRNAs

isoacceptors. This modification permits a single tRNA to decode up to three distinct codons for the
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same aminoacid, being essential for the codon degeneracy®®2. Thus, this change is catalysed by
tRNA-adenosine deaminases (ADATS)™3, being 134 able to wobble with adenine, cytosine and
uridinet®. Alterations on A-to-I editing due to ADAT3 mutations are associated with intellectual
disability and strabismus!®. Moreover, guanosines or cytosines at position 34 are susceptible of
being modified by 2°O-methylation catalysed by FTSJ1, which has been previously described to
enhance codon-anticodon interaction of the ribosome®*®. Mutations on FTSJ1 are linked with
intellectual disability™®”. Complex modifications such as 5-carbamoylmethyl (ncm?®) or 5-
methylaminomethyl-2-thiouridine (mcm®s?U) have been identified at U34 of the wobble base of
tRNAYYY tRNAYYC tRNAYYC and tRNAVCY isoacceptors. These complex wobble modifications
require the joint action of several RNA modifying proteins (RMPs) and are essential for improving
base pairing and protein translation of mMRNAs enriched for the corresponding codons!?"13, since
their loss pause translation of specific codons at the ribosomes!®. Another modification of the
wobble position is queosine (Q), which has been described to increase, together with m°C at C38,
translational speed and fidelity. Alteration of Q levels results in accumulation of unfolded proteins

that triggers endoplasmic reticulum stress response4°,

Other modifications that occur at the position 37 adjacent to the anticodon, such as N-
threonylcarbamoyladenosine (t®A) help to stabilise codon:anticodon interaction and prevent
translational frameshifting'#-142, While m°C at position 38 regulates translation fidelity, since its loss
cause to DNMT2 alteration results in impaired discrimination of Asp and Glu codons, causing codon-

specific mistranslation and dysregulation of haematopoiesis'*®.
3.2. Regulation of tRNA-derived fragment formation by RNA modifications

Due to their important role in the post-transcriptional regulation of gene expression in physiological
and pathological conditions, small noncoding RNAs (sncRNAs) have been widely investigated
during the last years. High-throughput sequencing technologies have included tRNAs-derived RNA
fragments to the growing list of SncRNAs composed by the largely known small-interfering RNAs
(siRNAs), microRNAs (miRNAs) and piwi-interacting RNAs (piRNAs) among others'#4146, These
fragments can originate from both precursor and mature tRNAs, and their production can be either
constitutive or induced under certain circumstances, such as developmental stage, proliferative
status, stress or viral infection'#1%8, Their high conservation between organisms together with their

specific cleavage ends rule out their origin as random tRNA degradation products®4°.

tRNA-derived fragments classification is usually based on their length, tRNA domain of origin and
function. Those fragments derived from tRNAs can be divided into two major types: tRNA halves
(stress induced tRNAs or tiRNAs) and tRNA-derived small fragments (tRFs) (Figure 6). tiRNAs are
produced by the specific cleavage of the mature tRNA at the anticodon loop obtaining two distinct
fragments: 30-35 nucleotide (nt) 5°’tiRNAs and 40-50 bases 3’tiRNAs. Under normal conditions,
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small amounts of these fragments can be found in human cells!*°; however, their production is usually
stress-induced (oxidative stress, heat shock or UV irradiation) by angiogenin ribonuclease®.
5’tiRNAs derived from tRNAA”? and tRNA®* have been described to specifically inhibit protein

translation and to promote stress granule (SG) assembly*>%*%2,

Conversely, tRFs are 13-30 nucleotides
fragments produced by endonucleolytic
cleavage of either mature (5’tRFs and 3’tRFs)
or pre-tRNAs (tRF-1)1531% 3°tRFs and 5’tRFs
derive from tRNA cleavage at the T or D-loop
respectively, being the cleavage produced by
DICER or other ribonucleases such as
angiogenin or RNAse Z81516 {RFs have

been shown to be essential in regulating protein
translation and, in particular, gene expression
o]
via association with argonaute (AGO) proteins g $4RNA

5’'tiRNA
and RISC complex!s"1%8,
Figure 6. tRNA-fragments derived from mature tRNAs with

tRNA fragment biogenesis appears to be the known ribonucleases implicated in their biogenesis.
heavily dependent on tRNA modifications. Adapted from?= 2

Thus, modifications such as queuosine, 2’-O-methylation, m*C or m!G have been described to
protect tRNAs from cleavage in human cells'**-1%1, For example, m®C deposition at the variable loop
prevents 5’tiRNAs-angiogenin-dependent formation, and its deregulation impairs cells survival
under stress conditions®®2. In contrast, other modifications as PUS7-mediated pseudouridylation have
been shown to mark tRNAs for its cleavage in human embryonic stem cells (hESCs)'!. The
formation of 5’ terminal oligoguanine short fragments (mTOGs), which are essential for hESCs
correct differentiation, depends on this modification. In summary, whether targeting or protecting
tRNAs from its cleavage, it is evident that tRNA modifications are critical for tRNA-fragments
formation, and their deregulation compromises crucial biological processes. In fact, a growing
interest in tRNA-derived fragments is emerging since they seem to accumulate in different tumours
and play important roles in cancer by regulating of cell proliferation, invasion, and
metastasis!®>1°6.163, Furthermore, the aberrant expression of tRNA-derived fragments in cancer may

serve as diagnostic biomarkers or therapeutic targets'®.
3.3. tRNA fragment biogenesis regulates protein translation

Regulation of translation rates through tRNA-derived fragments has raised an especial interest in the
area. Since only a small portion of the tRNAs (<5%) within a cell are susceptible of being cleavage

through the processes previously described, the consequently reduction of the pool of mature tRNAs
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would not be significant to affect protein synthesis. Thus, in the last years distinct mechanisms have

been identified to be responsible of translation inhibition (reviewed in%®).

The importance of tRNA-derived fragments on translation regulation was first elucidated after
Thompson et al. revealed that stress induced 5’tiRNAs but not 3’tiRNAs inhibited protein
synthesist®. This result not only introduced the specificity of tRFs function but also discarded the
idea that the mere tRNA cleavage was the cause of protein inhibition. In the following years, several

studies have shed light to the process.

One of the most studied translation inhibition mechanisms is based in the presence of tRNA-
fragments containing 4 to 5 guanine residues at the 5’ end (5’end terminal oligoguanine or TOG
motif). Specific 5°’tiRNAs and 5’tRFs fragments derived from tRNA”"? and tRNA* have been
described to meet these qualities!®*1%, The oligoguanine nature of these fragments confers a hairpin-
like three-dimensional conformation that interferes with the assembly of the canonical translation
initiation complex elF4F. TOG-containing 5’tRFs can be either 35 nucleotide long (5°TOGs) or
mini-TOGs (MTOGS), 18 nucleotide length TOGs fragments and pseudouridinylated at the eighth
position of tRNAs!3166.167 This phenomenon was first described by lvanov et al., demonstrating that
the guanosine-containing 5’tiRNAs specifically displaced translation initiation factors elF4G/elF4A
from capped mRNA and also bound to the translational repressor YB-1, which lead to global
translation inhibition®®1%7. Moreover, this study also linked this translation inhibition as a response
to stress signal, since the 5’tiRNA fragment biogenesis was induced upon the stress-induced
angiogenin ribonuclease activation®®’. More recently, a new type of shorter oligoguanine-containing
tRNA-derived fragments was described in hESCs™!. Thus, ¥-modified mTOGs were found to
displace elF4A/G from actively translated capped-mRNAs by specifically binding to polyadenylate-
binding protein 1 (PABPC1) (Figure 7). PABPC1 is one of the factors that conform the translation
initiation complex and binds to elF4G allowing the complex formation and enhancing translation. In
addition, Guzzi et al. also showed that mTOGs-binding capacity is dependent of the modification
state of the fragments, since synthetic unmodified oligonucleotides preferentially bound to YB-1,
which acts as a translation repressor responsible for storage of mMRNAS on a silent state. Thus, tRFs
inhibit global protein synthesis rates by impairing the formation of the translation initiation

complex®3,

The underlying mechanism of TOG translational inhibition together with its alteration in cancer,

attract attention as a potential prognosis and therapeutic approach.

Besides 5’TOG dependent translation inhibition, other mechanisms have been also reported. Thus,
YB-1 has been also described to bound to tRNA®Y, tRNAAP, tRNA®Y and tRNA™'-derived tiRNAs

fragments and downregulate translation of specific mMRNAs in breast cancer cells!®, Moreover,
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3’tRF fragments derived from tRNA-Leu-CAG were proved to enhance the translation of mRNA

codifying for ribosomal proteins, regulating ribosome biogenesis in hepatocellular cancer cells!%%17°,

@ Yy
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Figure 7. Schematic representation of normal active protein synthesis and the inhibition mediated by ¥-5’mTOG. Adapted
from?131.156

Thus, although the molecular insights regulating these processes needs further investigation, it is
clear that tRNA-derived fragments regulate essential cellular processes as protein synthesis in a

fragment-specific manner.

3.4. Interconnection between tRNA fragments biogenesis, translation inhibition and

stress response

As stated before, biogenesis of most of tRNA-derived fragments described are highly dependent on
stress conditions, being mainly cause by the stress-mediated activation of the human ribonucleases
that mediate the process, such as angiogenin and RNAse L' tRNA-fragment formation via
angiogenin activation is one of the best characterised processes, being described its activation by a
large variety of stresses such as oxidative, heat shock or viral infection®1, For example, NSUN2-
mediated m°C modification has been widely proved to protect tRNAs from angiogenin-mediated
cleavage'®. Depletion of NSUN2 results in 5’tiRNAs accumulation which leads to global inhibition
of protein translation by displacing translation initiation factors from tRNAs!® and activation of
stress pathways measured by the accumulation of stress granules (SG) in the cytoplasm?®2,
Remarkably, although global translation inhibition was detected upon tRNA fragmentation due to
NSUN2 depletion, an enhanced translation of the cell cycle inhibitor p21 was detected!’?, indicating
a specific inhibition of cell proliferation. Several studies have highlighted that accumulation of
5’tiIRNAs due to increased angiogenin expression drive the cells into a state of stress
hypersensitivity'® due to a reduced capacity to rapidly adapt to environmental changes. In the

context of cancer research, this eventually results in increased therapy sensitivity.

Thereby, as demonstrated by increasing data, global translation inhibition is a common response to
most types of stress. This is produced as an energy saving action and to prevent the synthesis of
unwanted proteins®”. However, it has been widely proved that stress-induced translation reduction

is often accompanied by an enhanced selective translation of proteins involved in stress response!’.
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Attenuation of global translation upon stress may be caused by tRNA-fragments accumulation by
any of the mechanism previously described or by stress-mediated phosphorylation of the eukaryotic
translation initiation factor 2o (elF2a)'’®. However, the mechanisms that govern preferential

translation of specific mRNAs are still being elucidated.

elF2a is a component of the translation initiation complex essential for translation initiation that
mediates the binding of tRNAM! to the 40S ribosomal subunit. Its inactivation by phosphorylation
is mediated by four distinct protein kinases: the heat sensor haem-regulated inhibitor kinase (HRI);
protein kinase RNA (PKR) activated by double-stranded RNA,; the sensor of ER stress PKR-like
endoplasmic reticulum kinase (PERK); or the general control non-derepressible-2 (GCN2) kinase
that is activated upon amino-acid starvation'’*. Besides global translation inhibition, phosphorylation
of elF2a also activates the translation of specific transcripts. For example, it has been described that
elF2a phosphorylation mediated by PERK activation upon ER stress not only inhibit translation of
most mRNAs but also induce the translation of ATF4 mRNA, resulting in activation of the unfolded

protein response (UPR) pathway?’.

Another alternative for cap-independent translation of specific transcripts is through the Internal
Ribosome-Entry Sites or IRES. Briefly, ribosomes can directly recruit specific MRNAS that present
discrete sequence elements in the 5°UTR in a cap and elF4F complex independent manner'’’. This
process is mediated by some cellular proteins known as IRES trans-acting factors (ITAFs)!®, and
was firstly described for viral mMRNASs but its regulation is still being clarified. Thus, no common
features of IRES sequences have been detected, but they have been reported in mMRNAs characterised
for exhibiting long 5’UTRs with high GC content and an extensive predicted secondary structure.
Similarly, several ITAFs have been implicated in IRES-dependent translation but its requirement
seems to be IRES specific}’®. One mRNA described to harbour IRES-mediated translation is that

encoding vascular endothelial growth factor (VEGF), that promotes angiogenesis'’.

Finally, another potential mechanism that would explain differential translation would be
angiogenin-mediated direct cleavage of specific mRNAs or production of tRFs that target certain

mRNAs and produced its degradation together with argonaute proteins®”.

Thus, biologically, tRNA modifications allow protein synthesis regulation through two distinct
processes: by modulating tRNA biogenesis via modifications within the structural backbone or either

by regulating codon pairing and translation speed of specific genes through anticodon modifications.
3.5. tRNA modifications in cancer

Thereby, tRNA modifications are key regulators of essential physiological processes. In fact, during

the last years numerous lines of evidence remark that dysregulation of epitranscriptomic pathways

may contribute to the appearance or progression of different human pathologies, including

cancer06.109
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Type of Modifica-

. Cancer type Expression in cancer  Ref.
enzyme tion
. Prostate Cancer No change 179
ALKBH3 Eraser m-A 80
Hepatocellular cancer No change
ALKBHS Writer mchm?>U Bladder cancer Upregulated 181
Melanoma Upregulated 182
CTuland Writer mcm°S?U Rles 5
CTU2 Breast cancer Upregulated
AML treatment No changes 184
Glioblast
) s loblastoma No changes 185
DNMT2 Writer m->C treatment
Myeloid Leukaemia Upregulated 186
Breast cancer Upregulated 186
Melanoma Upregulated 252
ELP1 and . 5 183
ELP3 Writer cmU Breast cancer Upregulated
Colorectal cancer Upregulated 5
NAT10 Writer ac*C Colorectal cancer No change 188
Il
Squamous ce Upregulated 52
carcinoma
HNSCC Upregulated 190
Bladder cancer Upregulated =l
ki |
Skin, breast and colon Upregulated 192
NSUN2 Writer m>C cancer
Gastric cancer Upregulated EE
Gallblader carcinoma Upregulated 194
Oesophageal
squamous cell Upregulated 195
carcinoma
Ovarian cancer Upregulated 119
Metastasis HNSCC - 196
. AML treatment - 184
NSUN3 Writer mitm>C - 197
Glioma Upregulated
LUSC Upregulated 198
Pancreatic cancer Downregulated tEE
. Glioblast
NSUN6 Writer m>C loplastoma No change 200
treatment
ccRCC Downregulated HEE
TRMT2A Writer m°U Breast cancer Upregulated 201
. Colon cancer Downregulated 202
TYW2 Writer yW 203
Breast cancer Upregulated
PUS7 Writer W AML Loss 131
. Prostate cancer No change 204
PUS10 Writer y . - 205
Lung cancer Genomic alterations

Table 1. Summary of tRNA modifying proteins alterations associated with cancer. AML: Acute Myeloid Leukaemia,
HNSCC: Head and Neck Squamous Cell Carcinoma; ICC: Intrahepatic cholangiocarcinoma; LUSC: Lung Squamous Cell
Carcinoma; ccRCC: clear cells Renal Cell Carcinoma.

Aberrant deposition of distinct tRNA modifications has been described to regulate cancer cell

proliferation, invasion, and self-renewal as well as treatment response’>1%, Therefore, many tRNA
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modifying proteins (tRMPs) have been found to be involved in the development, progression and
survival of various tumour types (Table 1). For example, the m®*C tRNA methyltransferase NSUN2
has been described to protect tRNAs from angiogenin cleavage under stress conditions and maintain
normal translation programs. Its loss results in tRNA cleavage and low translation rates, which is
translated in an increased proliferation of tumour initiating cells but that exhibit increased sensitivity
to 5-Fluorouracil (5-FU)¥%218 Similarly, the demethylase ALKBH3 has been described to regulate
prostate cancer by production of tRNA-derived small RNAs that alter translation by regulation
ribosome assembly and prevent apoptosis through binding with Cyt-c'™®.

3.6. m’G tRNA modification

N’-methylguanosine (m’G) is one of the most common
tRNA modifications in human and is observed in distinct
prokaryotes, archaeas and eukaryotes species?®. The
deposition process was first described in yeast, where the
Trmp8/Trmp82 heterodimeric complex catalyses the S-
adenosylmethionine (SAM)-dependent modification at the
variable loop of more than 10 tRNA species?®’. Although
this modification is not essential for yeast survival under

normal culture conditions, Trm82 mutant yeasts show

increased sensitivity to heat stress?®. In humans, the
. Figure 8. Schematic representation of
catalytic ortholog methyltransferase-1 (METTL1) and the  \\e17 1/wDR4-dependent m7G modification

; : in human tRNAs. S-adenosylmethionine
regulatory unit WD Repeat Domain 4 (WDR4) are the (SAM) donates the methyl group transforming

nto S-adenosylhomocysteine. Adapted from?208.

responsible for the methylation of the 7-guanosine at ;52

position 46 of several tRNA species?®®21° (Figure 8).
3.6.1.m’G detection

One of the major drawbacks that have limited the study of RNA modifications was the lack of reliable
and sensitive methods that allow their accurate detection. This restriction is exacerbated when
working with specific chemical modifications, such as m’G, since its chemical nature does not impair
Watson-Crick base complementarity, hampering its detection?!. As consequence, m’G does not
interfere during reverse transcription being unable to be directly detected by standard sequencing
technologies. Thus, over the last years distinct techniques exploiting the increased sensitivity that
methylated guanosines present under chemical treatment have been developed in order to overcome
the sequencing limitations, but some difficulties still arise. These new developed techniques have
detected internal METTL1-dependent m’G modification in miRNAs, mMRNAs and rRNA?-214
besides the well-known tRNA substrate. However, excepting tRNAs which specificity has been

widely demonstrated, some targets fail to be reproducible and need further validation.
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For quantitative detection of RNA modifications, the most broadly used method is liquid
chromatography with tandem mass spectrometry (LC-MS/MS). Its high cost and technical difficulty
are outweighed by its high reliability and reproducibility. However, this technology retrieves
information about the percentage of nucleosides modified within a sample, but not about its

deposition location?®®,

For detection of m’G deposition sites at single nucleotide resolution, several approaches have been
developed, but all of them exploit the increased sensitivity that m’G group presents when treated
with sodium borohydride (NaBH,). This reaction produces a reduction of 7-methylguanosine under
alkaline conditions, that results in the formation of an abasic site that can be subsequently cleaved
and detected with deep sequencing?® (Figure 9). This chemical principle is the basis of distinct
methods like AlkAniline-Seq (alkaline hydrolysis and aniline cleavage sequencing)?’, m’G-MaP-
seq (M’G Mutational Profiling sequencing)??®, BoRed-seq (Borohydride Reduction sequencing)?!!
and TRAC-seq (tRNA reduction and cleavage sequencing)?*8. A variation of these methods relies on
using m’G-specific antibodies to enrich samples for m’G-modified, such as m’G-MeRIP-seq (m’G-
methylated RNA immunoprecipitation) method. This technique identified m’G deposition at
mammalian tRNAs and mRNAs by combining m’G immunoprecipitation with next-generation

sequencing in a non-quantitative manner?*2,

All the described methods allow the identification of m’G deposition sites at single-nucleotide

resolution. However, NaBH; treatment is

A et accompanied by a high prevalence of false
B (N,) positives due to random RNA fragmentation
l Alkaline Hydrolysis consequence of the harsh conditions at which

dp@f the reaction is produced. This results in elevated

variability in the detected positions among
lAniIine studies?’. In fact, the differences between the

mentioned techniques relies in the enrichment

ﬂ Biotinylated probes

T4 PNK 4~ BoRed-Seq approaches used for reducing background
—\l Adaptor

AlkAniline-seq ligatio signals that can alter the findings. As so,
-@_ﬁ enrichment of the modified RNAs is produced

by selection of abasic sites either by covalent

l RNA-seq bound of biotinylated probes?'! or by adding T4
B m’G-MaP-seq PNK for obtaining 5°-P- and 3’OH-ends?’, as
—<= = > in BoRed-seq and AlkAniline-seq, respectively.

Figure 9. Schematic representation of the workflow TRAC-seq aims to reduce the cross-reactivity

followed for all the NaBH4-based m’G detection
methods. The distinct variations and the corresponding

technique are indicated. Modified from? and D after alkaline treatment by treating the

of the also NaBHj, sensitive modifications m3C
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RNA with AIkB enzyme for m3C demethylation?®, while m’G-MaP-seq is based in the analysis of
the mutagenesis rate of the abasic sites to overcome the background cause by random
fragmentation?®. However, due to the differences in the filters used either in the capture of the
cleaved RNAs or the analysis of the sequencing data, variable results are obtained among techniques.
As consequence, complementary application of different methods is necessary for accurate results,
which enhances the need of development of new technologies for precise and reliable m’G profiling.
Despite the technique limitations, m’G deposition has been successfully identified in tRNAs and
rRNAs, but also in miRNAs and mRNAg?10:212.217,

3.6.2.m’G function in physiological and pathological conditions

Although methylation at 7-guanosine does not alter Watson-Crick base complementarity, it does
disrupt non-canonical base pairing, which affects the secondary structure of tRNA™S, In fact, m’G-
tRNA modification has been shown to be required for optimal protein translation of specific proteins
and regulate tRNA stability?0219-221 a5 well as to play an essential role in embryonic stem cells self-

renewal and differentiation210222,

At the pathological level, loss of METTL1-cofactor WDR4 in mammals has been associated with
primordial dwarfism??, METTL1 overexpression is also linked with tumour aggressiveness in
distinct cancer types including sarcoma, lung, liver, colon, gastric, bladder, oesophageal and
glioma?11219-221224-228 ' Although a common molecular mechanism by impaired translation efficiency
(TE) of mRNAs with higher dependency of m’G tRNA codons has been described?®, the molecular
insights that govern tumourigenesis regulation varies between tumours (Table 2). For example,
Orellana et al. have recently described that the METTL1 overexpression observed in several tumours
leads to increased abundance of m’G-modified tRNAs, including Arg-TCT. This results in increased
translation of mMRNAs enriched in AGA codon, including mRNAs related to cell cycle progression
and proliferation. Thus, high levels of METTLL drives oncogenic transformation and is associated
with poor prognosis®®. Similarly, METTL1-downregulation in the METTL1-overexpressing
intrahepatic cholangiocarcinoma (ICC) cells reduced translation of mMRNAs decoded by m’G-
modified tRNAs. Between this mMRNAs, those encoding for cell-cycle proteins such as CCNA2 and
CDKG6 and endothelial growth factor receptor (EGFR) pathway genes were detected, which lead to
decreased phosphorylation of downstream EGFR targets including AKT and mTOR. Thus, METTL1

downregulation leads to reduced proliferation and cell division in ICC cells?%.

In addition, METTL1 together with NSUN2 inhibition has been reported to increase HeLa cells
sensitivity to 5-fluorouracil (5-FU), a widely used chemotherapeutic agent®”®. The potential
prognostic value of METTL1 for evaluating patient survival was corroborated in many tumours by
a Pan-cancer analysis. Moreover, the study highlights a connection between METTL1 overexpression
and higher immune infiltration of M2 macrophages®°, suggesting a crucial role of the

methyltransferase not only for the tumour progression but also for the tumour microenvironment.
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Together, this data suggests that METTL1 overexpression and aberrant m’G modification are critical
in cancer development, important prognostic factors, and possible therapeutic targets. However, its

role in PCa pathogenesis has not yet been described.

METTL1

Cancer Mechanism Ref.
status
Upregulation of METTL1 mediated methylation augments let-7
Lung METTL1 - . . 211
miRNA formation, which supresses lung cells
cancer supress lung o
migration.
cancer
Upregulation of METTL1 or WDR4 depletion supressed cell
Lung METTL1 proliferation, invasion and in vivo tumour progression. 5y,
cancer promotes lung Impaired TE of mMRNA with higher frequency of m’G
cancer codons in METTL1-deficient cells.
Increased translation efficiency of cell cycle and EGFR
ICC Upregulated pathway related genes with higher content of m’G- 220

tRNA decoded codons.
Reduced TE of Cyclin A2, EGFR and VEGFA

Upregulated

HCC Poor prognosis transcripts throughdalte_zrgd codon usage in METTL1- 231
eficient cells.
Downregulated
cC in cisplatin METTL1 positively regulates miR-149- 23
resistant (CR) 3p/S100A4/p53 axis in CR-CC cells
CC cells
BC Ll ksl Translation regulation of EGFR/EFEMP1 transcripts. 228
Poor prognosis
Upregulated METTLl_ ablation represses tumour prc_)gression and
HNSCC Poor prognosis metastasis by specific translation inhibition of genes 233
related with PI3BK/AKT/mTOR pathway.
METTL1 is regulated by ARNT and necessary for
NPC Upregulated. EMT and resistance to cisplatin and Docetaxel through 55,
Poor prognosis direct translation regulation of WNT/f-catenin
pathway.
Upregulated MET_TLl-depIetion inhibits ESCC initiation and
ESCC Poor prognosis progression through decreased translation of autophagy %%
negative regulators mMTOR/ULK.
METTL1-downregulation results in global translation
GBM inhibition, cell cycle defects and suppression of tumour
' Upregulated, growth. MEFs overexpressing METTL1 showed o5
melanoma : . .
and AML_ Poor prognosis increased translation of mMRNAs decoded by m7G-

tRNAs, including mRNAs codifying for cell cycle
progression and proliferation.
Table 2. Tumours associated with aberrant METTL1 expression levels. ICC: Intrahepatic Cholangiocarcinoma; HCC:
Hepatocellular carcinoma; CC: Colon Cancer; BC: Bladder cancer; HNSCC: Head and Neck Squamous Cell Carcinoma;
NPC: nasopharyngeal cancer; ESCC: oesophageal carcinoma.

4. Deregulated protein synthesis triggers UPR

Proteins are the fundamental keystones of all cellular structures and biological reactions and, as so,
its synthesis is a tightly regulated process with complex quality control mechanisms that protect cells
from collapsing when its homeostasis is disrupted. Aberrant deposition of tRNA modifications can
impair translational rate and fidelity which triggers stress responses within the cell?®. In addition,

intra and extracellular stress can also induce tRNA cleavage which leads to global inhibition of
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protein synthesis and induce translation of specific stress-response proteinst®®, which shows a mutual
connection between tRNAs and protein homeostasis and stress responses. Alterations on protein
synthesis or increased protein secretion can lead to an accumulation of misfolded protein aggregates
within the endoplasmic reticulum (ER), a condition referred as ER stress?*®. Mammalian cells dispose
of several mechanism to restore ER homeostasis. The unfolded protein response (UPR) is the first
line of action, which can further progress to ER-associated degradation (ERAD), autophagy

induction or, in the case of chronic damage, even apoptotic cell death?*’.

The UPR aims to restore the proper function of ER and avoid further accumulation of misfolded or
damaged proteins by several pro-survival mechanisms, including expansion of the ER membrane,
induction of key transcription factors involved in protein folding and quality control, attenuation of
the influx of proteins into the ER as well as removal of protein excess by ERAD or lysosomal
degradation?,

UPR is a complex and well-defined mechanism activated by the primary sensor protein BiP, a major
chaperone that in normal conditions binds with and inhibits UPR primary receptors. Upon ER stress,
BiP is sequestered by the accumulating unfolded proteins and released from the UPR transducers,
leading to pathway induction®®°. Three different UPR receptors have been described: double-stranded
RNA-activated protein kinase (PKR)-like ER kinase (PERK), activating transcription factor 6

(ATF6) and inositol requiring enzyme 1 (IRE1a) (Figure 10)%824,
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Figure 10. Schematic representation of the three different branches of the UPR pathway. Adapted from?3°

PERK is a type | transmembrane protein whose activation inhibit general protein translation by
phosphorylating elF2a at serine 51. elF2a is a key component of the 43S translation pre-initiation

complex formed by the binding of 40S ribosomal subunit and the translated to-be mMRNA. However,
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when phosphorylated, eiF2a is a cap-dependent translation inhibitor that likewise activates
translation of integrated stress response (ISR) specific mRNAs, such as ATF4. ATF4 is a key
transducer implicated in the induction of several autophagy-related genes (ATG) and, in maintained

stress condition, cell death programs in cooperation with CHOP?%8:241,

Moreover, IREla exhibit two different domains with independent functions: a protein
serine/threonine kinase and an endoribonuclease domain. Once activated, IREla induces
spliceosome-independent splicing of the transcription factor XBP-1, leading to its activation. Spliced
XBP1 (sXBP1) induces expression of chaperones and ERAD components. Meanwhile its kinase
domain activates other stress-induced pathways such as JNK or NF-kB, the RNAse domain promotes
mRNA decay regulating protein synthesis?%7:238:242

Lastly, ATF6 is a type Il transmembrane protein constitutively expressed in the ER. Upon activation,
ATF®6 translocates to the Golgi complex where its N-terminal domain is cleaved by Site-1 and Site-
2 proteases (SIP1 and SIP2). The active ATF6 acts as a transcription factor at the nucleus regulating
the expression of genes encoding for CHOP, BiP and ERAD components?24, Besides, ATF6 acts
in parallel with XBP1s in regulating the transcription of genes encoding enzymes that promote ER
protein translocation, folding, maturation, secretion, and degradation, as well as promote Golgi

apparatus biogenesis to increase its secretory capacity?38243.244,

To sum up, UPR encompass a combination of signalling pathways that aim to restore ER
proteostasis. Due to its dependence to stress conditions, UPR is often associated with altered
environmental conditions, such as nutrient or oxygen deprivation, or intracellular damages as
oncogenic mutation. As consequence, UPR is usually linked to autophagy, hypoxia signalling,
mitochondrial biogenesis, or reactive oxygen species (ROS) responses. Moreover, UPR dysfunction
has been described to be involved in many human diseases including cancer, diabetes, and infectious
diseases?”24°, making it crucial to understand the mechanism behind the disease promotion in order

to develop targeted therapies.

5. Autophagy as a stress response mechanism

One of the principal stress-sensing and regulatory pathways responsible of maintaining cell
homeostasis is autophagy. Autophagy is a highly conserved self-degradative mechanism that plays
an essential role in source balance during development or nutrient stress, being essential for
maintenance of cell integrity by removing aggregated proteins, damaged organelles or intracellular
pathogens?®. Three different types of autophagy have been described in mammalian cells:
microautophagy, macroautophagy and chaperone-mediated autophagy (CMA), culminating all three
with the proteolytic degradation of cytoplasmic components within the lysosomes?*’. During
microautophagy, invaginations of the lysosome membrane directly capture cytosolic components. In

comparation, macroautophagy is characterised by the formation of an intermediate double membrane
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vesicle, the autophagosome, that engulfs the cargo and delivers it to the lysosome. In both
mechanisms, large structures such as organelles can be encapsulated in a selective or non-selective
basis. CMA differs in the use of chaperones that selectively identify targeted proteins and translocate

them through the lysosomal membrane?4.

From the three types described, macroautophagy, hereinafter referred as autophagy, is the most
widely studied. Constitutively occurring at low levels, autophagy is induced under stress conditions
as a source of metabolites that can be reused or as a mechanism to degrade damaged molecules?’.
Consequently, several human pathologies are linked to autophagy flux alterations, such as
neurodegeneration, myopathies, metabolic diseases and cancer?*,

5.1. Autophagic process and its molecular regulation

The distinctive characteristic of autophagy is de novo formation of an isolation membrane that is
thought to be originated from the lipid bilayer from the plasma membrane, ER, Golgi apparatus or
the mitochondria?*®-2%!, although no consensus regarding membrane origin has been reached. This
membrane named as phagophore expands to engulf cytosolic material such as protein aggregates,
organelles or ribosomes, forming a double-membraned vesicle called autophagosome®Z In
mammals, the autophagosome formation begins at multiple sites within the cytoplasm called
phagophore assembly sites (PAS)?*3. Once formed and loaded, the autophagosome matures by its
fusion with lysosomal membrane and formation of the autolysosome, where the autophagic cargo
and the inner membrane are degraded. The degradation products are exported to the cytoplasm
through lysosomal permeases for its reutilisation®4. Thus, autophagy is a recycle process by which
damaged or non-functional components are degraded and use as source for new molecules synthesis.
In summary, is a multi-step mechanism constituted by sequential events including induction,
nucleation, elongation of the autophagosome, lysosomal fusion and degradation?2. Each step of the
process is tightly and complex regulated mainly by the autophagy-related proteins (ATG), since both

excessive and insufficient autophagy levels can be harmful for the cells®®®.

The molecular regulation of the process is shown in Figure 11. Briefly, one of the main autophagy
induction regulators is the mammalian target of rapamycin (mTOR) kinase, a nutrient-sensing factor
that inhibits autophagy in nutrient-rich conditions. When active, mTOR prevents the formation of
the UKL1/Atg13/FIP200 complex, responsible at the same time of the activation of the
phosphatidylinositol 3-kinase (P13K) complex. Thus, ULK1 phosphorylation at serine 757 by mTOR
inhibits its interaction with the adenosine monophosphate-activated protein kinase (AMPK), which
is also a key autophagy inductor by ULK1 activating phosphorylation at serines 317 and 777256257,
Activated ULK1 phosphorylates PI3K complex, inducing nucleation by an enrichment of
phosphatidyl inositol triphosphate (PI3P) produced by the PI3K complex protein VVps34. This step is
essential for the formation of the initiating phagophore structure and the recruitment of the Atg

proteins necessary for autophagosome elongation®,
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Autophagosome elongation is dependent on two ubiquitine-like systems: the Atg5-Atgl2
conjugation step and the LC3 processing. The first consists in the conjugation of the ubiquitin like
protein to Atgl2 to Atg5 and their further interaction with Atgl6L1 for phagophore curvature
induction through asymmetric recruitment of processed LC3B-Il. Once the autophagosome is
formed, the Atg5-Atgl2-Atgl6L1 complex is dissociated from the membrane. Upon autophagy
induction, the microtubule-associated protein light chain 3 beta (LC3B) is proteolytically cleaved by
Atg4 to generate LC3-1, which is then activated and conjugated with phosphatidylethanolamine (PE)
to form LC3-11. LC3-I1 is incorporated in both the inner and outer membranes of the autophagosome
and regulates membrane fusion and cargo selection. Synthesis and processing of LC3B is enhanced
during autophagy induction, being a common marker employed for autophagy status evaluation?®,
Another widely used marker of autophagy flux is the sequestesome-1 (SQSTM1/p62) protein, which
selectively recognises polyubiquitinated-marked cargo and binds to LC3 protein at the
autophagosomes. During autophagy induction, p62 is degraded together with the cargo after
autolysosome formation. Autophagy induction, thus, results in p62 decreased levels and its
accumulation is mark of autophagy inhibitionZ,
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Figure 11. Schematic representation of the autophagic flux and the main regulators of the pathway. Adapted from?246:261,

The process continues with the fusion of mature autophagosomes with the lysosomes membranes,
which is mediated by Rab GTPases, soluble-N-ethylmaleimide-sensitive factor attachment protein
receptor (SNARE) proteins, and membrane anchorage proteins. The autophagolysosome cargo is
then degraded by the lysosomal hydrolases and the degradation products are exported to the

cytoplasm where can be reused for metabolic processes?:262,

5.2. RNA modifications and autophagy regulation

Recent studies have shown a tight interconnection between RNA modifications and autophagy
regulation, specially between m®A deposition and autophagy induction or inhibition. Thus, regulation

of autophagy by RNA modifications depends on expression modulation of ATG and autophagy-
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signaling pathways. For example, METTL3 has been described to reduce the stability of TFEB
MRNA, a transcription factor that regulates ATG expression, resulting in its degradation and
autophagy inhibition in cardiomyocytes. The opposite effect was also observed by up-regulation of
TFEB via ALKBH52%%%, Conversely, FTO was identified to induce autophagosome formation by
upregulating the positive regulator ULK1 in HeLa cells?®* as well as ATG5 and ATG7 in
adipocytes®®®. Parallelly, ALKBHS5 has been also described as a positive regulator or autophagy by
mediating the demethylation of FIP200 mRNA in Neural Progenitor Cells?®®, METTL3 has been
also described to promote the methylation of the transcription factor FOXO3 and promote its binding
to YTHDF1, targeting it for degradation. In consequence, autophagy is blocked via inhibition of
FOXO3 translation in liver cancer cells?®’. In conclusion, m®A modification is an important regulator

of autophagic pathway, however, its effect is tissue dependent.

METTL1-mediated m’G modification has been also shown to be essential for autophagy induction
in two independent studies. Thus, downregulation of METTL1 resulted in increased autophagy
activation via dysregulation of the mTOR pathway in lung and ESCCs?'2%, In both studies,
translation efficiency of negative regulators of autophagy was described, which ultimately leads to
the pathway activation??-2%8, Thus, these results suggests that m’G deposition inhibits autophagy

activation by regulating the translation of autophagy inhibitors.
5.3. Autophagy dual role in cancer

As previously stated, autophagy is a crucial stress response mechanism whose aim is to restore cell
homeostasis under distinct stresses such as metabolic stress. Thus, due to the highly stressful nature
of the tumour microenvironment, autophagy and cancer progression are closely related processes.
However, this relationship is far from simple. By removing oncogenic proteins, accumulated free
radicals as ROS, and preventing genome instability, autophagy acts as a tumorigenesis inhibitory
mechanism?°27° Several studies support this idea, since deletion of the gene encoding for the
phagophore formation inducing protein Beclin-1, was detected in breast, prostate, and ovarian
tumours, resulting in reduced autophagy and increased cellular death?’*272, In addition to Beclin-1,
other autophagy-related proteins have been described to present a suppressive effect in
tumourigenesis. Thus, deficiencies on BIF-1, a Beclin-1 interacting protein, have been detected in
lung, colorectal and gastric cancers and its depletion in mice leads to increased tumour
formation?32™, Similarly, ATG5 deletion in mice lead to increase liver tumour formation originated

from autophagy-deficient hepatocytes?™.

However, on the other hand, induction of autophagy promotes cancer cells survival in low-nutrient
and hypoxic conditions. In addition, some of the most common altered pathways in cancer, such as
mTOR and PI3K, are also tightly related with autophagy regulation®2°, For example, high basal

autophagy levels have been identified in pancreatic tumours with RAS-activating mutations. In this
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conditions, inhibition of autophagy leads to decrease proliferation and tumour regression?/6277,
Similarly, autophagy activation has been defined to be essential for the progression of non-small cell
lung cancer by maintaining mitochondrial function and lipid homeostasis?’®2’, This fact further
increases the complexity of the relationship between this two processes?®. Distinct studies suggest
that autophagy may act as a tumour suppressor mechanism in the early stages of malignant
transformation, but as the disease progresses, it acquires a more pro-tumorigenic role promoting

tumour maintenance and treatments resistance (reviewed in?%°270),

Because of the dual role of autophagy in cancer progression, two different therapeutic approaches
can be adopted: increase cancer cell susceptibility to therapy through inhibiting autophagy
cytoprotective role, or either target apoptosis-resistant cells by inducing autophagic-dependent cell
death?™. Therapy resistance is one of the major milestones of cancer treatment, so inhibition of
autophagy for sensitize tumour cells to the treatment has been widely studied. Autophagy inhibitors
targeting distinct steps of the process have been developed such as repressors of autophagosome or
autolysosome formation, as well as Atg proteins inhibition. One example of autophagy inhibitor is
the PI3K class Il inhibitor 3-methyladenine (3-MA), which has been described to increased treatment
sensitivity in oesophageal squamous carcinoma?!, colon®? and lung cells?®® when added in
combination with radiation, 5-FU and cisplatin respectively. Another commonly used autophagy
inhibitor is chloroguine (CQ), which blocks the autophagosome and lysosome fusion process. CQ
treatment increased therapy response in hepatocarcinoma?®, glioblastoma?® and colon cancer?®

among others.

However, although targeting autophagy appears a promising strategy for new cancer treatments, the
dual role that this pathway plays in the tumour survival makes crucial to precisely understand the

underlying molecular mechanism within the disease.
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Prostate cancer is the first cancer in number of diagnoses in men worldwide. Due to its high incidence
and the limited therapeutic options that efficiently target the most advances forms of the disease, the
search of new biomarkers that allow disease monitorisation is essential for the development of
effective treatments. In addition, the identification of therapeutic targets that improve the prognosis
of those patients that develop resistances to the established treatments is still a pending task. Based
on the low mutational burden of prostate tumours and the increase evidence that supports the
essential role of epigenetic modifications in the proliferation and survival capacity of tumoural cells,
we hypothesise that epitranscriptomic alterations may play a role in the initiation and progression of
PCa as well as in the treatment response. With that aim, here we interrogate the epitranscriptome of
PCa with the final aim of identifying epitranscriptomic alterations that may regulate the tumour fate.
We specifically focus in unravelling the role of RNA methyltransferases in mCRPC, due to the low
survival rates of these patients and the crucial role that these enzymes have been proved to develop

in stress and therapy responses mechanisms. Thus, the specific objectives of this thesis are:

1. Decipher the epitrascriptome of PCa for the identification of RMPs altered towards disease
progression that may act as potential biomarkers and therapeutic targets.

2. Determine the role of METTL1-dependent m’G-tRNA methylation in PCa initiation and
progression by genetic manipulation of the methyltransferase in distinct in vitro and in vivo
PCa models. Assessment of tumourigenic capacity of METTL1-deficient models and unravel
of the molecular mechanism underlying.

3. Evaluation of METTL1-dependent tRNA-m’G modification therapeutic potential in PCa by
combining genetic enzyme inhibition with traditional PCa chemotherapeutic agents and
analysing the effect in tumour initiation and progression in distinct murine and human pre-

clinical models.
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1. Identification and characterization of METTLL1 role in PCa progression

1.1. METTL1 is upregulated in human and murine PCa and associated with poor
prognosis

Several studies highlight the key role that RNA modifications play in development and progression
of distinct types of cancer'®%, To unravel the epitranscriptome landscape in PCa and study its
contribution to PCa tumorigenesis, we examined gene expression alterations in distinct PCa tumour
samples in collaboration with Prof. Arkaitz Carracedo (CICbioGUNE, Bilbao). With this aim, we
analysed a total of 132 RMPs codifying genes obtained by using the tool Biomart from Ensemble
under the Gene Ontology term “RNA modifying proteins” (RMPs) (GO:0009451) and followed by
further literature search and manual curation of the genes. Expression levels of the selected genes
were custom analysed by using data downloaded into CANCERTOOL online software?’ that uses
integrated gene and expression data from several PCa studies*34446.288289 and The Cancer Genome
Atlas (TCGA)*. Thus, a total of 883 samples, including non-pathological prostate tissues as well as
primary and metastatic tumours were compared (Figure 12A). Parallelly, in order to identify
conserved RNA modifications alterations occurring in murine prostate cancer, we performed high-
throughput RNA sequencing (RNA-seq) from prostate tumours from the genetically engineered
mouse model of PCa with Pten deletion in the prostate epithelium’. Three-month old and six-months
old mice were used as models of prostatic intraepithelial neoplasia (PIN) and invasive PCa stages,
respectively (Figure 13A). As a result, we identified METTL1 as the most transcriptionally altered
gene in PCa in both the examined human datasets and the mice RNA-seq results (Figure 13B).
Furthermore, METTL1 overexpression was found increased during the disease progression, being the
levels higher in the more advanced states such as metastatic and invasive prostate carcinoma in
human (Figure 13B,C). As an internal control of the analysis accuracy, our data also demonstrated
increased expression of dyskerin (DKC1) in human PCa, a RNA pseudouridine synthase which has

been previously reported to be upregulated in PCa?%.

The analysis of Disease-Free Survival (DFS) rate from different cohorts using camcAPP?% online
tool supported this idea. Thus, increased expression of METTL1 was significantly correlated with
worse recurrence prognosis in Cambridge and Stockholm cohorts?®? (Figure 13D) and, although not
significant, a similar tendency was observed with TCGA data (Figure 13E). Analysis of METTL1
MRNA expression levels from TCGA data suggested a substantial correlation between increased

METTL1 expression and heightened tumour recurrence.
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Figure 12. METTL1 is upregulated in human and mouse Prostate Cancer. A) Schematic representation of the workflow
employed for the analysis of the RMPs with altered expression in human and mouse PCa. B) On the left panel, heatmap of
average Z-scores of mMRNA expression values in PCa samples compared to healthy tissue. Information from primary
tumours (P) and metastatic (M) are shown separately. Data from Grasso (n=N:12, P: 49, M: 27); Taylor (n= N:29, P: 131,
M: 19); Varambally (n=N: 6, P: 7, M: 6); Lapointe (n=N: 9, P: 13, M: 4); Tomlins (n= N: 23, P:32, M:20). Aver correspond
to the Z-score averages for all datasets. Right panel shows LogzFC of mRNA expression values in PtenKO mice versus
normal prostate tissue. Prostate intraepithelial neoplasia (PIN) and invasive carcinoma were analysed separately. Non-
significant p-values are indicated in grey colour. C) Violin plot representation comparing Logz of METTL1 mRNA levels
in primary tumour (PT) and metastatic (M) tumours with normal tissue (N) from the Grasso, Taylor and Varambally
databases. P-values are indicated. D) Kaplan-Meier curves representing the recurrence-free survival probability (DFS) upon
the decile expression of METTL1. Data from Cambridge and Stockholm cohorts?®?, E) Left panel shows Kaplan-Meier
curve representing disease-free survival (DFS) of patients group stratified according METTL1 expression with data from
TCGA? (n= disease free (DF): 400, recurred (R): 91). Left panel represents log2 of METTL1 expression levels in the same
database, suggesting that increased expression of METTL1 correlates with higher recurrence. Mean + SD are represented.
Statistical tests: ANOVA test (B,C), Logrank Cox test (D,E).

The mRNA levels of the other seven RMPs most altered in PCa were also analysed at distinct disease
stages using CANCERTOOL?¥, however the differences observed were less consistent within the
different databases analysed (Figure 13A). This, together with the higher p-value that all genes
exhibited when analysing disease-free survival (DFS) based on expression levels (Figure 13A right
panel), resulted that all seven genes had reduced prognostic value compared to METTL1. A similar
tendency to METTL1 was observed with its co-factor WDR4, whose expression has been shown to
be upregulated together with METTLL1 in lung and oesophageal carcinomas??!?%4, However, despite
the expression upregulation in primary and metastatic PCa tumours, the differences in WDR4
expression did not meet criteria for the analysis of significative altered RMP genes in prostate cancer
(Figure 13B).
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Figure 13. Expression of distinct RMPs in PCa. A,B) Left panel show violin plots of Logz mRNA expression of the
indicated RMPs significantly altered in PCa. Comparation of primary (PT) and metastatic tumours (M) with normal tissue
(N) are represented with data from Grasso*, Taylor* and Varambally*® data sets. Middle panel show Kaplan-Meier curves
of disease-free survival (DFS) according to the decile expression of the indicated genes (A,B). Box-plot representing the
mRNA expression data from TCGA3 in disease free (DF) and recurred (R) patient samples (A) (n= disease free (DF): 400,
recurred (R)=91). B) Right panel display Kaplan-Meier curve of the probability of biochemical recurrence-free survival
(DFS) of patients group categorised upon WDR4 expression with data from Cambridge cohort?®?. Mean + SD are
represented. Statistical analysis: ANOVA test and Logrank Cox test (A, B).

For a further in vitro validation of the in silico results, METTL1 mRNA and protein levels were

evaluated in both patient samples and commonly used PCa cell lines. Patient samples were obtained
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from a small cohort of patients from the Basurto University Hospital in collaboration with Prof.
Arkaitz Carracedo (CIC bioGUNE) and Dr. Miguel Unda (Basurto University Hospital). In contrast
to patients with benign prostatic hyperplasia, prostate tumour samples showed increased METTL1
protein levels (Figure 14A). Remarkably, METTL1 expression was found to be positively correlated
with S6K phosphorylation (Figure 14A). Phosphorylation of S6K is a readout of PI3K/mTORC1
pathway activation, which is one of the key pathways that regulate essential cellular processes as cell
metabolism, growth and proliferation?®3, PI3K/mTOR is also known to be one of the main drivers of
PCa and frequently associated with a more aggressive disease®*“®2%, In addition, the
methyltransferase protein and mRNA levels were augmented in PCa-derived cell lines compared
with the immortalised benign prostatic cell lines (Figure 14B,C ), similar as observed in silico and
in patients. Thus, this correlation suggests not only that METTL1 expression could be by some mean

regulated by PI3K activation but also enhance its value as a PCa prognostic marker.
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Figure 14. Assaying METTL1 expression in PCa patient samples and cell lines. A) Western blot of METTL1,
phosphorylated and total S6K in patients with benign prostatic hyperplasia (BPH) (n=7) and PCa (n=14) samples.
Quantification of proteins levels and correlation analysis between METTL1 and phosphor-S6K are also represented. B,C)
Analysis of protein expression of METTL1, AR, PTEN and S6K on prostate epithelial cell lines (PWR-1E and RWPE-1),
benign prostate hyperplasia (BPH1) and prostate cancer cell lines (VCaP, C4-2, LNCaP, 22RV, DU145 and PC3). C)
mRNA levels of METTLL expression in the distinct prostate cell lines, validating increased expression in tumoural cell
lines. Error bars represent minimum and maximum values. Statistical test: one-tailed Student t-test (A, B, C) and Spearman
correlation test (A). ****p<0.0001.

In conclusion, METTLL1 is the most commonly altered epitranscriptomic gene in PCa, specially in
metastatic and advanced tumours. High levels of the methyltransferase correlate with worse outcome
of the patients, confirming the oncogenic role previously described in other tumours such us lung,

oesophageal, glioma or bladder, among others?21:224.227.228,
1.2. METTL1 expression is regulated via PI3K pathway

cBioportal database revealed amplification of METTL1 genomic sequence in prostate

adenocarcinoma, which would justify the increased levels detected. Though, this would not explain
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the increased in METTL1 levels towards disease progression. To understand the role of METTL1
altered expression in PCa pathogenesis, its connection with some of the most common genetic
alterations in PCa was evaluated. It is widely known that PCa progression is strongly dependent upon
AR upregulation®4, being CRPC state commonly assessed by analysing the expression of androgen-
regulated genes such as KLK2, KLK3, NKX3.1, STEAP2 and TMPRSS22%. Thus, to evaluate the link
between METTL1 and AR, an expression correlation analysis of METTL1 and the AR downstream
gene KLK3, which encodes for the validated PCa biomarker PSA?%, was performed with sequencing
data from distinct studies®#34446.2%7 ysing Cancertool (Figure 15A). As a result, low Pearson
correlation values and high variability within studies was obtained. Thus, to draw a conclusion
whether METTL1 expression would depend on AR activation, METTL1 transcription levels were
evaluated in the androgen-sensitive PCa cell line LNCaP upon dihydrotestosterone (DHT) treatment.
AR activation by DHT was validated by increased TRMPSS2 levels (Figure 15B). However, no
significative effect on METTL1 expression after DHT addition was detected by Real Time-
guantitative Polymerase Chain Reaction (RT-gPCR) (Figure 15B), suggesting that METTL1
expression and its role in PCa pathogenesis is AR independent.

Given that patient samples offered a glimpse of a connection between METTL1 overexpression and
PI3K activation, we next analysed whether METTL1 expression correlated with the PISK/AKT
pathway negative regulator PTEN. PTEN is deleted in approximately 70% of advanced PCa and a
widely used marker for poor prognosis?®. In silico analysis of METTL1 and PTEN expression levels
showed an indirect correlation in four of the five analysed data sets (Figure 15C), suggesting
METTL1 overexpression upon PTEN inhibition. Pharmacological inhibition of distinct PI3K/mTOR
pathway components was performed to better understand the interconnection between this pathway
and METTLL1 regulation (Figure 15D). For analysing METTL1 dependency on PTEN, PTEN-
expressing and -deficient PCa cell lines were used, DU145 and PC3 respectively. Briefly, BKM120
was employed as a specific inhibitor of PI3K, MK2206 as AKT inhibitor and mTOR was repressed
by rapamycin and Torin treatments. The difference between mTOR inhibitors lies in that rapamycin
acts mainly as an inhibitor for mTORC12%®°, meanwhile Torin acts both towards mTORC1 and
MTORC23%® (Figure 15D). Downregulation of METTL1 protein and mRNA levels were observed
after mTORCL1 and AKT inhibition with rapamycin, MK2206 and Torin treatments in PC3 cells
(Figure 15E, F). However, no differences were detected with PI3K inhibitor BKM120. Differences
in METTL1 expression levels but not at protein synthesis were detected upon AKT inhibition, as
consequence of the delayed impact of the pathway inhibition at protein levels. Furthermore, similar
results were obtained in PTEN-expressing line DU145, indicating that METTL1 expression is

regulated downstream of mTOR in a PTEN-indirect manner in cell lines (Figure 15G, H).

Once we deciphered the link between METTL1 expression and PCa pathogenesis, we interrogated

whether its altered expression could be used as a prognostic marker for those patients with a reduced
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survival rate associated to PTEN loss. With that aim, we performed a patient stratification analysis
dependent on PTEN and METTL1 expression levels. Patient stratification was performed from
recurred and disease-free tumour samples from TCGA according to Q1 (Ptent) and Q4 (Pten™)
quartile expression of PTEN, and METTL1 high (Met", log.-normalised expression>8.72) and
METTL1 low (Met-, log.-normalised expression<8.72). As a result, the combination of low
expression of PTEN and high METTLL1 expression resulted in a more aggressive disease and worse

prognosis (Figure 15I).
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Figure 15. METTLL1 expression regulation is dependent of PI3K pathway but AR independent. A, C) Correlation
analysis between either METTL1 and the androgen-dependent gene KLK3 (A) or METTL1 and PTEN (C) in five
independent human prostate tumours data sets. Each dot represents the Log2-normalised gene expression values for each
patient and grey areas correspond to the confidence interval limits. Pearson’s correlation coefficient (R) and p-value are
indicated (Glinsky n=79; Grasso n=88; Taylor n=183: TCGA n=497; Varambally n=19). B) Analysis of METTL1
expression levels upon DHT treatment in LNCaP cell lines . Mean + SD are represented (n=3). D) Schematic representation
of the PI3K pathway with the indicated targets of the distinct inhibitors used. E-H) Western blot and RT-gPCR analysis of
METTL1 levels upon the distinct PI3K inhibitors in PC3 (E-F) and DU145 cells (G-H). For Western blot analysis, cells
were treated with the indicated inhibitor for 48 hours and for RT-gPCR for 8 hours. Mean £SD are represented (n=2 E,G;
n=6 F, H). 1) Kaplan-Meier curves representing the disease-free survival (DFS) of patients according to METTL1 and PTEN
expression levels. Patient stratification was performed from recurred and disease-free tumour samples from TCGA
according to Q1 (Pten) and Q4 (Pten™) quartile expression of PTEN, and METTL1 high (Met", logz-normalised
expression>8.72) and METTL1 low (Met", log2-normalised expression<8.72). Statistical analysis: Pearson’s correlation
test (A,C); One-tailed student t-test (F,H); Logrank test (I). *p<0.05; **p<0.01.
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Altogether, we could conclude that the increased levels of METTL1 during PCa progression are
dependent on the higher activation of the PI3K pathway, characteristic of more advanced stages of
the disease, being this connection downstream of AKT. In addition, patients with PTEN loss and
higher levels of METTL1 exhibit reduced prognosis in comparation with those with lower expression

of the methyltransferase, corroborating its potential role as prognosis biomarker.

1.3. METTLZ1 is upregulated during PCa progression and highly expressed in luminal

cells in PCa murine model

So far, our data suggests that METTLL increased expression in PCa is regulated by altered PI3K
pathway activation. Since deletions of Pten in the mouse prostatic epithelium give rise to invasive
carcinoma’®, we next examined whether Mettl1 mRNA and protein levels were increased in prostate
tissue from a PCa mouse model with a conditional deletion of Pten in the prostate epithelium
(hereinafter referred as PtenKO)™. Samples from 3- and 6-months-old PtenKO mice with PIN and
invasive prostate carcinoma, respectively, and same age Pten wild-type (WT) mice were analysed.
Thus, increased Mettll levels towards disease progression were detected both at protein (Figure
16A,B) and RNA level (Figure 16C), being especially raised after malignant transformation at six
months due to complete Pten loss. Remarkably, differences on Mettll levels correlated with
increased m’G deposition in mice tRNAs. Thus, total RNAs from 3-and 6-month-old PtenWT and

PtenKO mice were extracted, and size selected for tRNA enrichment.
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Figure 16. Human and murine prostate cancer progression correlates with higher METTLL1 levels. A-C) Mettll
protein and mRNA levels in normal and tumoural prostates from PtenWT and PtenKO mice, respectively. Data from 3-
and 6-months-old mice are shown. Mean + SD are represented (n=3 for protein, n=5 for mRNA). D-G) Northdot blot of
m’G levels from large (>200 base pairs (bp)) and small (< 200 bp) tRNAs from 3-months and 6 months-old prostates from
PtenWT and PtenKO mice (D, F) and from urine samples of 6-months-old PtenWT and PtenKO mice (E, G). Methylene
blue was used as RNA loading control. Mean + SD are represented (n=4 for RNAs; urine quantification n=7 PtenWT mice
and n=3 for PtenKO). Statistical analysis: one-tailed Student-t Test (B,C,F,G). *p<0.05, **p<0.01.

Analysis by northdot blot with an antibody that specifically recognises internal m’G mark, showed
increased methylation of PtenKO-derived tRNAs when compared to those from healthy mouse
(Figure 16 D,F). In addition, the higher m’G-tRNA deposition was further enhanced upon tumoural

development in 6-month-old mice, concurrently to the raise of Mettl1 protein.
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Moreover, since m’G is not metabolised and is usually secreted in urine, we performed northdot blot
of urine from WT and PtenKO mice. Thus, we simultaneously proved that tumour-bearing mice
showed increase m’G-nucleotides secretion and that this rise can be quantitatively detected by this

technique with no further treatment of the samples (Figure 16E,G).

Due to the connection between Mettll levels and prostate tumour formation, we then interrogated
whether its expression differs within the different cell populations that comprise the prostate. With
that aim, immunohistochemistry stainings of PtenWT and PtenKO prostates were performed. We
first observed an increased number of both Mettll* cells and staining intensity in invasive
adenocarcinomas compared to the healthy tissue (Figure 17A).

A AR (Luminal) K14 (Basal)
B A Y g Y E i
wat Bl PR, ™ i T
E «,M"‘; 't' b DR 7 Wi

Normal
prostate

QE
§9
&3\
Q '\ RAAL 4
IVaSIVe | umial colls: E——— Stromal cells: | Neuroendocrine
i . 4 basal cells: romai celis:
carcinome [l AR, Kg* CDagf/Scat> # K14*,CD49f/Sca1*K5' / Scal’, Vim* <a., cells: CgA, Eno2
B WT prostate
250K 250K{ 108 Basal
200K 200K-; 104 )
150K 150K
s 10%
100K 100K ]
< < 104
Q) 50K Q50K 4 © i st
) 0w i s o0 " Ldminal
w 0 ] wo: e — v —— w :'-v—q—rvvw-y -
4050 103 18 02 103 104 105
Lin- C 4§f
C METTL1 1 D49f K K VIM
g, 0.08 2.0 Sca 0.05 CD49 1.0 5 1.5 8 5
x - T
 0.06 15 0.04 — - *
© 04 1.0 - oe . ’
< ' 0.02 0.4 2
Z 0.02 05 g
% . - 0.01 0.2 1
0.00 Y 0.0 Y < 0.0 RS 0. . 0. » T S '\ N
Q'b%%‘\%éb Q,’O%‘\z’éb Q,’O%‘\«%& &%\\0’2&0 99’20\0?0&,0 &%‘\%&{b
g et e Q’\)"fo‘\ ‘b\,oro\ 0\96\

Figure 17. Mettl1 is overexpressed in prostate invasive carcinoma. A) Immunostainings of Mettl1 expression in luminal
(AR*) and basal (K14*) cells within 6-months-old PtenWT and PtenKO mice prostates. A schematic representation of the
tumour progression to invasive carcinoma in 6-months-old mice is represented. Scale bar corresponds to 50um. Arrows
indicate luminal cells and arrowheads label basal cells. B) Sorting strategy followed for identification of prostate cell
populations. Live (DAPI") and Lin- cells were sorted according to Scal and CD49f expression levels for identifying basal,
luminal and stromal cells. C) RT-gPCR analysis of mRNA expression levels of Mettl1 and specific surface markers to
validate population separation. K5 was used for basal cells, K8 for luminal cells and vimentin (VIM) as marker for stromal
cells.

Detailed analysis of the stainings revealed that luminal cells, which expressed AR marker, exhibited

the highest Mettll levels. In comparation, staining was less pronounced in the basal compartment
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comprised by K14* cells (Figure 17A). The relevance of this result lies in that luminal cells are the
most abundant cells withing prostate tumour. In addition, although several studies reveal that PCa
can have a dual basal or luminal origin, there is a higher tendency for luminal cells to be the preferred
cell-of origint21317:2021 Thys, this would suggest that Mettl1 is preferentially expressed within the

cells of origin of murine prostate tumours.
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Figure 18. Mettl1 is highly expressed in luminal cells from murine prostates. A) Gating strategy used for sorting of
mice prostate cells populations. Following basal (bas), luminal (lum) and stromal sorting, a stratification according to high
(CD244) or low (CD24%) CD24 levels was performed. B) Expression levels of the Mettll and cell populations surface
markers were analysed by RT-gPCR of the subpopulations sorted following strategy described in A. Prostates from 6-
months-old PtenWT and PtenKO were evaluated. Mean + SD are represented (n=3).

To further validate Mettl1 levels in the distinct prostate populations, we established a procedure for
specifically isolate the distinct cells populations found within a mouse prostate. With that aim, we
performed fluorescence-activated cell sorting (FACS) using specific population-associated markers
followed by RT-gPCR. Firstly, live and epithelial and stromal cells from PtenWT mice prostates
were selected using DAPI-and blood and endothelial Lineage” (CD31'CD45Ter119) criteria. Then,
three different subpopulations were sorted based in Scal and CD49f expression levels: basal cells
(Scal*CD49f*), luminal cells (Sca'®"CD49f°%) and stromal cells (Scal*Cd49f'°") (Figure 17B). By
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RT-gPCR, we validated the higher Mettll expression in the luminal subset from WT prostates
observed by immunohistochemistry. The expression of specific population markers was analysed to

validate the correct sorting of the distinct cells (Figure 17C).

Once we optimised an appropriate sorting protocol, prostates from 6-months aged PtenWT and
PtenKO mice were extracted and sorted as previously described with the incorporation of the
epithelial marker CD24, in order to improve the selection of the epithelial cells®* (Figure 18A).
Quantification of expression levels demonstrated that Mettl1 expression was increased in tumoural
samples compared to healthy tissue, and that this upregulation was more pronounced in the luminal
cells compartment (Figure 18B). Moreover, mRNA levels of the basal population marker K5, as well
as the employed sorting markers CD49f and Scal, were also analysed.

Consequently, our data indicate that Mettl1 is upregulated during PCa progression in the murine
model, and this leads to an increased secretion of m’G modified tRNAs that can be detected in the
urine. Moreover, its expression is specially increased in luminal cells, often considered as the cell of
origin of PCa, suggesting an essential role in the biogenesis of the disease.

2. ldentification of METTLL1 targets at single-nucleotide resolution
2.1. tRNAs are the main METTL1 targets

Although tRNAs methylation by METTLL1 has been known for several years in yeasts, recent studies
have revealed that miRNAs and mRNAs might be potential targets of the methyltransferase?10302:303,
To validate this, PhotoActivatable-Ribonucleoside-enhanced Cross-Linking ImmunoPrecipitation
(PAR-CLIP) data from Bao et al. analysis®* was downloaded and evaluated in collaboration with
Alejandro Paniagua for identification of METTLL1 targets in HEK293 cells. This technique is based
in the incorporation of photoreactive ribonucleoside analogues followed by covalent bond of the
RNA Binding Protein (RBP) of interest to its target RNA, protein immunoprecipitation and
identification of the RNA by high-throughput sequencing (Figure 19A). As expected, tRNAs were
identified as the main METTL1 target representing almost half of the analysed RNAs and with a
median of over a hundred reads per million (RPMs) per tRNA isoacceptor (Figure 19B,C). The next
more common target found were lincRNAs and only a 0.09% of the reads corresponded to miRNAs,
meanwhile mMRNA represented the 17% of all reads, however, each transcript was represented with

a low read coverage (Figure 19B-D).

To further understand METTL1 molecular role, CRISPR-Cas9 technology was employed for
generating PC3 cells knock-out (KO) for METTL1. With that aim, three different single-guide RNAs
(sgRNAs) were designed (sg117, sg119 and sg139) targeting either exon 2 (sg117 and sg139) or 3
(sg119) of METTLL1 genomic sequence and transduced into the cells (Figure 20A). An empty vector
expressing Cas9 enzyme but no sgRNA was used as control. Three different control and METTL1

KO clones were obtained per cell line, two from sg117 (KO1 and KO2 hereinafter) and one from
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59139 (KO3). No efficient KO clones were obtained from the exon 3 targeting-sg119. Analysis of
the genomic editing produced after Cas9-mediated cleavage was performed by sequencing of the
genomic DNA of all the obtained clones. As a result, insertions and substitutions that lead to changes
in the reading frame were detected (Figure 20B). Complete absence of METTL1 protein and mRNA
levels was confirmed by Western Blot and RT-qPCR (Figure 20C,D). m’G modification levels was
tested independently by northdot blot and high-performance liquid chromatography (HPLC) analysis
on the tRNAs from the PC3 cells, confirming that lack of METTL1 results in almost a complete
depletion of m’G levels in tRNAs (<200 bp) (Figure 20D,E). No changes on methylation levels of
those RNAs with >200 bp in length (including rRNA, IncRNA or mRNA) were detected upon
METTL1 deletion (Figure 10 D).
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Figure 19. tRNAs are METTL1 preferred targets. A) Schematic representation of the molecular basis of PAR-CLIP
technique. Red circles represent the epitranscriptomic mark deposited by the RNA Modifying Protein (RMP). B) Reads
per million (RPM) density distribution identified by PAR-CLIP analysis of the RNAs bound to METTL1 in HEK293T
cells. Bam data was retrieved from3%4, with two different replicates. Red line indicates the third lower quartile of total
RPMs. C) Percentage of the most abundant PAR-CLIP reads. D) Boxplot representing median with interquartile range of
reads per million (RPM) per gene of all RNA species found after PAR-CLIP analysis.

A second METTL1 KO cell line was generated in DU145 cell line, obtaining two distinct KO clones
from sg117 and two control clones (Figure 20F). For functional analysis of partial depletion of
METTLZ, silencing of the methyltransferase in DU145 using inducible short-hairping RNA (shRNA)
technology was performed, obtaining approximately a 50% silencing of METTLL1 protein and RNA

levels upon doxycycline induction (Figure 20G, H).

Thus, we can conclude that tRNAs are the main substate of METTL1 and depletion of the enzyme

results in significative decrease of m’G levels in tRNAs but not in longer RNA species.
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Figure 20. Generation of PCa cell lines with altered METTL1 expression. A) Schematic representation of the exons
targeted by the distinct sgRNAs designed for METTL1 genomic editing. B) Diagram of the genomic editing produced in
the three METTL1 KO clones generated identified by gDNA sequencing. Red arrows indicate insertions into the sequences
and slash indicates substitutions. C) METTL1 depletion validation by RT-gPCR in PC3 cells. Mean + SD are represented
(n=3). D) Western Blot and northdot blot analysis of METTL1 and m’G levels in PC3 cells edited by CRISPR-Cas9
technology. Methylation levels of long RNAs (<200 nt) and tRNAs (<200 nt) were separately assessed. Three different
METTL1 WT and three different KO clones were evaluated. Parental non-transfected PC3 cells are also shown (PC3). E)
LC-MS analysis of m’G levels in PC3 parental, WT and METTL1 KO cells. Mean + SD are represented (n=3). F) Western
blot of DU145 KO (upper panel) and quantification of METTLL1 protein levels normalised to tubulin. Two different clones
for CRISPR KO are shown. Mean + SD are represented (n=2). G) Protein levels of inducible silenced DU145 cells by two
distinct ShRNA complementary to METTL1 mRNA. For inducible silencing, 3 days of induction with the indicated
concentration of doxycycline are shown. Mean + SD is represented (n=3). F) Evaluation of METTLL silencing by RT-
gPCR in DU145 cell line after 3 days of induction with 0.5 mg/ml of doxycycline. Mean + SD are shown (n=3). Statistical
analysis: One-tailed Student’s t-t test (**p<0.01,****p<0.0001).
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2.2. ldentification of METTL1 deposition sites at single nucleotide resolution

Once we confirmed tRNAs as the major METTL1 target, we then interrogated whether all tRNA
isoacceptors were susceptible of being methylated by METTL1. Besides, we aimed to identify the
specific methylation position catalysed by the enzyme at single nucleotide resolution. To address
that, we developed a variation of the previously established NaBH.-based detection techniques?t®
213,217,218 called Borohydride-sequencing (Bo-seq). This technique was developed by former member
Silvia D’ Ambrosi, but the generation of METTL1-depleted cells during the current study enabled to
confirm its specificity. Bo-seq method exploits the increased sensitivity that RNAs modified with N-
7-methylguanosines exhibit to NaBH, and aniline treatments, which produces RNA cleavage next to
the methylation site. Briefly, m’G group is reduced in the presence of NaBH4 which leads to the
formation of an abasic site, followed by treatment with aniline that results in the cleavage of the
chain by B-elimination®® (Figure 21A). After RNA cleavage, RNA libraries would be prepared for

identification by deep sequencing of the RNA cleavage position, which correspond to the m’G
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deposition sites. Detection of m’G on tRNAs is hampered by the low abundance of the molecules
compared with other RNA species, being necessary a tRNA enrichment within the sample previous

to the procedure.

Thereby, total RNAs from PC3 WT and METTL1 KO cells were extracted and tRNAs enrichment
was performed by size selection. Then, tRNAs were deaminoacylated and exposed to NaBH,4 and
aniline treatment using 7-methylguanosine triphosphate (m’GTP) as carrier of the reaction, which
increased reaction efficiency. This was followed by incubation with T4 polynucleotide kinase (T4
PNK) to ensure phosphorylated 5’ ends and 3’ hydroxyl ends of the cleaved RNAs to enable adaptor
ligation. In addition, randomly formed fragments created due to harsh reactive conditions are non-
affected by PNK treatment by their chemical properties, hence this step also ensures an enrichment
on modified RNAs. Next, cDNA of tRNAs libraries were prepared and sequenced. Non-treated
tRNAs were also analysed as control of random fragmentation (Figure 21B).
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Figure 21. Development of a new variation of NaBH:- based m7G detection method: Bo-seg. A) Chemical reaction
produced when m’G group is treated with NaBH4, which results in reduction of the m’G modification that, in presence of
aniline, leads to RNA chain cleavage by B-elimination. B) Schematic representation of the workflow used for generation
of treated and non-treated tRNAs libraries for identification of m’G deposition sites by Bo-seq.

Analysis of sequencing data revealed RNA cleavage in some tRNA isoacceptors including AlaAGC,
PheGAA, CysGCA, lleAAT and LysTTT, in samples from WT cells but not in those from METTL1
KO cells, validating the lack of methylation when METTLL1 is absent (Figure 22A). Besides, other
tRNAs such as HisGTG did not exhibited cleavage neither in WT nor KO tRNAs (Figure 22A),
implying that those isoacceptors are not METTL1-substrates. Alignment of tRNA cleavage sites in
WT versus KO RNAs, as well as the binding position of METTL1 found by PAR-CLIP, revealed
that the most common METTL1-mediated m’G location was at the variable loop of tRNAs at position
G46 (Figure 22B,C). With these approaches, around 50% of the tRNA isoacceptors were identified

as METTLL1 substrates, which supports previously reported analysis (Figure 22D)?10211:213,
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Figure 22. Validation of METTL1-dependent tRNA methylation at position 46. A) Normalised cleavage signal of
METTL1 methylated (CysGCA, AlaAGC, PheGAA, 1leAAT, LysTTT) and non-methylated (HisGTC) tRNAs from PC3
WT (red) and METTL1 KO (grey) cell lines. X-axes correspond to the position within the tRNA molecule and line-length
represent reads coverage. B) Summary of m’G deposition sites identified by PAR-CLIP and Bo-seq analysis. Grey dots
represent start position of statistically (p-value adjusted <0.05) fragments formed in control vs METTL1 KO RNAs after
NaBH4 treatment (upper panel) or mutated position identified by PAR-CLIP analysis (lower panel). C) Graphical
representation of tRNAs secondary structure indicating METTL1-methylated guanines at variable loop (red circle). D)
Summary of the tRNA isoacceptors identified to be methylated by METTL1 (red) at position 46. Non-methylated
isoacceptors are highlighted in grey colour.

2.3. 7-guanine methylation regulates tRNA stability by preventing tRNA-derived
fragments biogenesis

Previous studies have reported that loss of METTL1-mediated m’G methylation results in reduced
tRNA stability. In fact, several investigations have established that lack of METTL1 and m’G tRNA
methylation leads to reduced translation efficiency of those mMRNAs enriched on codons that are
decoded by m’G-containing-tRNAs?10-211.219.224231 'Based on this, we interrogated whether this effect
was recapitulated in tRNAs from PCa cell lines. With this aim, both high-throughput sequencing of
tRNAs and northern blot analysis were performed to interrogate the abundance of specific mature
tRNA isoacceptors, but no differences between WT and METTL1 KO cell lines were observed
(Figure 23A, B).
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Figure 23. METTL1-mediated m’G deposition protects tRNA from endonucleolytic cleavage. A) Heatmap
representing the logz of RPKM (reads per kilobase of transcript per million reads mapped) obtained after tRNA-seq from
PC3 WT and METTL1 KO cells. Each row corresponds to a different tRNA isoacceptor and each column represent a
different replicate. tRNA expression levels are row-scaled (each row is normalised by their mean expression and standard
deviation). B) Northern blot (upper panel) and quantification (lower panel) of mature tRNAs of the indicated isoforms
normalised to the total RNA. Mean + SD are represented (n=4). C) Pie chart of differentially accumulated tRNA fragments
longer than 18 nt in PC3 METTL1 KO cells compared to WT cells. tRNA fragments with Log fold change (FC) >2 and
p-value<0.05 are represented. 3’tRNA-derived fragments (3’tRFs) comprise from -10 to + 10 position of tRNA 3’end; int-
tRFs correspond to the interior of the mature tRNA sequence; 5° tRNA-derived fragments go from -10 to +10 position to
tRNA start site, from which 5 halves are >35 nt long and the remaining are named as 5’ tRFs (n=50286) and 5’ TOGs
when containing 5’terminal oligoguanines (n=1599). D) Boxplots representing the average fold change of normalised reads
of 5’tRNA-derived fragments in PC3 METTL1 KO vs WT cells. 5’TOGs box represents 5’TOGs derived only from Cys.
E) Density of the distinct 5’TOGs with five 5‘terminal guanines (5G; derived from Cys) and four 5’terminal oligoguanines
(4G; derived from Ala) differentially expressed in PC3 METTL1 KO cells compared to WT cells. F) Graphical abstract of
the fragments formed in absence of METTLL1. G, H, 1) Northern blot of PC3 WT and METTL1 KO cell lines for the
indicated probes. Quantification of the detected fragments normalised to full length tRNAs is also shown. Median and min-
max values are represented, whiskers represent the interquartile range (n=4). Red safe staining of full length tRNAs was
used as loading control. Statistics analysis: one-tailed student-t test. **p<0.01 (G).
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RESULTS

It is widely established that distinct tRNA modifications regulate the formation of a novel class of
small non-coding RNAs derived from tRNA fragmentation (reviewed in'*®). Thus, we ascertained
for the formation of tRNA fragments in the sequencing data from tRNAs from PC3WT and METTL1
KO cells. In the analysis, 5’-derived tRFs (5°’tRFs), 3’-derived tRFs (3’tRF), tRNA halves and
internal-derived fragments (int-tRFs) were identified (Figure 23C). Firstly, a significative
enrichment of 5’tRNA-derived fragments was detected in METTL1 KO cells compared to those
expressing METTLL1 (Figure 23D). More interestingly, between all the 5’tRFs identified, METTL1-
lacking cells showed a significant enrichment of a specific type of fragments named as 5’ tRNA

terminal oligoguanine-containing tRNA fragments (5’ TOGs) (Figure 23E).

A deeper analysis showed that these 5’ TOG fragments were characterised for having a size of 20 or
30-35 nt, indicating that they are derived from tRNAs cleavage at the anticodon or D-loop (Figure
23F). Due to their 5° end sequence nature, 5’TOGs are usually derived from Cys (5Gs) and Ala (4Gs)
tRNAs. Sequencing data were validated by northern blot with different tRNAs probes in PC3 cells.
A considerable increased formation of 5’CysGCA fragments below the RNA marker of 50 nt in
METTL1 KO cells compared to WT was detected (Figure 23G). However, no fragment accumulation
in absence of METTL1 was detected in other tRNA substrates of the enzyme such as Lys or Pro
(Figure 23H, 1), indicating the specificity of the endonucleolytic cleavage of m’G-unmethylated Cys
tRNAs.

Since several studies have proved that tRNA fragmentation can be induced under stress
conditions'“®1% we next evaluated fragment formation in response to oxidative stress by NaAsO;
treatment. Both PC3 WT and METTL1 KO cell lines showed increased tRNA cleavage after stress,
but cells lacking METTL1 exhibited more pronounced fragmentation that manifested at shorter
inducing times (Figure 24A,C). This effect was also observed in DU145 cells (Figure 24B). Again,

stress-induced endonucleolytic cleavage was specific for Cys (Figure 24C).

Stress-derived 5” halves tRNA fragments are produced by endonucleolytic cleavage at the anti-codon
loop by angiogenint®1156.162.186 Qe to the high specificity of the fragments formed in the absence of
METTL1, we then evaluated whether angiogenin would mediate Cys tRNA fragmentation when
unmethylated. With this aim, tRNA cleavage was assessed in the presence of the angiogenin inhibitor
N65828%% in stress conditions, but no differences were detected (Figure 24D). Whether this tRNA

fragmentation is dependent on other kind of ribonuclease requires further investigation.

We next performed an in vitro tRNA cleavage assay to validate tRNA fragmentation at G46 in
absence of m’G mark. With that aim, we synthesised biotinylated oligonucleotides containing the
wild type (WT) sequence or mutant version (G46A) of the isoacceptor CysGCA (Figure 24E). Then,
synthetic 5’biotynilated-tRNAs were incubated with extracts from PC3 WT and METTL1 KO cells

and pulled down with streptavidin-coated beads to assess oligonucleotides fragmentation (Figure
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25E). WT tRNAs would be expected to be cleaved only in KO lysates, being the only condition
where methylation would not take place. On its behalf, mutant G46A would be cleaved in both WT
and KO cell lysates since the oligonucleotide is not susceptible of being methylated. Captured RNAs
were loaded into a polyacrylamide gel and in the Bioanalyzer to analyse 5’end fragment formation.
Analysis and quantification of the formed fragments normalised to full length tRNAs revealed an
increased formation of fragments from approximately 22 and 30 nt long in the KO extracts of the
WT tRNAs. In addition, the mutant G46A was cleaved in fragments of 30 nt in WT lysates, thus
confirming that m’G46 protects from fragmentation at the D and anti-codon loop (Figure 24E).
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Figure 24. tRNA cleavage in the absence of m’G46 is enhanced upon stress conditions. A,B) Northern blot analysis of
Cys-derived tRNA fragments in PC3 (A) and DU145 (B) WT and METTL1 KO cells after NaAsO: treatment. Collecting
times after stress induction are indicated (h). Boxplots represent fragment formation normalised to total tRNAs, indicating
median, bars at min-max values (n=4). C) Analysis of 5’Lys tRNA derived fragment upon stress. Bars represent normalised
fragments with full lenght tRNAs. D) Quantification by northern blot of tRFs derived from Cys in PC3 expressing or
METTL1-depleted non exposed (Oh) or exposed to oxidative stress (2h) and with (+) or without (-) angiogenin inhibitor
(ANGi). Normalised fragments formation with full length tRNA are represented (n=2). Red safe staining of all northern
blot gels was used as loading control. E) Schematic representation of the tRNA in vitro cleavage assay and analysis of
tRNA fragmentation by TBE polyacrylamide gel. Boxplot represents the fragments identified either with the WT Cys tRNA
or the mutated one (G46A) after incubation with extracts from WT or KO cells. Median and min-max values are represented
(n=3). One-tailed Student t-test was performed. *p<0.05; ***p<0.001 (B, E).
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RESULTS

Thereby, METTL1-mediated m’G deposition at G46 regulates tRNA fragmentation of specific
tRNAs that leads to 5’tRFs biogenesis, some of them characterised for presenting multiple
guanosines at the 5’end. This fragmentation is enhanced under stress conditions but is not catalysed

by angiogenin.
2.4. METTL1-dependent tRNA fragments biogenesis inhibits translation initiation

tRNA cleavage has been described to specifically inhibit global protein translation caused due to the
molecular activity of the tRNA derived fragments!®:151162166  Tq evaluate whether METTL1-
dependent tRNA fragmentation altered protein synthesis, we quantified the rates of protein synthesis
in PC3 WT and METTL1-depleted cells by using the properties of O-propargyl-puromycin (OP-
puro). OP-puro is a puromycin analogue that is incorporated into the nascent peptides and produces
a premature termination of protein synthesis. In addition, due to its alkyl motif, OP-puro residues
can be covalently bound to an azide-containing molecule such as fluorophores, which will further
allow to quantitatively measure translation rates by flow cytometry or microscopy*®’. Thereby, a
significant reduction of protein synthesis rate was observed in PC3 METTL1 KO cells in comparison
with WT cells (Figure 25A), corroborating that tRNA fragmentation observed in the absence of
METTL1 leads to a global repression of protein synthesis. Remarkably, a similar reduction in global
protein translation was observed in METTLL silenced DU145 cells (ShMETTLL1 cell lines) (Figure
25B). This indicates that METTLL1 regulatory role on protein translation is so crucial that even a

partial depletion affects to normal proteostasis.

Then, to further understand the molecular mechanism underlying protein inhibition observed in
METTL1 KO cells, we checked whether translation initiation was dysregulated by a decreased
expression of the components implicated in the translation initiation complex. However, no
differences were observed, which suggest that the translation inhibition observed in METTL1 KO
cells is not caused by an alteration of the synthesis of the translational machinery components (Figure
25C, D). In fact, previous investigations reported that short 5°TOG fragments (named miniTOGs or
5’'mTOGs) specifically inhibit protein translation by displacement of the translation initiation
complex components from the actively translated or 7-methyl-guanilated (m’G-capped) mMRNA
pool®33% Thus, to analyse displacement of the translation initiation components elF4A, elF4G,
elF4E or the regulatory components YB1 and PABPC1, sepharose beads coated with m’G-cap were
incubated with lysates from PC3 WT or METTL1 KO cell lines. Then, beads pulldown and Western
blot analysis were performed in order to assess the translation initiation complex components bound
in the distinct conditions. As a result, reduced binding of elF4G, PAPBC1, YBL1 and elF4E were
detected in PC3 METTL1 KO cells when compared to controls, but only the latter showed
significative differences (Figure 25E). We next interrogated whether this affinity differences were
mediated by the biogenesis of 5’TOGs in METTL1 KO cells.
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Figure 25. Lack of METTL1 m’G-dependent mark results in global protein translation inhibition by displacement
of the translation initiation complex through 5°TOG formation. A) Quantification of global protein synthesis rate by
OP-puromycin-propargyl (OP-puro) incorporation in PC3 WT and METTL1 KO cells. Fluorescence quantification is
normalised to cell size (FSC). Mean * SD is shown (n=3). B,C) Analysis by Western blot of protein levels of the distinct
factors of the translation initiation complex in PC3 control (WT) and METTL1 depleted cells. PC3 parental cells and two
distinct technical replicates per condition are shown. Box plot represent quantification of protein levels. Dotted lines
indicate mean protein levels in WT cells for each analysed protein. D) Fold change of the percentage of OP-puro positive
cells in METTL1 silenced DU145 cells compared to SCR control. Mean * SD are represented (n=3). E) Western blot and
log: fold change (FC) quantification of the translation initiation factors bind to m’G-cap sepharose-coated beads in PC3
WT and METTL1 KO cells. Images from one representative replicate are shown. Mean + SEM are represented (n=3). F)
Graphical abstract of the approach followed for analysing the translation initiation factors specifically bound to synthetic
5"TOG when transfected in PC3 WT cells in combination with either a scramble or a complementary or anti-TOG
oligonucleotide. Western blot of a representative replicate and quantification of the FC of the TOG+Ant normalised to
TOG+SCR are represented. Mean + SEM are shown (n-3) G) Schematic representation of the assay for analysing the
TOG-dependency of the displacement of translation initiation factors from the mRNA cap in PC3 cells. PC3 WT cells were
transfected either with synthetic biotinylated-5’TOG (5’TOG) or with scramble RNA oligonucleotides. METTL1 depleted
cells were transfected with biotinylated anti-TOG (Ant). Logz FC of the densitometry from TOG or Anti-TOG-bound
factors normalised to SCR conditions are shown. Mean + SEM are represented (n=3). H) Measurement of protein
translation rate by flow cytometry quantification of OP-puro incorporation in PC3 WT and METTL1 KO cells upon
oxidative stress (NaAsO). Data are normalised to cycloheximide (CHX) treated cells. Mean + SD is shown (n=3). Statistics
analysis: One tailed student-t test (A-H) *p<0.05; **p<0.01.
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RESULTS

To this end, different in vitro experiments were performed. Firstly, PC3 WT cells were transfected
with synthetic biotinylated 5’TOGs, that are produced naturally in METTL1 KO cells, alone or in
combination with its reverse-complement oligonucleotides or anti-TOGs, that would specifically
bound and inactivate the 5°’TOG in an antagomiR similar manner (Figure 25F). Then, biotinylated
5°TOGs fragments were pulldown with streptavidin-coated magnetic beads and bound translation
initiation factors were analysed and quantified by Western blot. As a result, some of the factors that
comprise the translation initiation complex were detected to pulldown together with synthetic
5’TOGs, specially PABPC1 (Figure 25F). Besides, the co-transfection of anti-TOGs with
5’biotynilated-5’TOGs successfully reduced the affinity of elF4G/A, PABP1 and YBI1 to the
5’TOGs, with significative differences for the affinity to PABP1 and YBI1. These results
corroborated that METTL1-depletion mediated 5°TOG biogenesis inhibit protein synthesis by
specifically displacing of the components that conform the translation initiation complex.

We next interrogated whether synthetic 5’TOG could displace the translation initiation complex from
capped-mRNAs as in METTL1 KO cells. Additionally, we analysed whether the displacement of the
translation initiation complex could be reverted in METTL1 KO cells using anti-TOGs that would
block 5°TOGs activity. Despite the high variability due to the technical difficulty, synthetic 5°TOGS
could remarkably displace both elF4A and PABP1 in WT cells and we could successfully rescue
elF4G and PABP1 displacement in KO cells transfected with the anti-TOGs sequences (Figure 25G).

Based on this connection between 5’TOG biogenesis and translation inhibition together with the
increased fragmentation observed under stress conditions, we next evaluated proteins synthesis
alterations over time in response to oxidative stress. Thus, exploding OP-puro capacity to bind to
nascent proteins, global translation levels were assayed in PC3 WT and METTL1 KO cell lines upon
NaAsO, treatment. As a result, decreased global protein synthesis was observed as expected, but also
a diminished recovery capacity of protein synthesis rate in the absence of METTL1 was detected after
stress induction, which suited with the increased accumulation of 5°TOG detected in METTL1 KO
cells under stress conditions (Figure 25H). This suggested that lack of METTL1 decreases cell ability

to respond to stress conditions.

In conclusion, our results validate the displacement of translation initiation complex from actively

translate MRNASs in the presence of 5’TOGs fragments originated by an altered epitranscriptome.
3. Phenotypic characterization of METTL1 depletion
3.1. METTL1 regulates tumour growth and self-renewal capacity in vitro and in vivo

Due to the high impact of METTLL deletion in the biogenesis of stress-induced tRNA fragments,
protein translation inhibition and its high correlation with PCa pathogenesis, we interrogated how
the enzyme depletion affected PCa progression. Thus, several in vitro approaches were performed
with PC3 and DU145 WT and METTL1 KO cells for evaluating their proliferation potential. We
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observed a significant impaired proliferation in adherent conditions in both cell lines in absence of

the enzyme (Figure 26A,B).
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Figure 26. METTL1 depletion decreases prostate cancer cell proliferation in vitro. A, B) Growth curves of three clones

of PC3 (A) and two clones of DU145 (B) WT (grey) and METTL1 KO (red) cell lines. Parental cell line (PC3 or DU145)
is also represented. Dotted lines correspond to the average growth of all METTL1 expressing (parental and WT1, WT2 and
WT3) or KO cell lines (KO1, KO2 and KO3). Mean + SD is represented (n=6). C) Evaluation of cell division by BrdU
incorporation in PC3 WT and METTL1 KO cell lines. Box plots represent mean, interquartile range and min and max
values (n=6), and dotted lines correspond to the average values from WT or KO cell lines. D) Quantification of percentage
of all apoptotic cells in PC3 control and METTL1-depleted cells measured by Annexin V and propidium iodide staining by
flow cytometry. Mean + SD are represented (n=3). E) Assessment of self-renewal capacity of PC3 WT (grey) and KO (red)
cell lines by single-cell organoid formation capacity in non-adherent conditions. Schematic representation of the approach
and representative images are shown. Graph represents the normalised number of spheroids obtained. Mean + SD (n=3).
Discontinuous lines represent the average from all WT and KO cell lines. Statistics analysis: Two-way ANOVA comparting
each KO cell line with average of WT cells (A, B,); One-way ANOVA comparing each KO cell line with the average data
from WT cells (C,E-G). One tailed Student’s t-test (D). *p<0.05; **p<0.01; ***p<0.01; ****p<0.0001.
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RESULTS

Impaired proliferation in METTL1 KO cells was caused by reduced cell division measured by BrdU
incorporation, cell cycle arrest in GO-G1 and increased apoptosis rate (Figure 26C). We then
evaluated growth capacity in distinct suspension conditions, using single-cell spheroids as a readout
of self-renewal capacity of tumourspheres, and colony formation in soft agar as an indicator of cell
malignant transformation. In both cases, a combination of reduced number and size of the formed
spheroids and colonies in PC3 METTL1 KO cells was obtained (Figure 26D).

To validate METTL1 role in tumour formation in vivo, xenografts derived from PC3 WT and
METTL1 deficient cells were generated. As a result, a remarkable reduced tumour formation capacity
was exhibited upon METTL1 depletion (Figure 27A). Staining of xenograft sections showed
increased staining of the apoptosis marker cleaved-caspase3 and reduced staining of the proliferation
marker Ki67 (Figure 27B). Similarly, a decreased tumour growth was observed in xenografts
generated from DU145 cell lines stably expressing inducible short-hairping RNAs of METTL1 (sh3,
sh4) (Figure 27C). These data suggested that inhibition of METTL1 would be both prevented and
therapeutic for PCa.
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Figure 27. Depletion of METTL1 impairs tumour growth capacity in vivo. A) Tumour volume of subcutaneously
xenografted PC3 WT (grey) and METTL1 KO (red) in athymic nude mice. Mean + SEM are represented
(n=10).Representative images of both types of xenografts- Scale bar represents 1 cm. B) Immunohistochemistry staining
for assaying METTL1 depletion as well as proliferative (Ki67*) and apoptotic (CI-Casp3*) cells. Quantification represents
mean + SD, of five mice per genotype with 10 images per tumour. C) Tumour volume of xenografted DU145 with inducible
silencing of METTLL. Control cell line (shSCR) and comparation of ShAMETTL1 (+ doxy) with non-induced controls (-
dox) are represented. Mean + SEM are represented (n=10 for shM3, n=5 for shM4 and shSCR). D) RT-qPCR of METTL1
expression levels of xenografts extracted from control (SCR) or METTL1-silenced xenografts. Mean + SD are shown.
Statistics analysis: One tailed Student’s t-test (B, D). *p<0.05;***p<0.01; ****p<0.0001.

To further understand the molecular mechanism underlying the phenotypes observed upon METTL1
depletion and its dependency on METTLL1 activity, a catalytic dead mutant of the methyltransferase
was generated by directed mutagenesis in an inducible lentiviral construct containing a tagged
version of the enzyme (HA-METTL1) (Figure 28A,B). The mutated aminoacids were selected based

on Lin et al approach?®. METTL1 expression was rescued in METTL1 KO cells lines by infection

67



either with a wild type (WT) or a catalytic dead mutant (AFPA) version of the enzyme. The empty
plasmid was also transfected as control (eV). Expression of the methyltransferase was validated by
Western blot in both WT and AFPA cell lines upon doxycycline induction (Figure 28C,F). In
addition, the catalytic ability of the exogenous METTL1 was analysed by Northdot blot assay.
Methylation capacity was recovered in both PC3 METTL1 KO clones generated with re-expression
of the WT enzyme, corroborating again its dependency on the methyltransferase (Figure 28C,F).
Although the internal m’G signal was significatively increased upon doxycycline treatment, non-
induced conditions also showed basal methylation levels caused by a leakage induction of the
plasmid by the tetracyclines naturally present on the culture medium. Moreover, though re-
expression of METTLL1 protein was detected in the generated catalytic mutant (AFPA), only a light
m’G-methylation on the tRNAs was found after doxycycline induction (Figure 28C,F). Based on
previous results about the specificity of METTL1 for m’G tRNA deposition, no methylation signal
would be expected after its catalytic inhibition. Thus, our results indicate that the generated catalytic
mutant might conserve a residual methyltransferase activity. Another aspect to considerate is the
high variability of the technique and that, even though the samples loaded in the Northdot Blot are
enriched with specific RNA species, other types of RNAs besides tRNAs may be present on the
smaller fraction interfering with the results. We then investigated how the presence of METTL1 with
no methyltransferase activity affected to the previously described phenotypes. Thereby, we analysed
proliferation capacity in adherent and suspension conditions in the two distinct METTL1 KO clones
generated with the described constructions. As so, METTL1 KO cells re-expressing WT METTL1
exhibited increased proliferation and spheroid formation capacity in comparation with eV, but this
effect was not observed in those cells expressing a mutant METTL1 (Figure 28D,E,G,H). These
results supported that METTL1 promoted cancer cells growth and self-renewal capacity in a
catalytic-dependent manner, and the presence of the enzyme did not interfere in this process in a

structural manner.

We next questioned whether the 5’TOGs biogenesis upon METTL1 deprivation played a role in the
observed phenotypes. With the aim of recapitulating either METTL1 KO or WT cells phenotypes in
the opposite cell line, PC3 WT cells were transfected with 5’TOG synthetic oligonucleotides and
METTL1 KO cells with anti-TOGs, respectively (Figure 281). Although the recovery was not always
statistically significant, WT cells transfected with 5°TOGs exhibited increased apoptotic and reduced
proliferation compared with those transfected with a scramble RNA (Cont) (Figure 28J,K).
Remarkably, the opposite effect was observed in KO cells transfected with anti-TOG fragments,
corroborating the biological impact of the tRNA fragment biogenesis formed upon the
methyltransferase depletion. Altogether, our data suggest that METTL1 catalytic activity promotes
cancer cell proliferation and self-renewal of spheroids growing in suspension by preventing 5’TOG
formation derived from METTL1-tRNA substrates.
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Figure 28. METTL1 methylating activity promotes cell growth. A) Schematic representation of the workflow followed
for the generation of catalytic dead mutant version of METTLL1 by directed mutagenesis. B) Representation of METTL1
three-dimensional structure and the mutagenesis targeted site at the catalytic pocket. C, F) METTL1 protein expression
levels and assessment of m’G tRNA levels in two distinct PC3 METTL1 KO clones with ectopic expression of a
doxycycline-inducible HA-tagged wild type (WT) or mutant (AFPA) version of METTL1. Transfection with empty vector
(eV) was used as control. Methylene blue is shown as loading control of northdot blot. Mean + SD are represented (n=3).
D, E, G, H) Assessment of proliferation and self-renewal capacity in two distinct clones of PC3 METTL1 KO cells re-
expressing either a wild type METTL1 (WT) or a catalytic dead mutant (AFPA) upon doxycycline induction. Empty vector
(eV) and non-transfected cell lines (-, KO) were used as controls. Mean + SD are represented (n=6 for proliferation; n=3
for single-cell spheroids). 1) Schematic representation of in vitro transfection in PC3 WT and METTL1 KO cell lines for
assaying the phenotype dependency on 5’TOG formation. J, K) Quantification of the percentage of all apoptotic cells (J)
and proliferation (K) in PC3 WT cells transfected either with a control (Cont) or 5°’TOG (TOG) synthetic oligonucleotides,
and in PC3 METTL1 KO cells transfected with control or anti-TOG (Ant) synthetic oligonucleotides. Mean + SD are
represented (n=6). Statistics analysis: Two-way ANOVA (C, F, G); one-tailed Student’s t test (D, E, H, J, K).
*p<0.05;**p<0.01; ***p<0.001; ****p<0.0001.

3.2. METTL1 specifically controls translation of stress response-related proteins
Considering the role that METTL1-mediated tRNA methylation exerts in global translational rates

in cancer cells, we next investigated whether there were changes in the translatome of METTL1 KO

cells to unravel the molecular mechanisms responsible of the observed phenotypes.
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Figure 29. Loss of METTL1-mediated m’G deposition alter normal translational programme. A) Graphical
representation of the workflow used for capturing the nascent proteome of PC3 cells. Lower panel shows volcano plot of
the nascent proteins distributed according to their p-value (-Logio pV) and their abundance between PC3 METTL1 KO
cells compared to WT cells (Logz FC). Coloured dots represent statistically (p-value<0.05) upregulated (red) and
downregulated (blue) proteins in METTL1 KO cells (n=4). B) Gene ontology (GO) enrichment analysis of biological
processes of the significantly (p-value<0.05) upregulated (UP, FC>1) or downregulated (DOWN, FC<1) nascent proteins
in PC3 METTL1 KO versus WT cells. Categories are ranked based on their statistical p-value (-Logio pV) and fold
enrichment of the genes included in the distinct categories. C) Volcano plot of differential mMRNA expression (ranked
according to their statistical p-value (-Logio pV) and their relative abundance (Logz FC) between PC3 METTL1 KO vs WT
cells. Coloured dots represent statistically (p-value<0.05) upregulated (red) and downregulated (blue) mRNA (n=3). D)
Correlation analysis between differentially expressed proteins (Protein logz FC) and mRNA (RNA logz FC) between PC3
METTL1 KO and control cells. Coloured tods represent significant (p-value<0.05) altered expressed proteins (blue),
mRNAs (yellow) or both (red) for each gene. Pearson correlation (r) factor and p-value (pV) are indicated. G) GO category
enrichment of biological processes in significantly /p-value<0.05) differentially expressed proteins identified by label-free
quantitative proteomics from DU145 silenced (shRNA +Dox) vs control (ShRNA -Dox) cells. Categories are ranked
according to their statistical p-value (-Logio pV).

Thereby, taking advantage of the OP-puro properties, nascent peptides labelled with OP-puro were
consecutively captured by an azide-coated resin using a copper catalysed click chemistry that
covalently binds azide and alkyne groups®®® (Figure 29A). Then, nascent polypeptides were separated
by on-bead digestion and analysed by liquid chromatography-tandem mass spectrometry (LC-MS-
MS), allowing the identification of nascent molecules enriched in the absence of METTLL1 in PC3
cells. In general terms, and in agreement with the decreased protein synthesis rates in METTL1 KO
cells, volcano plot representation showed a downregulation in protein synthesis in METTL1 KO cells
compared to those expressing the enzyme (Figure 29A). Gene Ontology (GO) term enrichment
analysis of the downregulated proteins showed impaired translation of genes involved in cell cycle
and mitosis in METTL1 deficient cells, which would explain the reduced proliferation observed both
in vitro and in vivo (Figure 29B). Strikingly, a more efficient translation of proteins associated with

stress responses as type | and type Il interferon (IFN) pathway, catabolic processes and vesicle
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mediated transport was observed in METTL1 KO cells (Figure 30B). However, analysis of the
transcriptome by an expression microarray did not show a significant downregulation on METTL1
KO cells (Figure 30C). Thus, the protein translation changes were uncoupled to transcription, since
comparation between the protein and the RNA expression levels showed no correlation, indicating
that the differences observed in the proteome were caused by alteration in the translational rather
than the transcriptional programme (Figure 29D). Similar results were obtained after GO analysis of
total proteome from DU145 with inducible silencing for METTL1 (Figure 29E), which suggested
that the phenotype was not cell dependent and consistent even in conditions with no complete

deletion of the enzyme.

To corroborate that proteome differences are driven by translational changes, we performed
polysome profiling from PC3 WT and METTL1 KO cell lines®®, Briefly, the translationally active
ribosomes (or polysome) fraction was selectively separated by sucrose gradients and RT-gPCR of
the associated mRNAs. We first analysed the obtained profiles and, as expected, a significant
reduction of the polysome fraction was found in METTL1 depleted cells (Figure 30A). Next, the
actively translated transcripts were analysed by measuring by RT-qPCR amplification of the RNA
present on the polysome fractions (fraction 15-20), since enhanced translation of a gene would lead

to an accumulation of its transcripts bound to the translationally active ribosomes.
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Figure 30. METTLl-medlated 5°TOG biogenesis induces translation of specific transcripts. A) Representation of
polysome profiles in PC3 WT (grey) and METTL1 KO cells (red) (left panel). Graphs represent the percentage of mMRNA
abundance of the indicated genes across the fractions obtained by sucrose density gradient ultracentrifugation of extracts
from PC3 WT and METTL1 KO cells. Highlighted fractions represent those which correspond to polysome fraction. Mean
+ SEM are shown (n=4). B) Boxplot represent median value (line) and interquartile range fold change (FC) of mRNA
abundance in polysome fractions (area under the curve) from METTL1 KO versus WT cells. Red dotted line corresponds
to FC=1. BC Western blot and quantification of the protein levels of the indicated proteins after transfection of PC3 WT
cells with scramble control (Ct) or 5’TOG (TOG) RNAs and METTL1 KO with either control or anti-TOG (Ant) synthetic
oligonucleotides. Bar graphs represent the fold change of densitometry quantification of 5°TOG (grey) or anti-TOG (red)
vs scramble. Mean * SD are represented (n=3). Statistical analysis: Student’s t test of fold change(B) and comparing the
protein expression upon TOG or anti-TOG transfection with SCR control. *p<0.05;**p<0.01.
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Thus, we confirmed an enhanced translation of some of the upregulated transcripts identified in the
proteome, such as interferon regulatory factor 9 (IRF9), interferon-stimulated gene (1SG15) and the
autophagy-related protein ubiquitin-like-conjugating enzyme ATG3, but no differences were
observed in some control transcripts as catenin, GAPDH or KIF20A (Figure 30A). The area under
the curve of the profiles obtained with the RT-gPCR data was quantified as a quantitative
measurement of the differences, which resulted in a significantly increased translational rates of
ATG3, IRF9 and 1SG15 transcripts (Figure 30B).

Since stress-mediated 5’tRFs take part in the integrated stress response that ultimately inhibit global
protein synthesis to specifically favour the translation of specific proteins®’¢, we next aimed to
elucidate whether the differences observed in IRF9 and ISG15 translation are dependent of 5’TOG
biogenesis. Thus, we transfected PC3 WT and METTL1 KO cell lines with a control (scramble) and
either a 5°TOG or anti-TOG oligonucleotides, respectively. We then analysed protein levels of the
indicated proteins, which resulted in a significant increased expression of both ISG15 and IRF9 in
the WT cells transfected with 5’TOG RNAs. By contrast, transfection of METTL1 KO cells with the
anti-TOG sequences led to a slight but significant reduction in both proteins, which indicates that

5°TOG biogenesis regulates translation of specific transcripts upon METTL1 removal (Figure 30C).

4. Evaluation of METTL1 role in stress response pathways

4.1. Loss of METTL1 alters cell proteostasis without triggering UPR

So far, we have described the essentiality of METTL1-mediated m’G deposition in maintaining a
normal translatome programme. Any situation that alters normal proteostasis within the cell causes
a stress situation to which the cell needs to respond. Proteostatic stress or alterations in the basal
proteomic rates usually leads to formation of misfolded proteins and protein aggregates that results
in activation of stress pathways®®. Thus, to evaluate whether METTL1 deprivation leads to an
accumulation of unfolded proteins, a specific staining for protein aggregates was performed in PC3
WT and METTL1 KO cell lines. A remarkable increase of protein aggregates was detected in cells
lacking METTLL1 (Figure 31A) in comparation with control cells, suggesting that METTL1 plays an

essential role in maintaining correct protein homeostasis.

One of the first pathways that are activated in response to misfolded protein accumulation is the ER
stress and the unfolded protein response (UPR) pathways®'t. As previously described, the UPR
pathway aims to restore the correct function of the ER and to reduce the load of misfolded proteins.
To decipher the UPR status upon METTL1 depletion, the three different branches that compose the
pathway were evaluated (Figure 10). For a more reliable analysis, two different WT controls and two
distinct METTL1 KO clones were analysed. Thus, mRNA levels of PERK and ATF4 were examined
to assay status of the PERK branch. IRE1a expression levels and the ratio of spliced XBP1 (XBP1)

and unspliced XBP1 (usXBP1) were used as markers of IRELla section activation. Cleavage-ATF6
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protein levels and CHOP mRNA were quantified to assess the third branch of the UPR response,
which enhances the transcription of ER chaperones. In addition, BiP or GRP78 were used as general
indicators of the UPR activation. Even though alteration of some factors such as CHOP, ATF4 and
IREla were detected in METTL1 KO1 cells, no consistency was observed upon the different
components of the pathway when comparing different WT and KO clones (Figure 31B,C).Our results
suggest that, although a slight dysregulation of some UPR components is detected, no maintained
response is triggered by the altered translational program caused by the absence of METTLL in PC3
cells, which indicates that other stress response pathways might be altered as consequence.
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Figure 31. Loss of METTL1 enhances misfolded protein accumulation but does not activate UPR. A) Staining of
protein aggregates and quantification by measuring CTCF per cell in PC3 WT and METTL1 KO cells. Representative
images are shown. Scale bar represents 50 um. Cell fluorescence of ten pictures per condition was quantified. Mean + SD
are represented. B) Western blot of full length (fl.) of cleaved (cl.) ATF6 in two different clones of PC3 WT and METTL1-
depleted cells. Three replicates are shown. Graph represents the ratio between cleaved versus full length ATF6 to measure
relative activation of the pathway. Mean + SD are represented (n=3). C) Assessment of UPR activation by quantification
of mRNA levels of the indicated components of the three branches in two distinct clones of PC3 control (WT) and METTL1
KO. Mean + SD are shown (n=3). Statistical analysis: One-tailed Student’s t-test. Ns: non-significative, *p<0.05; **p<0.01.

4.2. METTL1 is essential for maintaining a basal autophagic flux

Since no significant activation was detected of the UPR upon METTLL1 deletion, we next focused on
the final end of misfolded proteins, the autophagy pathway. In addition, nascent proteome analysis
showed a dysregulation of proteins connected with catabolic and secretory processes, and since
autophagy is the prime secretory pathway within a cell, we next focus in unravelling whether
METTL1 loss affect the autophagic pathway. With that aim, we assessed the levels of the two broadly
used autophagy markers LC3-1/11 and p62. LC3-1/11 is an autophagosome marker which is enhanced
upon autophagy activation because of autophagosome formation (Figure 11). p62, on its behalf,

specifically binds ubiquitinated proteins and displace them to the forming autophagosome, resulting
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in the degradation of the labelled protein together with p62 during autophagy termination®'2, As a
result, in normal conditions, a light but no significative increase of LC3 Il or p62 levels was observed
in PC3 METTL1 KO cells compare to WT cells (Figure 33A). To further analyse the autophagic flux,
chemical induction or inhibition of the pathway was performed. Chloroquine (CQ) is commonly used
to block the autophagosome-lysosome fusion, disrupting the autophagy pathway at the final step.
Upon autolysosome inhibition by CQ treatment, a subtle increase of LC3I1 was detected in WT cells,
while METTL1 KO cells showed a remarkable upregulation of the marker (Figure 32A). Regarding
p62, although higher expression was detected in cells lacking METTL1, no significative changes
were found upon CQ treatment. Normally, CQ treatment would produce accumulation of both LC3IlI
and p62 since their lysosome-dependent degradation is inhibited. Thereby, LC3I/ll accumulation and
lack of p62 degradation suggest that METTLL1 loss leads to an accumulation of autophagosomes.
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Figure 32. METTL1 deletion enhances autophagic flux. A, B) Western blot and quantification of the indicated proteins
in three clones of PC3 WT and METTL1 KO cells growing in normal conditions or with chloroquine (CQ) (A) or rapamycin
treatments (B). Mean + Max-min values are represented (n=6). C) Western blot of the indicated autophagy markers in two
clones of PC3 WT and METTL1 KO and one clone of DU145 of each genotype in cells growing in serum-free medium
without glucose and with (+) or without (-) essential aminoacids (AA) or with CQ. D) Representative immunofluorescence
images of GFP-LC3 puncta formed in U20S cells transiently silenced for METTL1 (siM1, siM3) and control (siSCR).
Lower panels show METTL1 mRNA levels and puncta quantification per cell. Mean = SD (n=3 for RT-gPCR). Puncta
from every cell from 10 images per condition was quantified. Scale bar represents 25 um. Statistical analysis: one-tailed
Student’s t-test; ns: no-significative; *p<0.05; **p<0.01; ***p<0.001.
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To further investigate whether this is due to an increased autophagy activation or to a dysregulation
of the autophagy termination, we next evaluated p62 and LC3II levels in rapamycin treated cells.
Rapamycin is a mTOR inhibitor and, as so, an inducer of the autophagic pathway. Normally, cells
would show enhanced LC3I/Il protein levels and degradation of p62 upon pathway activation.
However, when PC3 WT and METTL1 KO cells were treated with rapamycin, the later did not
exhibit a raise in LC3I1 levels when compared with normal conditions (Figure 32B). Besides, in the
absence of METTL1, the reduction of p62 was minimal upon rapamycin addition when compared
with WT cells, where the changes were significative (Figure 33B). Altogether, these results would
suggest an alteration on autophagy termination that avoids the degradation of the autophagosome
cargo. More detailed analysis was performed by studying the combined effect of amino acid
deprivation or autophagy induction and CQ treatment in PC3 and DU145 WT and METTL1 KO cells
in collaboration with Pr. Raul Duran (CABIMER, Sevilla). The resulting data corroborated our
hypothesis, since increased LC3II levels were detected upon CQ treatment and no changes in p62
were observed (Figure 32C), supporting the obtained results in a second cell line. Altogether, our
data indicates that METTLL1 is crucial for a correct autolysosome resolution.

Increased autophagosome formation upon METTLL depletion was also evaluated in the sarcoma cell
line U20S stably expressing the LC3 marker coupled to a green fluorescent protein (GFP). METTL1
was temporary silenced using short-interfering RNAs (siRNAs) and autophagosome formation was
evaluated by confocal microscopy and manual quantification of GFP* puncta. Images shown a
remarkable accumulation of GFP* puncta in those cells with reduced METTL1 levels (Figure 32D),
validating the increase of autophagosome formation connected with the enzyme loss. This, together

with data from?212%8 indicates that METTL1 role in regulation of autophagy is not tissue specific.

To decipher whether METTL1 regulates autophagosome resolution, we analysed the autolysosome
formation by specifically labelling lysosomes using lysotracker in PC3 WT and METTL1 KO cells
transiently transfected to express LC3-GFP protein. Briefly, lysotracker fluorescence intensity was
analysed by flow cytometry in cells with labelled autophagosomes (GFP*) under different conditions
(Figure 33A). As expected, higher lysotracker intensity was detected upon METTL1 depletion
suggesting increased lysosome accumulation. More interestingly, enhanced signal was found in WT
but not in METTL1 KO cells upon rapamycin induction, indicating a reduced lysosomal presence in
the absence of the methyltransferase (Figure 33A,B). To analyse in detail the autophagosome-
lysosome fusion, staining of endogenous LC3I/1l and LAMP1 (lysosomal marker) was performed.
Similar to previous experiments, quantification of fluorescence intensity showed increased
expression of both markers in PC3 WT cells upon rapamycin treatment, which was not observed in
METTL1 depleted cells. Intriguingly, microscopy pictures showed reduced fluorescence co-

localisation upon METTLL1 deletion, suggesting impaired fusion of the vesicles (Figure 33C).
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Figure 33. Loss of METTL1 impairs autophagosome maturation. A, B) Analysis by flow cytometry of lysotracker
fluorescence intensity in LC3-GFP* PC3 WT and METTL1 KO cells in normal conditions (NC) or treated with rapamycin
(Rapa) (A). Boxplot represents intensity quantification. Mean £ max-min values (n=3) (B). C) Immunofluorescence and
quantification of endogenous LC3 (green) and LAMPL (red) in PC3 WT and METTL1 KO cells as markers of
autophagosomes and lysosomes, respectively. Normal conditions (NC) and rapamycin (Rapa) treatment are shown. Scale
bar represents 25 pm. Boxplots represent CTCF per cell. Mean + max-min values. Intensity of all cells per image from 10
images per condition was quantified. D) Western blot from the indicated autophagy-related proteins from PC3 control and
METTL1-depleted cells in normal conditions and after rapamycin treatment. Quantification is shown in boxplots. Mean +
max-min values are represented (n=6). Statistical analysis: one tailed Student’s t-test; ns: no-significative;
*p<0.05;**p<0.01; ***p<0.001.

To further prove whether the role of METTL1 in autophagy regulation was dependent on translation
alteration of autophagy regulators, we next assessed the expression status of downstream effectors
of mMTORC1 and some key regulators as ULK1. However, no significative differences were detected
between PC3 WT and METTL1 KO cells in none of the components analysed (Figure 33D). Thus,
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our data indicates that in PCa cell lines METTL1-dependent autophagy disruption is independent of
mTORC1 activation.

Moreover, our data is not in concordance with the results observed by Han et al??, in which alteration
of the autophagic pathway upon METTL1 downregulation was described to be caused by a decreased
translation efficiency of negative regulators of autophagy and mTOR pathway, such as the
regulatory-associated protein of mMTOR (RPTOR). In consequence, reduced levels of the inactivating
phosphorylation at ser758 of ULK1 were detected. However, we did not see this alteration on the
inducers or negative regulators of the pathway, indicating that the mechanism that dysregulates
autophagy in prostate cancer cell lines differs from oesophageal cell carcinoma.

In summary, METTL1 deletion leads to an autophagy dysregulation independent of mMTOR activation
and based in an impaired autophagosome termination that results in accumulation of autophagy
vesicles and misfolded proteins in the cytoplasm.

4.3. METTLL loss results in ROS accumulation and increased stress sensitivity

Due to autophagy nature as a removal mechanism of protein aggregates, damaged organelles such
as mitochondria and oxidized substances, alterations in the mechanism are often associated with
increased oxidative damage and reactive oxygen species (ROS) levels®t®, Thus, we interrogated
whether METTL1 depletion affected the cellular redox balance by measuring ROS levels in PC3 WT
and METTL1 KO cells using 2’7’-Dichlorofluorescin Diacetate (CDFH-DA). Flow cytometry
analysis revealed a remarkable increase in ROS production upon METTL1 depletion (Figure 34A).
ROS accumulation is one of the major sources of DNA damage®*, a status that is commonly
quantified by measuring pyH2AX and BRCA1 foci. pyH2AX is a variant of the histone H2AX
frequently used as marker of DNA double-strand breaks (DSBs), since rapidly manifests in
mammalian nuclei after DNA damage®®. BRCA1, on its behalf, is a protein involved in DNA
damaged repair that specifically translocates to DNA damage sites®®. Thus, analysis by
immunofluorescence in collaboration with Dr. Pablo Huertas (CABIMER, Sevilla) showed increased
formation of yYH2AX" foci in PC3 and DU145 METTL1 KO cells, a significant induction of BRCAL*
foci in PC3 METTL1 KO cells, and a tendency, although not significant induction of BRCAL1" foci
in DU145 METTL1 KO cells (Figure 34B,C).

Previous studies reported that autophagy dysregulation leads to enhanced sensitivity to
chemotherapeutic agents®®. Based on this, together with the increased genotoxic stress observed in
absence of METTL1, we hypothesised that cells lacking the methyltransferase may have increased
sensitivity to distinct stress conditions. Due to the increased accumulation of ROS observed in the
absence of METTL1, we first evaluated whether deletion of the methyltransferase in PC3 cells
increased cell toxicity to oxidative stress. Thus, PC3 METTL1 KO cells showed impaired

proliferation and increased cell death under H,O, and UV treatments, respectively, when compared

77



with METTL1-expressing cells (Figure 34D,E). DU145 overexpressing the enzyme recapitulated
this result, showing that higher levels of METTL1 resulted in increased cell survival (Figure 34F).
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Figure 34. METTLL depletion impairs redox balance within the cell increasing oxidative stress sensitivity. A)
Measurement of Reactive Oxygen Species (ROS) by flow cytometry in two distinct PC3 control and METTL1 KO cell
clones. Flow cytometry histogram and mean fluorescence quantification are shown. Mean + SD are represented (n=3).
B,C) Quantification of DNA damage in PC3 (B) and DU145 (C) WT and METTL1-depleted cells by immunofluorescence
of YH2AX and BRCA1 markers. Representative images and percentage of positive cells for both markers are represented.
Mean + SD of 3 replicates and 100 cells per replicate were quantified. Scale bar represents 20 um. D, E) Survival growth
curves of three clones of PC3 WT and METTL1 KO cells exposed to 3725 nM H20: (D) or 20 J/cm? of UV light (E). Thick
discontinuous lines indicate the average growth of all WT (grey) and KO (red) cell lines. Mean £ SD is represented (n=6).
F) Western blot of DU145 overexpressing METTL1 upon doxycycline treatment (upper panel). Lower panel shows relative
growth after 48h of oxidative stress induction with 3725 nM of H202 or 20 J/cm? of UV light of DU145 control (eV) of
METTL1 (WT) overexpressing cells. Proliferation graphs represent the fold change of doxycycline treated cells versus is
non-induced control. Statistical analysis: one tailed Student’s t-test (A-C, F) and two-way ANOVA comparing each KO
cell line with the average of control cells (D, E); *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001.

Furthermore, targeting autophagy as a cancer therapeutic approach is gaining interest over the years
in a wide variety of cancers including glioblastoma, pancreatic cancer, melanoma and sarcoma3'’.
To assess the effect of chemical manipulation of the autophagy pathway upon METTL1 deletion, we
first evaluated cell proliferation after autophagy induction with rapamycin, observing a significant
reduction of cell proliferation in PC3 METTL1 KO cells (Figure 35A). We also evaluate the stress
response in PC3 METTL1 KO cell lines with inducible expression of the WT enzyme and the
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catalytic dead mutant AFPA. Re-expression of WT METTL1 in PC3 KO cells increased proliferation
capacity, but the re-expression of a catalytic dead mutant did not show the same effect (Figure 35A
right panel). Interestingly, METTL1 KO cells showed increased cell viability upon autophagosome
formation inhibition by class Il PI3K inhibitor 3-methyladenine (3-MA) (Figure 35B), which would
indicate that part of the reduced viability observed in METTLL1 deficient cells is caused by the
accumulation of phagosomes caused by dysregulation of autophagy termination. Similar to
rapamycin treatment, re-expression of functional WT METTL1 resulted in reduced survival upon 3-
MA, meanwhile the mutant version recovered part of the cell viability, corroborating the dependency
of stress response mechanisms on the methyltransferase activity of the enzyme (Figure 35B right

panel).
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Figure 35. Loss of METTLL1 diminishes cells proliferation upon autophagy induction and PCa chemotherapeutic
agents treatment. A, B) Growth curves in adherent conditions of three distinct clones of PC3 control (WT) and METTL1
KO (KO) cells after treatment with 20 nM rapamycin (A) or 2 mM 3MA (B). Thick discontinuous lines represent the
average proliferation rate of all WT (grey) or KO (red) lines. Right panels show the proliferation capacity of PC3 METTL1
KO cells transduced with distinct doxycycline-inducible constructs: empty vector (eV), HA-METTL1 (WT) or catalytic
dead mutant (AFPA) at 48 h. Growth capacity of induced cells normalised to non-induced cells is represented. Mean + SD
is shown (n>3). C) Quantification of proliferation capacity of PC3 WT or METTL1 KO cells after treatment with 15 nM
Docetaxel. Left panel represents the growth trend of three WT (grey) and KO (red) clones with (+Doce) or without
Docetaxel. Middle and right panels represent each separated line in normal conditions (middle) and upon Docetaxel
treatment (left). Thicker lines indicate the average proliferation of each condition. Mean + SD are represented (n=6). D)
Fold change of proliferation capacity of METTL1 KO cell lines induced compared to non-induced for re-expressing a WT
or a catalytic dead mutant version (AFPA) of METTL1. Mean + SD are shown (n=4). E) Growth curve of PC3 WT or
METTL1-depleted cells upon treatment with 7 UM of Etoposide. Thicker lines represent the average growth for the different
genotypes: WT (grey) and KO (red). Mean + SEM are shown (n=6). Statistical analysis: Two-way ANOVA comparing
KO cell lines with the average of all WT lines (A, B left panels, C, E); one-tailed Student’s t-test (A, B right panels and
D). *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001.

Based on METTL1-dependent response to stress conditions exhibited by PCa cell lines, we next
evaluated whether the methyltransferase loss also affected the sensitivity to commonly used

chemotherapy agents. With that aim, we analysed the effect of Docetaxel and Etoposide in PC3 WT
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and METTL1-depleted cell lines. Docetaxel, a first-line treatment to CRPC that acts as a microtubule
assembling inhibitor®!, resulted in reduced cell viability upon METTL1 depletion (Figure 35C).
Proliferation analysis of the rescued cell lines showed increased sensitivity to the treatment of the
METTL1 KO cells transduced with the mutant enzyme but not with the WT version (Figure 35D),
indicating the dependency of the phenotype on METTL1 methyltransferase activity. Conversely, the
effect of DNA-damage inducing agents in PCa treatment is still being elucidated, being only
approved the combined treatment of Etoposide together with cis-platinum to treat aggressive
neuroendocrine PCa®®3%2!, Thus, we evaluated whether the increased DNA damage caused by loss
of METTL1 affected cell viability upon Etoposide treatment, observing a reduced cell viability at
shorter times in PC3 METTL1 KO cells compared to WT (Figure 35E), demonstrating that METTL1-
mediated ROS accumulation increase cell sensitivity to DNA damage-inducing agents.

In summary, METTL1-dependent m’G-tRNA translational programme regulates stress sensitivity
in vitro, resulting in impaired cell survival upon distinct stress stimuli, including chemotherapy
agents. This suggests that a combined application of traditional PCa therapy together with METTL1
activity inhibition might be a potential therapeutic target.

5. Characterization of Mettl1 role in vivo
5.1. Generation of a PCa mouse model with Mettl1 deletion in prostatic epithelium

We have observed that loss of METTL1 results in impaired proliferation capacity and increased stress
sensitivity in cultured cells. To evaluate the therapeutic the role of inhibiting the methyltransferase
in PCa progression in an in vivo model, we generated a Mettl1 conditional knockout mouse model in
the prostate epithelium. Briefly, exon 2 of Mettl1 genomic sequence was flanked with two LoxP sites
using CRISPR-Cas9 technology (Figure 36A), which, when crossed with the previously described
PB-Cre4 x Pten"/ mouse”, resulted in deletion of Mettl1 in epithelial prostatic cells expressing
Probasin. Thus, we obtained the PBCre x Pten™1%/Mettl1"/1% (referred as PtenKO/Mettl11
hereinafter) mouse model, whose Mettl1 deletion in prostatic tissue was validated by RT-qPCR and
immunohistochemistry stainings (Figure 36B,C). We then evaluated m’G-tRNAs levels in prostate
tissue. Although basal methylation levels were observed, an important decrease was appreciated in
Mettl1-depleted tissue compared to WT tumours (Figure 36D). Residual m’G detected levels could
be due to a remaining methyltransferase expression within Mettl1-expressing non-epithelial tissue.
To corroborate Mettll role as fragment biogenesis regulator, we analysed tRNA fragmentation in
PtenKO and PtenKO/Mettl1"™ prostates. Northern blot analysis uncovered that, although tRNA
from Mettl1-expressing tumours showed increased basal fragmentation compared to cultured cells,
tRNA fragmentation was exacerbated in MettlLKO prostates (Figure 36E). Thus, indicating that
deletion of Mettll in mouse prostate also regulates tRNA stability and tRNA-derived fragment

biogenesis.
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Figure 36. Generation of a prostate cancer mouse model with conditional Mettl1 deletion. A) Schematic representation
of the approach used for the generation of the mouse model with deletion of Mettll in the prostatic epithelium. B)
Quantification of Mettl1 mRNA levels in 5-month-old PtenKO/Mettl1*+ and PtenKO/Mettl11¥flox mice prostates. Mean +
SD are represented (n=6). C) Immunohistochemistry staining of Mettl1 levels in prostates from PCa mouse model WT and
Mettll KO. Scale bar represents 100 um. D) Analysis of m7G-tRNA levels (200 bp<) in Mettl1-expressing and -depleted
5-month-old mice prostates. E) Northdot blot and densitometry quantification using methylene blue as loading control are
represented. Mean + SD are shown (n=3) Statistical analysis: One-tailed Student’s t-test. ***p<0.001.

5.2. Mettl1 depletion in murine PCa restores cell composition towards a healthy tissue

Since deletion of METTL1 in PCa cell lines resulted in impaired cell proliferation, we then
interrogated whether Mettll depletion affected prostate tumour formation. Thereby, phenotypic
analysis of five-months-old mice revealed that prostate tumours with deletion of Mettl1 exhibited a
remarkable decrease both in tumour mass and volume in all prostate lobes in comparation to those
extracted from PtenKO mice from the same age (Figure 37A). Histological analysis by Haematoxylin
and Eosin (H&E) staining showed a reduced tumorigenic capacity of Mettl1 deficient tumours, with
more differentiated cells and less proliferative epithelium compared to Mettll WT prostates (Figure
37B). Furthermore, proliferative and apoptosis rate of PtenKO and PtenKO/Mettl1" tumours were
evaluated by immunohistochemistry (IHC) quantification of Ki67 and Cleaved-Casp3 positive cells,
respectively, indicating that tumours from PtenKO/Mettl1"™ mice exhibited reduced proliferative
potential and increased apoptosis rate in comparation with PtenKO tumours (Figure 37C). Thus, our
data indicates that Mettll regulates PCa pathogenesis in mouse via impaired translational

programmes originated by the accumulation of tRNA fragments.

We next analysed whether Mettl1 deletion led to increased autophagic flux and DNA damage at
prostate tumours as observed in vitro. Immunohistochemistry staining of LC3 showed accumulation
of autophagic vesicles in prostates lacking Mettll, confirming the regulatory autophagic role
observed in vitro (Figure 37D). Quantification of DNA damage rate by yYH2AX staining also resulted

in increased formation of DNA damage foci in absence of the enzyme (Figure 37D).
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Figure 37. Characterization of Mettl1 depletion effect on mice prostate tumours. A) Volume and weight of the distinct
lobes (V for ventral, D for dorsolateral and A of apical lobes) that comprise prostate tumours from Mettl1** and
Mettl1floKflox PtenkKO mouse model. Representative images are also shown. Mean + SD are represented (n>5). B)
Representative pictures of the distinct prostate lobes of PtenKO/Mettl1** and PtenKO/Mettl17o¥flox mice. Scale bar
represents 1 cm. C) Representative images of H&E staining of the different prostate lobes from PtenKO and
PtenKO/Mettl1-floxed mice. Scale bar represents 100 um. D) Immunohistochemistry analysis of proliferative (Ki67) and
cell death (cl-Casp3) markers. Representative pictures and quantification are shown. Mean + SD (n=5 mice; 10 pictures
per mice). Scale bar represents 50 um. E) Representative images and quantification of LC3I/II and YH2AX positive cells
in prostate tumours from five-month-old PtenKO/Met** and PtenKO/Met™" mice. Arrows indicate positive cells. Right
panel shows quantification with representation of mean + SD of 4 different mice, 10 pictures per mice. Statistical analysis:
One-tailed Mann Whitney. *p<0.05; **p<0.01;***p<0.001; ****p<0.0001 (A, D, E).

Altogether, our data point out that Mettl1 not only regulates PCa aggressiveness in the mouse model
PtenKO but also replicates the increased stress signalling observed in vitro, which suggests that
inhibition of the methyltransferase activity would have therapeutic potential.

We then interrogated whether Mettl1 deletion would differentially affect the distinct cell populations
that comprise the tumour. Firstly, we evaluated Mettl1 expression in luminal (K8*) and basal (K14%)
cells within prostates from Mettl1** and Mettl1"™"* ptenkKO mice. Interestingly, tumours from
PtencKO/Mettl17/1* mjce exhibited a reduced staining in both cell types, but specially the
proportion of basal cells was significantly decreased upon Mettl1 depletion (Figure 38A). To validate
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this result that aim, we followed a similar procedure to separate cell populations from five-months-

old mice prostates by FACS as previously described.

Briefly, live single prostate epithelial cells were selected by lineage negative markers (CD31", CD45
, Ter119") and separated in basal (Lin"Scal*CD49f"9"™), luminal (Lin"ScalCD49f"°%) and stromal
(Lin"Scal*CD49f"") cells (Figure 38B). The percentage of cells conforming every population was
evaluated in normal prostates (Pten**/Mettl1**), in prostate tumours expressing Mettll
(PtenKO/Mettl1*"*) and in prostate tumours deficient for the enzyme (PtenKO/Mettl1"). Prostate
tumours from PtenKO/Mettl1™* mice showed a remarkable enrichment of basal cells when
compared with normal prostates, which presented more stem-like characteristics. Interestingly,
Mettl1 deletion in tumoural prostates resulted in a cell population swift, characterised by a reduction
of basal cells and an increase of luminal, mimicking the distribution observed in non tumoural
prostates (Figure 38C). Thus, our data indicated that deletion of Mettl1 in PCa mouse model has a
therapeutic potential since tumoural cell composition of tumours lacking the methyltransferase

resemble of non-tumoural tissue, indicating an impaired tumour aggressiveness.
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Figure 38. Mettl1 regulates tumour cell survival in mouse PCa. A) Representative images of immunohistochemistry
staining of luminal (K8) and basal (K14) markers in PtenKO/Mettl1** and PtenKO/Mettl1flo¥flox mouse model. Scale bar
represents 50 um. B, C) Separation (B) and quantification (C) of the distinct cells populations from healthy (WT), and
PtenKO expressing (Mettl1**) or Mettl1-depleted (Mettl1"™) prostates. Cells populations were separating according to
distinct surface markers: luminal (Scal“/CD49f*), basal (Sca*/CD49f") and stromal (Scal*/CD49"). Graph represents mean
+ SD (n=5). Statistical analysis: Two-way ANOVA (C) and Mann-Whitney (D). *p<0.05; **p<0.01; ****p<0.0001.
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5.3. METTL1 regulates chemotherapy response in vivo

Since deletion of Mettll in mouse prostates resulted in activation of stress pathways and increased
genotoxic stress in a similar manner as observed in vitro, we next evaluated whether its loss could

also affect to chemotherapy response.

Due to shorter generation times compared to mice, xenografts were produced in nude mice by
subcutaneous injection of PC3 WT or METTL1 KO cells followed by chemotherapy treatment once
the tumour was formed. Treatment with the microtubule assembly inhibitor Docetaxel impaired
proliferation of wild type tumours, meanwhile tumours lacking METTL1 not only exhibited a
decreased proliferation but also significant size reduction, which suggests that cell death is so
enhanced that leads to a decrease of tumour size (Figure 39A). Molecular characterisation of the
tumours by immunohistochemistry revealed that both WT and METTL1-depleted tumours showed a
significative reduction of proliferative cells (Ki67") when compared with non-treated conditions
(Figure 39B,C). Moreover, this effect was exacerbated in METTL1 KO xenografts, where the
decrease of proliferative cells upon Docetaxel treatment was even higher than in tumours derived
from WT cells. Similar effect was observed when analysing apoptotic cells by cleaved-Caspase 3
staining, since increased cell death was detected in both types of tumours after Docetaxel treatment,
but the apoptosis in METTL1 KO tumours treated was remarkably heightened when compared both
to WT and non-treated tumours. In addition, accumulation of autophagosomes and increased DNA
damaged was also observed (Figure 39B,C), being both markers enhanced upon Docetaxel treatment.
Remarkably, an important increase of DNA damage was detected in WT xenografts after treatment,
pointing that the mechanism by which Docetaxel impairs tumour growth in PCa is through inducing
DNA damage. Depletion of METTL1 also rose this genotoxic stress induction. Thus, Docetaxel
treatment exacerbated the stress activation observed in normal conditions, which lead to an increased

sensitivity to the treatment.

We also analysed the effect of Etoposide, a DNA damage inducing agent that showed promising
results in vitro conditions. Etoposide treatment had little effect in METTL1 expressing tumours, but
considerably reduced METTL1 KO tumour growth (Figure 39A), which was reflected in
quantification of Ki67* cells (Figure 39B,C). However, the effect was more modest when compared
to Docetaxel treatment. Curiously, the DNA damaged produced upon Etoposide treatment was
remarkably enhanced in METTLL1 expressing tumours but not in the absence of the enzyme when
compared to non-treated conditions. This, together with the particularly increased apoptosis
inductionin METTL1 KO tumours after treatment, suggests that, due to the increased genotoxic stress

observed upon METTL1 depletion, further induction of DNA damage directly resulted in cell death.

In conclusion, our results indicate that METTL1 play a crucial role in tumour survival, performing a

protective role against stress and chemotherapy agents and regulation cancer cell survival. Thus, an
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inhibition of the methyltransferase activity of METTL1 combined with traditional chemotherapy
arises as a promising therapeutic approach, especially on those patients resistant to traditional therapy

and with limited treatment options.
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Figure 39. Depletion of METTLL1 increases sensitivity to chemotherapeutic agents in vivo. A, B) Tumour volume of
xenografts from PC3 WT (A) and METTL1 KO (B) subcutaneously injected in nude mice untreated (WT or KO) or treated
either with 15 mg/kg (+Docetaxel) or 20 mg/kg Etoposide (+Etoposide) weekly. Arrows indicate days of treatment. Non-
treated animals were administered with drugs vehicle. Meant SEM are represented (n=10). B) Representative
immunohistochemistry images of autophagy (LC3), DNA damage (YH2AX), apoptosis (cleaved-Caspase 3) and
proliferation (Ki67) markers in PC3 WT and METTL1-depleted xenografts. Arrows indicate positive cells. C)
Quantification of positive or % of positive cells (yYH2AX) per tumour in immunohistochemistry stainings. Mean+ SD are
represented (n=5 mice, 10 pictures per mice). Scale bars represents 50 pm. Statistical analysis:2-way ANOVA (A), One-
way Mann-Whitney test (C), n.s.: non-significant; *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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6. Generation of organoids from a Patient-derived xenograft model depleted for METTL1

expression

Based on the promising results obtained both in vitro and in vivo regarding reduced tumour
progression in absence of METTLL1, we then interrogated whether the same effect would be
recapitulated in a human pre-clinical model. With that aim, METTL1 silencing in the prostate cancer

xenograft LAPC9 model was performed in collaboration with Dr. Marianna Kruithof-de Julio’s lab.
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Figure 40. Evaluation of the proliferative effect of METTLL silencing in prostate cancer PDX-derived organoid
model. A) Organoid derivation from the PDXs model LAPC9. Scale bar represents 50 um. B) Quantification by RT-qPCR
of METTL1-silencing after 3 days of induction with 0.5 pg/ml of doxycycline. Mean + SD are represented (n=3 technical
replicates). C) Viability assay of organoids derived from LAPC9 PDXs by measurement of ATP release (luminiscence
values). Fold change of induced versus non induced conditions are shown. Mean * SD is represented (n=4 technical
replicates per condition). D) Representative images and quantification of organoid formation capacity by manual count of
number of organoids obtained by condition after 3 days of doxycycline induction (0.5 pg/ml). Right panel represents mean
+ SD (n=3 replicates; 8 pictures per condition). Statistics analysis: One-tailed Student’s t-test (A-C). *p<0.05;**p<0.01.
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LAPC9 is an established AR-independent xenograft model derived from bone metastasis widely used
for the generation of three-dimensional and multicellular prostate cancer models®*', Human
organoids were derived from mice-xenografted tissue derived from patients by one week of growth
in PCa organoid medium (Figure 40A). We next performed lentivirus infection for stable expression
of a doxycycline-inducible plasmid codifying for either a control (SCR) or shRNA targeting
METTL1 (shME3) as previously described in single-cell dissociated organoids. Next, selection for
five days was performed. During this time, cells aggregated to form organoids. During organoid
formation, cells were inducted for three days with 0.5 pg/ml of doxycycline, after which a
significative METTL1 knockdown expression was observed by RT-gPCR (Figure 40B). To analyse
whether the lack of METTL1 affects organoid formation capacity, manual quantification of the
number of organoids bigger than 10 um of diameter was performed. Reduced organoid formation
capacity was observed upon METTLL silencing induction in comparation with the control condition
(Figure 40C), which corroborates the essential role of METTL1 PCa tumourigenesis. Although
further investigation is required, METTL1 arises as an attractive target for prostate cancer therapy.
Evaluation of PDX-derived organoid response to chemotherapeutic agents such as Docetaxel or
Etoposide, would be crucial to validate the increased sensitivity to these treatments observed both in
vitro and in vivo in a human preclinical model, allowing to faithfully predict patient response to

combinatorial treatments. Thus, the generation of a METTL1-depleted PDXs model is a powerful
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tool that would make possible a detailed and reliable analysis of the expected effect of METTL1
function alteration in the clinic in a more accurate manner that in vitro experiments and bypassing

the limitations of mouse models.
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DISCUSSION

Prostate Cancer is the second most diagnosed cancer in men worldwide, which translated in numbers
means that approximately 1,3 million new cases are diagnosed every year. Due to the fact that around
10 million men are currently living with a diagnose of prostate cancer'-322 and require a treatment or
surgical intervention for the condition, PCa entails a major health issue worldwide. During the last
years, distinct PSA screening programmes have been established in developed countries improving
early detection strategies®?. This, together with the advancement of treatments for localised disease,
as radiotherapy and androgen deprivation therapy, have resulted in a significant reduction of the
mortality>32*, However, around 20-40% of the patients will develop recurrence and may progress to
more advanced stages of the disease such as mMCRPC, characterised by a poor prognosis since the 5-
year survival rate does not exceed 30%3%%, Thus, metastatic prostate cancer is the cause of over
400.000 annual deaths worldwide, being the limited treatment options the major reason for the low
survival rates of the metastatic disease3?*3?%, One of the main challenges to face when dealing with
MCRPC is the significant intratumour heterogeneity, which hampers the search of a suitable
treatment and reliable prognostic markers that help to stratify the disease. Thus, there is an urgent
need to develop new biomarkers of the distinct stages of the pathology as well as identify new
potential targets that expand the therapeutic options of these patients, eventually improving their
prognosis.

In the last decade, a rising interest is emerging in the study of the role of RNA modifications in
distinct diseases, including cancer. A growing body of evidence has uncovered the tight connection
between epitranscriptome dysregulation and the initiation and promotion of tumourigenesis in
several types of tumours!®1%, In consequence, a great effort is being made in deciphering the
molecular insights that turn RNA modifications into cancer regulators. In the present study we
interrogate the epitranscriptome of PCa with the aim of identifying new targetable biomarkers that
broaden the therapeutic options for mCRPC patients. By analysing distinct PCa expression
databases, we identify the tRNA methyltransferase METTL1 as the most commonly altered RMP in
PCa. Due to their function in protein synthesis regulation, tRNA modifications are emerging as key
players in cancer development and progression, yet the underlying molecular mechanisms are still
poorly understood®. In the last years, several studies have associated overexpression of METTL1
with the development and progression of a wide variety of tumours such as sarcoma, lung, liver
colon, gastric, bladder cancer, and glioma?!1219-221224-228.268.326  However, although METTL1
oncogenic role has been reported in distinct cancer types, its connection with PCa pathogenesis has
not yet been described. This study identifies METTL1 as a potential prognostic marker for PCa
evolution, since its expression increases with disease progression, being highest in advanced

metastatic tumours. In addition, a significant correlation between increased METTL1 levels and
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reduced DFS is observed, which boosts its prognostic value and poses it as a potential therapeutical

target.

The availability of reliable mouse models that mimic patient conditions is often one the main
limitations of translating clinical conditions to basic research. However, our data prove that the
widely used PtenKO PCa mouse model recapitulates the increased methyltransferase and m’G-tRNA
associated levels upon disease progression. This demonstrates its validity for studying the role of the
methyltransferase in the pathology evolution. Moreover, it has been known for years that m’G
modification is not metabolised and increased modified nucleosides can be detected in blood or urine
of tumour-bearing rodents and cancer patients®2"=2%, By Northdot blot of non-treated nor processed
urine samples from PtenWT and KO mice, we successfully detect excreted m’G-modified
nucleosides in both mice genotypes, with significant enhanced methylation in urine from tumour
bearing-mice as consequence of METTL1 overexpression. Thus, we not only demonstrate that
increase METTL1 levels results in increase excretion of modified nucleosides, but we also propose a
potential non-invasive diagnostic method that would allow identification of advanced PCa using
liquid biopsies in a rapid and economic manner that would result in an increase of patients’ welfare.
The importance of this kind of discoveries relies in that, for years, the principal biomarker used for
PCa diagnosis as well and monitorisation of treatment response is the quantification of prostate
specific antigen (PSA) on blood. However, it has been widely proved that PSA present several
limitations. The appearance of false positives or negatives are not rare, and higher PSA levels can be
detected in both PCa and the initial states of benign prostatic hyperplasia, which may lead to
unnecessary treatment or overdiagnosis with the associated side effects®?. For all these reasons, the
discovery of novel biomarkers that expand the data collected by established biomarkers as PSA is
essential. Therefore, detection of methylation levels in addition to PSA standardised classification

would help to rapidly detect more aggressive forms of PCa.

In line with previous findings in distinct cancer types, we identify METTL1 as an overexpressed gene
on PCa, however the mechanism underlying this higher expression remains unknown. In
consequence, we interrogate the correlation between METTL1 expression and some of the most
common alterations in PCa such as AR and PTEN-PI3K pathways. Although no consistent
correlation is detected between AR-transcriptional substrate KLK3 and METTL1 in all data sets
analysed, we find that METTL1 expression is regulated by PI3K pathway effectors, probably
downstream AKT. Thus, here we provide evidence of the regulation of tRNA methylation
downstream of PI3K pathway through the control of METTLL. In addition, our data uncovers a new
downstream effector of one of the most commonly altered pathways in advanced prostate cancer. In
fact, we demonstrate that increased METTL1 levels together with PTEN loss is associated with worse
prognosis, which facilitates patient stratification essential for the design of specialised and target

therapies to improve patient prognosis. Previous studies in embryonic stem cells have reported that
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METTL1 expression is dependent of AKT and ribosomal S6 kinase®?°, in agreement with our data.
METTL1 pro-tumorigenic capacity has been also associated with PTEN suppression in
hepatocellular carcinoma and an AKT-mTOR signalling pathway activation through METTL1
positive feedback loop was observed in lung adenocarcinoma cell lines®®, Altogether, these data
indicate a complex regulatory scenario of METTL1 expression dependent of one of the most studied
pathways in health and disease, integrating the regulation of essential biological processes as
proliferation with epitranscriptomic programmes, which highlights once more the importance of the

epitranscriptome in cell homeostasis.

One of the main limitations of studying RNA modifications is the lack of sensitive and reproducible
detection methods. The gold standard for quantitative detection of distinct modifications is
chromatography with tandem mass spectrometry (LC-MS/MS), but its requirement of high quality
and amount of starting material, complex sample processing steps, advanced and expensive
equipment and trained personal limit the technique application®°. Here, we use Northdot blot as a
fast, accurate and low-cost method for quantitative detection of m’G-modification in both cell and
tissue tRNA samples. This method stands out for the possibility of directly use low amounts of
biological samples, with no need of further treatment nor use of expensive and complex equipment,
which could be translated into rapid and easy development of diagnostic kits. In addition, we propose
Bo-seq for identification of m’G deposition at single nucleotide resolution, by which around of 50%
of the tRNAs isoacceptors are identified to exhibit METTL1-mediated m’G modification at position
46 at the variable loop, corroborating recent reports?10212219220224 The high proportion of false
positives is the major limitation of all single-nucleotide resolution detection techniques, since the
harsh environment in which NaBH, reaction is produced results in significant background signal due
to RNA degradation. Distinct approaches have been developed to overcome this issue. MeRIP-seq
is based in the use of antibodies that specifically recognise the internal methylation for modified
RNA enrichment, meanwhile TRAC-seq exploits de demethylase activity of AIkB enzyme to remove
the also NaBH.-reactive m*C modification®®, Meanwhile m’G-MaP-seq analyses the mutational
rates instead of the reverse transcription termination in order to overcome the background produced
by random RNA fragmentation?'®. However, the addition of the extra steps necessary for each of the
techniques translates in the need of higher amount of starting material and the development of high-
cost and time-consuming techniques. Thereby, here we propose a simpler technique that, similar to
AlkAniline-seq®!’, is based in the use of T4 PNK treatment for m’G-modified RNAs enrichment.
Though, the previous tRNA enrichment together with a single-end sequencing with a threshold of
15 million reads per sample emerges as a variation of AlkAniline-seq that allows reliable and precise

identification of m’G deposition sites at single nucleotide resolution.

By immunohistochemistry staining and evaluation of gene expression within the distinct prostatic

cell populations, this study demonstrates that Mettl1 is mainly expressed in the luminal compartment

94

NOISSNOSId



DISCUSSION

in both healthy and tumour-bearing mice, being overexpressed upon oncogenic transformation.
Growing body of evidence designate luminal cells as the preferred cell-of-origin of PCalt1318.2L
which indicates that Mettl1 is predominantly expressed in PCa tumour-initiating cells. This suggests
that Mettll may play an important role in regulating PCa tumourigenesis. In fact, we find that
deletion of METTLL significantly suppresses cancer cell growth, cell division and spheroid formation
capacity in vitro. Moreover, by generation of xenografts with cells with complete or partial depletion
of METTL1 expression, we prove that the methyltransferase is essential both for tumour initiation
and proliferation. Besides, we demonstrate that proliferation and spheroid formation capacity are
rescued after overexpressing a catalytic active version of METTLI, indicating that METTL1-
mediated RNA methylation has tumourigenic potential. Thus, in line with previous
studies?19:220.224.225,228268 * qyr data supports METTL1 oncogenic role via its function as tRNA
methyltransferase.

Interestingly, this phenotype is recapitulated in the PCa mouse model with specific deletion of Mettl1
in the prostatic epithelium generated in this study by crossing homozygous Mettl1-floxed mice with
the previously established PtenKO PCa mouse model™. Since Mettl1 has been previously reported
to be essential for correct mESCs differentiation??, the viability of the model resides in that deletion
of both Pten and Mettll occurs after mice puberty (7 weeks), by inducing Cre expression under
Probasin gene promoter. Remarkably, we prove that the obtained model faithfully recapitulates the
in vitro characteristics by exhibiting significant reduction of Mettl1 and m’G-associated levels.
Thereby, we establish a pre-clinical in vivo model able to reproduce the molecular features of
METTL1 deletion in human cell lines, corroborating its suitability for unravelling the role of the
methyltransferase on a complex system. In addition, our data unveils that deletion of Mettll in
prostatic tumours result in a significant reduction of tumour volume and weight of all three prostatic
lobes with less aggressive characteristics as immunohistochemistry analysis reflects. Reduced
proliferation and increased apoptosis are also observed in Mettl1-deficient tumours, corroborating
the pro-tumoural role of the methyltransferase. In fact, our data demonstrate that Mettl1 depletion in
prostate tumours results in a switch of the cell populations that comprise the tumour to a composition
that resemble healthy prostates, indicating such an essential role in tumourigenesis that its loss leads

to a total tumour remodelling.

Mechanistically, our data demonstrate that lack of m’G-tRNA due to METTL1 deletion does not alter
the pull of mature tRNAs in PCa cells as in other tumour/tissue contexts?19221:224231 Qur study unveils
that METTL1-mediated m’G deposition protects tRNAs from endonucleolytic cleavage, resulting in
accumulation of tRNA-derived fragments when absent. More interestingly, we discover that the most
abundant tRNA-fragments identified in METTL1-deficient cells are those derived from Cys tRNA,
characterised by presenting an oligoguanine sequence at their 5’end by which are called 5’ TOGs.

Moreover, here we unveil increased fragmentation under stress conditions. tRNA fragmentation can
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be produced as a response to distinct stimuli including stress, and RNA modifications have been
widely proved to play an essential role in their biogenesis’®®. For example, the m°C tRNA
methyltransferase NSUN2 has been described to regulate 5’tRNA fragments formation that repress
protein translation and trigger stress signals and proteostatic stress®2®°. Due to its stressful nature,
cancer is strongly associated with tRNA fragmentation®! and a high diversity of tRFs have been
described in PCa®23%, For years, it was thought that tRFs were mere products from tRNA decay,
however growing evidence is highlighting their biological relevance in regulating several essential
processes’®. As so, 5’TOG have been described to repress cap-dependent translation by displacing
translation initiation factors from mRNA and produce a global repression of protein synthesis as well
as favour cap-independent translationt®1%63%, The functional implications of tRNAs fragments in
cellular processes regulation and cancer development are now beginning to be elucidated*. Thus,
our data reveals that in PCa METTL1-deficient cells, 5’TOGs repress global translation rates by
displacing the translation initiation factors from the mature mRNA. Interestingly, our data shows that
partial METTL1 silencing also produces a significative protein synthesis inhibition, indicating that
its effect is so evident that is observable even with residual expression of the enzyme. Moreover, we
demonstrated that 5’TOG accumulation specifically represses the translation of genes involved in
tumourigenesis and tumour progression as well as induces the synthesis of proteins involved in stress
responses. In addition, we find no differences in neither elF2a phosphorylation nor UPR activation,
which indicates that differential translation is not mediated by any of these mechanisms. Although
translation initiation defects independent of elF2a through METTL1 inhibition has been described
in liver cancer cells?®, METTL1-mediated tRNA fragmentation has not been previously
described?19.221222.224.231233 |n contrast, the molecular insights of METTL1 oncogenic roles have been
associated to a reduced translation efficiency of those transcripts with higher dependency on m’G
tRNA codons. Thereby, here we demonstrate a novel translational regulation through 5’ TOGs tRNA
fragments biogenesis mediated by METTL1-m’G tRNA methylation, that specifically regulates the
translation of pro-survival and proliferation genes. Moreover, the common target region and action
mechanism of METTL1 and NSUNZ2 suggests that the variable loop may be essential for regulating
tRNA-fragment biogenesis that coordinate stress responsesi®?%4, More interestingly, accumulation
of tRNA-derived fragments is also observed in our PtenKO/Mettl1"° mouse model, which not only
corroborates the reliability of the murine model but supports the molecular mechanism underlying

the decreased tumourigenesis observed both in vitro and in vivo.

Due to its fundamental biological base, protein synthesis rate and translational programmes are
highly regulated processes, and homeostasis alteration is often associated with triggering of stress
responses. Here we show that METTL1 depletion results in accumulation of protein aggregates in
the cytoplasm of the cells due to an alteration in the autophagy pathway. Autophagy is the main

catabolic mechanism by which the cell degrades and recycle damaged organelles and molecules, and
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its dysregulation in associated with stressful states?®*. Thus, here we prove that the accumulation of
autophagosomes observed in METTL1-depleted cells is caused by dysregulation of autophagosome-
lysosome fusion and, in consequence, of the autophagy termination. To support this, we find that
induction of autophagy by the mTOR inhibitor Rapamycin significatively reduce proliferation of
cells depleted for METTL1. Moreover, our data elucidates that inhibition of autophagy induction
actually increases survival capacity of METTL1 KO cells, indicating that the accumulation of
autophagosomes is a stressful event that impairs cell proliferation and survival. Although previous
studies identified autophagy induction upon METTL1 downregulation, the reduced translation
efficiency of negative regulators of autophagy??! or a METTL1-mediated AKT/mTORC1 pathway
activation?®® were described as the underlying cause. However, no protein changes nor
phosphorylation differences of autophagy inhibitors are detected in our study, which suggest that the
mechanism that drives autophagy dysregulation is different in prostate cancer compared to
oesophageal cell carcinoma and lung cancer cells. In contrast, we find an increased translation
efficiency of ATG3. ATG3 is one of the components of the second ubiquitin-like system that
regulates the autophagosome formation by participating in the conjugation of LC3B-I to PE for
complete maturation of LC3B-II, which then is integrated in the growing autophagosome?*.
Increased levels of ATG3 have been described to produce increased autophagic flux3®, which may
imply that part of the autophagosome accumulation produced by the dysregulation of the
autolysosome formation could be cause by this increase in ATG3. However, no experimental

validation has been performed

In addition, our study reveals that this blockade of autophagy termination results in a dysregulation
of redox homeostasis within cells lacking METTL1, which is also associated with increased
genotoxic stress. In consequence, cells exhibit increased sensitivity to cytotoxic stress conditions and
chemotherapeutic agents such as Docetaxel or Etoposide in vitro, in a methyltransferase-dependent
manner, which indicates the relevance of the methylation in response to distinct stress. Remarkably,
the reduced response capacity to environmental stress that cells exhibit in the absence of METTL1
opens the door to a new possibility of combining traditional chemotherapeutic agents with inhibition
of METTL1 activity, which would increase the sensitivity of the tumours to the treatment. These
results are in line with previous reports, where METTLL inhibition has been associated with increased
chemosensitivity?19-221,224-226,228,229231233.268 - however no molecular explanation of this effect is

reported.

The same effect is observed in Mettl1-depleted prostates from tumour-bearing mice, which exhibit
increased DNA damage and alteration of autophagic flux upon Mettll deletion, suggesting an
enhanced sensitivity to stress responses as observed in vitro. By generating xenografts of edited PCa
cell lines, we demonstrate that tumours depleted for METTL1 exhibited reduced proliferation

capacity but, especially, an exacerbated cell death upon Docetaxel and Etoposide treatment that

97



resulted in even a decreased in tumour size. Thus, our data highlights that METTL1 depletion

sensitises PCa tumours to external stress signals such as chemotherapy agents.

Lastly, here we present a human pre-clinical model by generation of Patient Derived Xenografts
organoids, which are widely used for evaluation of therapeutic potential of distinct drugs due to their
ability to resemble tumour structure with distinct cell populations. In this study we successfully
generate METTL1-downregulated organoids that exhibit impaired viability and organoid formation
capacity than its METTL1-expressing counterparts. These results recapitulate METTLI1-
tumourigenic regulative potential, which turn the organoids in a potent tool for drug screening
evaluation combined with METTLZ1-silencing. Their multi-cellular composition together with the
human origin and reduced generation time compared to mouse model, make them a reliable model

that could predict the clinical outcome of distinct treatments.

In summary, our study provides strong evidence supporting the oncogenic function of METTL1 and
m’G tRNA modification in PCa. In addition, we uncover a novel layer of gene expression regulation
and selective translation control mediated by m’G-dependent tRNA fragments in PCa cells. In
consequence, METTL1-deficient cells are more sensitive to stress stimuli and exhibit disturbed redox
balance and increased DNA damage. METTLL inhibition results in impaired tumour progression and
increased sensitivity to chemotherapeutic agents. Our discoveries may open new directions for
creating treatment techniques, since transfection of exogenous 5’ TOG into METTL1-expressing cells
successfully recapitulates METTL1-depletion phenotypes. Thus, the 5°TOG dependency of the
cytotoxic effect on prostate rise its potential as therapeutic agents. The delivery of short synthetic
oligonucleotides into METTL1-overexpressing tumours arise as an attractive strategy to increase
tumour sensitivity to traditional therapy and, in consequence, impair disease progression, appearance
of recurrences and resistances and broaden the therapeutic options of patients with mCRPC. Besides,
the short lifespan of RNA oligonucleotides would reduce the possible side effects that often

accompany cancer treatments, significantly improving patients‘s welfare.

Another interesting approach would be to specifically inhibit METTL1 methyltransferase activity,
since we have broadly proved that it is the underlying cause of the phenotypes observed both in vitro
and in vivo. Although no inhibitor of METTL1 activity has been yet established, a specific inhibitor
of the m®A-mRNA methyltransferase METTL3 has been recently developed®®. This molecule has
been demonstrated to effectively reduce Acute Myeloid Leukaemia (AML) growth and increase
differentiation and apoptosis, arising as a potential therapeutic strategy against AML. Due to the high
homology between proteins from METTL family, the development of METTL1 inhibitor represents

a viable and promising opportunity for anticancer therapy by targeting the epitranscriptome.
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CONCLUSIONS

Taken together, our findings highlight the dependence of prostate tumours progression and survival

on abnormal tRNA methylation. This work contributes to understand the mechanism underlying

tRNA processing in tumoural cells as well as their connection with stress response mechanisms and

arises tRNA methyltransferases as potential therapeutic targets.

Thus, the data obtained during this PhD thesis research leads to the following conclusions:

VI.

VIL.

VIII.

The tRNA-methyltransferase METTL1 is overexpressed in PCa, specially in metastatic
tumours, and its upregulation is correlated with poor patient prognosis.

METTL1 upregulation in PCa is dependent on PTEN overexpression, being its
transcription regulated by the PI3K pathway downstream AKT.

METTL1 preferentially methylates tRNAs at 7-guanosine located at position 46,
targeting the variable loop of approximately 50% of the tRNAS isoacceptors.

Loss of METTL1-dependent m’G mark does not affect mature tRNAs pool but enhances
tRNA-derived fragment formation, particularly biogenesis of 18-35 nt long-5’TOG
fragments.

Accumulation of 5’TOG fragments simultaneously alters normal translational
programme and inhibits global protein synthesis by displacement of translation initiation
complex factors from the actively translated mRNAs.

METTL1-depletion results in impaired proliferation and self-renewal capacity of PCa
cells in vitro and in vivo in a methyltransferase-dependent manner.

Exogenous incorporation of 5°TOG recapitulates the phenotype observed upon METTL1
deletion.

METTL1 is mainly expressed in prostatic luminal cells and its depletion results in a
reduced tumour proliferation and in a remodelling of tumour cell populations into a non-
tumoural-like composition.

METTL1-dependent m’G tRNA modification is essential for correct autophagy
termination and its loss results in accumulation of protein aggregates, ROS and DNA
damage that ultimately leads to increase sensitivity to stress conditions and traditional

PCa treatments both in vitro and in vivo.
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Figure 41. Schematic representation of the molecular mechanism identified in PCa cell lines after METTL1
depletion- In normal conditions, prostate tumours present overexpression of METTL1 which results in high methylation
of those tRNAs substrate of the enzyme. In this situation, tumours are characterised by elevated proliferation and high
capacity to respond to stress situations such as chemotherapy agents, which leads to increase tumour survival and
development of therapy resistance. Conversely, depletion or inhibition of METTLL results in loss of m’G mark on tRNAs,
which results in tRNA fragmentation. In consequence, accumulated 30-40 nt 5°TOGs bind to translation initiation complex
factors and produce their displacement from actively translated mRNAs, which leads to global translation inhibition and
alteration of the translational programme. As a result, cells exhibit reduced translation of cell cycle and proliferation-related
proteins and enhanced translation of those involved in stress-response pathways. This, together with a dysregulation of the
autophagic pathway, results in an accumulation of protein aggregates and ROS, which in turns leads to increase DNA
damage, which hypersensitise PCa cells to any stress condition such as chemotherapeutic agents.
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MATERIALS AND METHODS

1. Common laboratory solutions

For the preparation of all buffers, water purified with Milli-Q reagent Grade Water Ultrafiltration

System (Millipore) was used. Composition of the buffers comes as follows:

1x PBS (PBS)
1x PBS-T

20x TBS

Ix TBS-T

50x TAE

10x TBE

LB

Agar LB

ECL

10x SDS-PAGE
10x Transfer buffer
20x SSC

Lower Tris
Upper Tris

Stacking gel

Resolving gel

2.68 mM KCI, 1.47 mM KH2PO4, 137 mM NaCl, 7.98 mM Na;HPO,
1x PBS + 0.05% (v/v) Tween-20 (Panreac Applichem, A4974,0500)
0.5 M Tris, 1 M NaCl, 0.05 M KCI, pH =8.0

1x TBS + 0.1% (v/v) Tween-20 (Panreac Applichem, A4974,0500)
2M Tris, 0.05 M EDTA, pH=8.0

0.9 M Tris, 0.9 M H3BOs, 0.02 N EDTA, pH=8.3

0.5% Yeast extract, 1% tryptone, 1% NaCl

LB + 2% agar

0.1 M Tris-HCI pH8.5, 0.2 mM coumaric acid, 1.25 mM Luminol
0.25M Tris, 2M glycine, 0.5% SDS

0.25M Tris, 1.92M glycine

0.3M sodium citrate, 3M NaCl, pH 7

1.5M Tris-HCI pH8.8, 14mM SDS

0.5M Tris-HCI pH 6.8, 14mM SDS

5% polyacrylamide, 0.06 M Tris-HCI pH 6.8, 0.1% SDS, 0.1% Ammonium
persulfate (APS), 0.01% TEMED

8-12% polyacrylamide, 375 mM Tris-HCI pH 8.8, 0.1% SDS, 0.12% APS,
0.012% TEMED

2. Cloning and site directed mutagenesis

For the generation of CRISPR/Cas9 cell lines, three different single-guide RNAs (SgRNAS) targeting

exon 2 and 3 of human METTL1 were designed using crispor software (http://crispor.tefor.net/):
sg117-5’-TATGTCTGCAAACTCCACTTGGG-3’; sgl19-5° TACGGAGACAGGCGATGTTCT
GG-3’ and sg139-5’- CAAGTGGAGTTTGCAGACATAGG-3’. All three sgRNAs were separately
cloned in the lentiviral expressing vector lentiCRISPR-v2 (Addgene, 83480).

For generation of cells stably expressing inducible shRNA for human METTL1, shRNA sequences

obtained from Sigma Human Mission shRNA library were cloned into the doxycycline-inducible
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pLKO.1-TetON-blasti  vector (ShMETTL1-3 (cat NM_005371, clone ID:
TRCNO0000331664) and sh METTL1-4 (cat number: NM_005371, clone ID: TRCN0000035958).
METTL1 HA-tagged protein was generated by cloning into the retroviral doxycycline-inducible

number:

PTRIPZ vector (Dharmacon)®*’ with the open reading frame (ORF) obtained from Source
BioScience (clone: X96698; IMAGE clone: 36006). All the cloning and sequencing primers are

indicated on Table 3.

METTL1 catalytic dead mutant was designed based on?%32 data. Briefly, the human complementary
sequence to the mouse LFPD motif previously identified as the catalytic pocket was found by
BLAST analysis. METTL1 mutagenesis was generated in the doxycycline-inducible pTRIPZ-HA-
METTL1 plasmid. Sequence mutagenesis was performed using Q5 Site-Directed Mutagenesis Kit
(NEB, E0554S) and the substitutions L160A (CTC/GCC) and D163A (GAC/GCC) using the primers
specified at Table 3. After bacteria transformation and DNA purification, the plasmid was sequenced

before further use with specific primers for METTLL1 or the TRIPZ vector (Table 3).

Primer name

CRISPR_Fw

Purpose

Sequencing primers
for lentiCRISPRv2

Sequence (5°-3%)

CAGTTTTAAAATTATGTTTTAAAATGGAC

HA-METTL1-Fw

Cloning HA-METTL1
into pTRIPZ

CAGAGCTCGTTTAGTGAACCGTCAGATC
GCACCGGTACCATGGCTTATCCTTACGAC
GTGCCTGACTACGCCGGAAGCGGAATGG

CAGCCGAGACTCGGAA

HA-METTL1-Rv

Cloning HA-METTL1

AGGTCCAGGATTCTCCTCGACGTCACCG
CATGTTAGCAGACTTCCTCTGCCCTC

into pTRIPZ TCCGCTTCCGTGACCAGGCAGGCTG
METTLLFw  SeIUencing primer for GCCATGAAGCACCTTCCTAAC
Genomic human
METTLL METTL1 PCR
gDNAseq_Fw amplification and GTTCTTCGCTCCACTCACTC
sequencing
Genomic human
METTLL METTL1 PCR
gDNAseq_Rv amplification and CAAAAAGAGGGCCTGAGTGTT
sequencing

METTL1_gDNA_

CRISPR targeted

GTTCTTCGCTCCACTCACTC

Fw region amplification
METTLI gDNA_  CRISPR targeted CAAAAAGAGGGCCTGAGTGTT
Rv region amplification
M”tage—R'\f/ETTLl Mutagenesis METTLL ~ GAAGGCGAAGAACATCTTTGTCAGC
PLKO.1tetON  GGCAGGGATATTCACCATTATCGTTTCAG
pLKO_seq_Fw

sequencing

A
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Primer name Purpose Sequence (5°-3%)
pLKO_seq_Fw oL KO.1tetON sequencing GGCAGGGATATTCACCATTATCGTTT
CAGA
pLKO_seq_Rv pLKO.1tetON sequencing CAAAGTGGATCTCTGCTGTCC
Sg117r_METTLL_ SgRNA cloning into
Fw lentiCRISPRV? CACCGTATGTCTGCAAACTCCACTT
Sgl117r METTLL SsgRNA cloning into
Ry lentiCRISPRV? AAACAAGTGGAGTTTGCAGACATAC
Sg119r METTLL SgRNA cloning into
= lentiCRISPRY? CACCGTACGGAGACAGGCGATGTTC
Sg119r_ METTLL SgRNA cloning into
Ry lentiCRISPRV? AAACGAACATCGCCTGTCTCCGTAC
SQI3I_METTLIF  sgRNAcloninginto - o0 A AGTGGAGTTTGCAGACAT
w lentiCRISPRv2
Sg139f METTL1 SsgRNA cloning into
Ry lentiCRISPRY? AAACATGTCTGCAAACTCCACTTGC

ShMETTL1-1-Fw

ShMETTLL cloning in
pLKO.teton

CCGGCCCACATTTCAAGCGGACAAA
CTCGAGTTTGTCCGCTTGAAATGTGG
GTTTTTG

ShMETTL1-1-Rv

ShMETTLL cloning in
pLKO.teton

AATTAAAAACCCACATTTCAAGCGG
ACAAACTCGAGTTTGTCCGCTTGAAA
TGTGGG

ShMETTL1-2-Fw

ShMETTLL cloning in
pLKO.teton

CCGGGATGACCCAAAGGATAAGAAA
CTCGAGTTTCTTATCCTTTGGGTCAT
CTTTTTG

ShMETTL1-2-Rv

ShMETTLL cloning in
pLKO.teton

AATTAAAAAGATGACCCAAAGGATA
AGAAACTCGAGTTTCTTATCCTTTGG

GTCATC
TOPO_M13 Fw pTOPO vector screening GTAAAACGACGGCCAG
TOPO_M13 Rv pTOPO vector screening CAGGAAACAGCTATGAC
TRIPZ-Fw pTRIPZ sequencing ACGTATGTCGAGGTAGGCGTGTAC
TRIPZ-Rv pTRIPZ sequencing ACGTATGTCGAGGTAGGCGTGTAC

Table 3. Primers used for the cloning and sequencing of the indicated human and plasmid sequences.

3. Cell culture procedures
3.1. Cell lines and culture conditions

Human prostate cancer cell lines PC3, VCap and DU145, human sarcoma cell line U20S and the
lentivirus productive line HEK293FT were cultured in Dulbecco’s Modified Eagle Medium
(DMEM) containing L-Glutamine and pyruvate (Gibco, 41966-029) supplemented with 10% Fetal
bovine serum (FBS, 10270-196, Gibco) and 1% Penicillin/streptomycin (Gibco, 15140-122), herein
after referred as DMEM medium. 22Rv1 and LNCaP were cultured in Roswell Park Memorial
Institute (RPMI) with L-Glutamine and pyruvate (Gibco, 21875091) supplemented with 10% FBS
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and 1% Penicillin/streptomycin. BPH1 cells were culture in Roswell Park Memorial Institute (RPMI)
with 20% FBS, 20 ng/ml DHT (Sigma, D-073), 5 pg/ml transferrin (Sigma, T8158), 5 ng/ml sodium
selenite (Sigma, 214485) and 5 pg/ml insulin (Sigma, 10516). PWR-1E and RWPE-1 were grown in
Keratinocyte Serum Free Medium (K-SFM) (Gibco, 17005042) supplemented with 0.05 mg/ml
Bovine Pituitary Extract (BPE) and 5 ng/ml Endothelial Growth Factor (EGF) (Supplements for
KSFM, Gibco, 37000-015). Cell passages were performed using 0.25% Trypsin-EDTA (Gibco,
25200-056) and PBS. LAPC9 cells were cultured in Advanced DMEM/F12 (ThermoFisher
Scientific, 12634010) containing 10 mM Hepes (Thermo Fisher Scientific, 15630080), 2 mM
GlutaMAX supplement (Thermo Fisher Scientific, 35050061), and 100 pg/ml Primocin (InVivoGen,
ant-pm-1), referred from hereinafter as basis medium, supplemented with the following factors for
organoid culture (PCa organoid medium): 10 uM Y-27632-HCI (Selleckchem, S1049), 5% fetal calf
serum (Gibco #10270-106), 1x B-27 supplement (Thermo Fisher Scientific, 17504044), 10 mM
Nicotinamide (Sigma, N0636), 500 ng/ml R-spondinl (Peprotech, 120-38), 1.25 mM N-acetyl-
cysteine (Sigma, A9165), 10 uM SB-202190 (Selleckchem, S1077), 100 ng/ml Noggin (Peprotech,
250-38), 500nM A83-01 (Tocris, 2939), 10nM DHT (Sigma, D-073-1ml), 10ng/ml Wnt3a
(Peprotech, 315-20), 50 ng/ml Hepatocyte growth factor (HGF, Peprotech, 100-39), 50 ng/ml EGF
(Peprotech, AF-100-15), 10 ng/ml Fibroblast growth factor 10 (FGF10, Peprotech, 100-26), 1 ng/ml
FGF2 (Peprotech, 100-18B), 1 uM prostaglandin E2 (PGE2, Tocris, 2296).

All cells were maintained at 37°C in a humidified atmosphere with 5% CO, and were monthly tested
for mycoplasma by PCR and maintained mycoplasma-free.PC3, 22Rv, DU145 VCap, C4-2, 22Rv1,
LNCap, BPH1, RWPE-1, PWR-1E and HEK293FT were kindly provided by Pr. A Carracedo (CIC-
bioGUNE, Spain). U20S-GFP-LC3 cell line was kindly provided by Dr. Raul Duran (CABIMER,
Spain). LAPC9 were kindly provided by Prof. Marianna Kruithof-de Julio (DBMR, University of

Bern, Switzerland).
3.2. Lentivirus production and generation of stable cell lines

For lentiviral particle production, two 10 cm plates with 4x10° productive HEK293FT cells were
plated per every 10 cm plate of target cells. 6-8h after seeding, cells were transfected either with
calcium phosphate or JetPEI (PolyPlus,101-40N) and with a mixture of 5 ug of the plasmid of
interest, 1.6 pg of envelope vector (pVSV-G), 1.6 ug of packaging plasmid and 1.6 pg of Rev-
expressing vector. For 2" generation plasmids, pTAT and psPAX2 were used as packaging and Rev-
expressing vectors respectively, meanwhile pRRE and pREV were transfected for 3" generation
plasmids (Table 4).

For transfection with calcium phosphate, DNA solution was prepared in 500 pL of 250 mM CaCl,
and mixed while bubbling with an equal volume of 2x HEPES-buffer Saline (280 mM NaCl, 10 mM
KCI, 1.5 mM Na;HPO..2H,0, 12 mM dextrose and 50 mM HEPES, pH 7.05). After incubating for
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30 min at room temperature, the mixture was added dropwise to the cells. The following day, cell

medium was changed to minimise cell death.

When transfecting with JetPEI, DNA mixture and 25 pL of jetPEI were separately resuspended in
250 pl of 150 mM NaCl. The jetPEI solution was then added to the DNA solution, mixed by
vortexing and incubated for 30 minutes at room temperature. The mixture was added to the cells with

7 ml of fresh DMEM medium and homogenised by gently swirling the plates.

Vector Selection Description
lentiCRISPR empty  Blasticidin Lentiviral plasmid expressing Cas9 protein

Lentiviral plasmid expressing Cas9 protein and
SgRNA117 targeting METTL1

Lentiviral plasmid expressing Cas9 protein and
SgRNA117 targeting METTL1

Lentiviral plasmid expressing Cas9 protein and
SgRNAL117 targeting METTL1

Constitutive plasmid expressing LC3 GFP-labelled
protein

lentiCRISPR s139 Blasticidin

lentiCRISPR sg117  Blasticidin

lentiCRISPR sg119  Blasticidin

pPEGFP-LC3 G418

Doxycycline-inducible lentiviral pLKO plasmid

pLKO_SCR Blasticidin ;
expressing human a scramble sequence

Doxycycline-inducible lentiviral pLKO plasmid

PLKO_ShMET_1  Blasticidin expressing human shMETTL1-1

Doxycycline-inducible lentiviral pLKO plasmid

FENOLBINISI 2 SlPSTEE: expressing human shMETTL1-2

pREV 39 generation lentiviral-Rev expressing plasmid
pRRE 39 generation lentiviral packaging plasmid
psPAX2 2" generation lentiviral-Rev expressing plasmid
pTAT 2" generation lentiviral packaging plasmid
pVSV-G 2" and 3" generation lentiviral envelop plasmid
TRIPZ EV Puromycin Doxycycline-inducible lentiviral TRIPZ plasmid

expressing stuffer sequence

Doxycycline-inducible lentiviral TRIPZ plasmid

TRIPZ-HA-METTLL  Puromycin expressing tagged human METTL1

Doxycycline-inducible lentiviral TRIPZ plasmid
Puromycin  expressing a catalytic dead mutant of METTL1 tagged
with HA

Table 4. Description of the plasmids used for the generation of both stable and transient cell lines

Tripz-HA-METTL1-
AFPA

For cell infection, viral supernatants from 48 and 72 h after transfection were collected, filtrated
through at 0.45 pm filter and concentrated using Lenti-X concentrator (Takara, 631232) according
to manufacturer’s instructions. Lentivirus were resuspended in 200 pL. of DMEM medium and added
to the target cells in medium supplemented with 8 pug/ml of Protamine sulfate (Sigma, 1578612).
Transduced cells were selected using 2 pg/ml puromycin (Santa Cruz Biotechnology, sc-108071A)
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or 10 pg/ml blasticidin (Santa Cruz Biotechnology, sc-495389) for 3 or 5 days respectively,

depending on the selection cassette.

3.2.1. Generation of METTL1 knock-out cell lines by CRISPR-Cas9 technology

For genomic editing of METTLL, lentiCRISPRv2 plasmid containing the three sgRNASs previously
described were separately infected into PC3 and DU145 cells. As control, an empty vector expressing
Cas9 protein was also transduced. For ensuring a homogenous editing of the gene, single-cell clones
were generated by low density seeding in p96 plates and selection by microscope visualization. The
knock-out (KO) efficiency was tested by RT-gPCR and Western Blot.

3.2.2.gDNA extraction and CRISPR-Cas9 editing validation

Extraction of genomic DNA (gDNA) from PC3 CRISPR WT and KO cells in culture was performed
following proteinase K protocol. Briefly, cells were collected with a solution containing 30 mM Tris-
HCI pH 8.0, 10 mM EDTA, 0.4% SDS and 100 ug of proteinase K (Roche, 03115828001). After
incubation at 56°C overnight, phenol/Chloroform/Isoamyl (25:24:1, Panreac, A0889,025) was added
to the extracts followed by centrifugation. Supernatant was collected, incubated with 500 ul of
chloroform (Fisher Chemical, C/4920/15) and aqueous phase was separated by centrifugation. After
supernatant collection, 1:10 of the collected volume of 3M AcNa and 2x volumes of 100% EtOH
(Emsure, 1.00983.2511) were added and incubated for 3h at -80°C. gDNA was precipitated by
centrifugation for 30 min at 4°C and 15000 rpm. The pellet was then washed with 70% EtOH and
resuspended in nuclease free water (Ambion, W4502). Then, the DNA was quantified by NanoDrop
ND-1000 (Isogen Lifescience) and the genomic region targeted by the designed sgRNAs-Cas9
complexes was amplified by standard PCR conditions with NZYTaq Il 2x Green Master Mix
(Nzytech, MB358) and specific primers (Table 3). Half of the amplification volume was used for
PCR validation and the other half was cloned into pCR™2.1-TOPO® vector using TOPO® TA
Cloning® Kit (ThermoFisher, 450641) according to the manufacturer’s instructions. Competent
DH5a. bacteria transformation was performed using standard conditions and GeneJET Plasmid
Miniprep kit (ThermoFisher, KO503) was used for plasmid isolation. Sequencing of three different
colonies was performed with TOPO vector specific primers and the analysis of the sequences were

performed with ClustalW.

3.2.3.Generation of METTL1 knock-down cell lines

DU145 cell lines were silenced for METTLL1 by infection with the lentiviral doxycycline-inducible
pLKO.1-TetON-puro vector (Addgene, 21915) modified for blasticidin resistance. The non-specific
scramble plasmid modified from Tet-pLKO.1-puro-scrambled (Addgene, #47541) was transduced
into the cells as control. Two shRNAs sequences against METTL1 mRNA were used (ShMETTL1-3
and shMETTL1-4). Silencing efficiency was tested both by RT-gPCR and Western blot after an
induction for 3 days with 0.1 pg/ml and 0.5 pg/ml of doxycycline (Sigma, D9891). For experimental
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procedures, ShRNAs expression was pre-induced for 3 days with 0.1 pg/ml of doxycycline and then

induced for the experiment length at 0.25 pg/ml or directly induced with 0.5 pg/ml for 3-5 days.

3.2.4.Generation of catalytic dead mutant cell lines

METTL1 KO clones were transduced with the lentiviral constructs expressing either the wild type
(WT or HA-METTL1-WT) or the catalytically dead mutant (HA-METTL1-AFPA) version of the
enzyme. Infection with the empty vector (pTRIPZ-EV) was used as a control. Re-expression of the
enzyme was confirmed by Western Blot and methylation activity was evaluated by Northdot Blot
analysis. Enzyme expression was induced with 0.5 pg/ml doxycycline for 5 days for Western Blot
and Northdot Blot analysis and with 0.1 pg/ml doxycycline for growth curves assays.

3.3. Transitory METTLL silencing in U20S-GFP cell lines

Transient silencing of METTL1 was performed in U20S cells stably expressing GFP-LC3 protein
with short-interfering RNAs (siRNAs). 150.000 cells were seeded in 6-well plates (Falcon) the day
before transfection. For each well, 25 nM of the siRNAs indicated at Table 5 were prepared in 200
pl of serum-free DMEM medium. Then, 12 pl of INTERFERIn reagent (Polyplus, 409.10) were
added to the mix and incubated for 10 min at room temperature to allow complexes formation. Cell

medium was removed and 2 ml of fresh DMEM medium was added. Transfection mix was added

dropwise to the cells and homogenised by gently swirling the plate.

Target gene Ref. Supplier Sequence (5°-3)
, IDT GGGGGUAUAGCUCAGGGG

STOG CysGCA NIA ™ customised UGAGCAUUUGACUG
AllStars

Negative No target 1027280 Qiagen N/A

control

CysGCA

ANtiTOG STOG N/A IDT CAGUCAAAUGCUCUACCC

customised CUGAGCUAUACCCCC
complementary

Biotinylated .
o e NA DT CAGUCAAAUGCUCUACCC
CUGAGCUAUACCCCC
complementary
ioti Biotin-
Biotin-5"TOG B'C? t'srgg‘fd N/A Cust'(?rTTise 4 GGGGGUAUAGCUCAGGGG
g UGAGCAUUUGACUG
Hs_METTL1 METTLL  S100076  ouien VA
1 118
Hs M I%,TTLl METTLL S|(1)g(2)76 Oiagen NUA

Table 5. Sequences or references of the sSiIRNAS and synthetic oligonucleotides transiently transfected in cell lines.
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Gene silencing was tested 48 h after transfection by RT-qPCR and at 72 h by Western Blot. LC3
puncta of individual cells were manually counted using Image J software and normalised to the

number of cells per image. 10 different images were quantified per condition.
3.4. Transfection of synthetic 5>’TOG and anti-TOG oligonucleotides

150.000 or 2x10° PC3 cells were seeded in 6-well or 10 cm plates respectively and transfected the
following day with INTERFERIn reagent (Polyplus, 409.10) as previously described. Following
manufacturer’s instructions, cells were transfected with 25 nM of either a scramble control, 5’ TOG
or an anti-TOG oligonucleotides (see Table 5) prepared in either 200 or 500 pl of serum-free DMEM
medium, for 6-well or 10 cm plates respectively. Cells were collected 48 hours after transfection
unless otherwise stated, according to the conditions suitable for the following experiment.

3.5. Transitory transfection of GFP-LC3 plasmid

PC3 cells lines WT and KO for METTL1 were transitory transfected with pEGFP-LC3 (Addgene,
#21073, Table 4) with JetPEI, for transient expression of the GFP-tagged version of LC3 protein for
autophagosome visualization. Similar as described for lentivirus production, 10 pg of pEGFP-LC3
plasmid was diluted in 150 mM NaCl and then combined with JetPEI-containing solution.
Transfected cells were selected with 50ug/ml of G418 (Santa Cruz Biotechnology, sc-29065) for
three days and all experiments were performed within a week after selection for ensuring an optimal

plasmid expression.
3.6. Cell proliferation assay

Evaluation of cell proliferation in adherent conditions was performed by seeding from 3.000 to
15.000 cells per well in 12-well plates. Three to six technical replicates were seeded per condition
and time point. Cell growth was evaluated for up to 8 days and cells were collected every one or two
days, depending on curve length. In the case of the catalytic dead mutant proliferation rescue, 0.1
pg/ml of doxycycline was added to the cells in the curve seeding. For TOG-transfected cells, curve

seeding was performed 24 hours after transfection.

For plate collection, cells were washed twice with PBS and fixed at 4°C with 4% paraformaldehyde
(Panreac, 252931.1214) for at least 30 min. Wells were stained with 500 ul of a solution composed
of 0.1% of crystal violet (Sigma, C6158) and 10% methanol (Honeywell, 32213) for 1 hour in
agitation. Then, plates were thoroughly washed with dH,O and dried overnight at room temperature.
Once the plates were dry, crystal violet was dissolved in 500 pl of 10% acetic acid (Millipore,
1.00063.1011) for 40 min on a rocker. Cell density was quantified by measuring optical absorbance
at 595 nm using Plate Infinite Reader 200 Pro (TECAN). 10% acetic acid was used as blank. All

quantifications were normalised to day 0 measurements to reduce the differences due to cell seeding.
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3.7. Cell survival assay

Survival evaluation of PC3 WT or METTL1 KO cells was analysed under different conditions: 15
nM Docetaxel (Sigma, 01885), 3725 nM of freshly prepared H20- (Santa Cruz Biotechnology, sc-
203336A, 20 nM Rapamycin (LClabs, 53123-88-9), 20 J/cm? UV pulse (Stratalinker 2400
(Stratagene)), 7 UM Etoposide (Sigma, E1383-100mg), being all drugs prepared in DMEM medium
Evaluation of 3-methyl adenine (3MA, Sigma, 189490) effect was performed in Earle’s Balance
Salts Solution medium (EBSS, Sigma, E2888) supplemented with 4.5g/L of glucose and 2mM of
3MA. All the treatments were added 8 hours after seeding, simultaneously to day 0 seeding control
collection. In the case of the METTL1 WT or catalytic dead mutant re-expressing cell lines, a pre-
induction of 3 days with 0.1 pug/ml of doxycycline was used and an induction of 0.25ug/ml was
maintained during the experiment. Medium was refreshed every two days and cell proliferation was
evaluated by crystal violet staining. Cell proliferation was measured as previously indicated.

3.8. Soft agar colony formation assay

The anchorage-independent growth capacity of the cells was assayed by soft-agar. Briefly, 1.5 ml of
DMEM medium containing 0.6% of low melting agarose (Sigma, 2070) was poured into 6-well
plates. Agar was cooled for 1h at 4°C for solidifying the bottom layer. A second layer with 0.3% low
melting agarose and 2.500 cells in 1.5 ml of DMEM medium was spread over the bottom layer. Then,
plates were maintained for 15 min at 4°C to enable agar solidification and then moved to a CO;
incubator. Six technical replicates were seeded per condition. Cell colonies were grown for 14-21
days and 0.5 ml of DMEM medium was carefully added weekly to ensure agar moisture and avoid
colony disaggregation. For colony visualization, soft-agar plates were stained with 0.005% crystal
violet in 1% methanol and scanned (Canon scanner), and the number of colonies was quantified
using the “analyse particles” plugin of ImageJ. As a seeding control, 20.000 cells were seeded in 12-
wells plate, collected the following day, and stained with crystal violet as previously described. The

number of colonies was normalised to the seeding control absorbance measurement at 595 nm.
3.9. Single-cell spheroids generation

To prevent cell adhesion, p96-well plates were previously treated with 12 g/L of poly-2-hydroxyethyl
methacrylate (polyHEMA, Santa Cruz Biotechnology, sc-253284) resuspended in ethanol (Supelco,
1.00983.2511) and dried overnight at 65°C. Once the liquid was evaporated, between 1-1.5 cell per
well was seeded by performing serial dilutions. Single-cell wells were selected by microscopic
observation. Spheroids were growth for 18-21 days in DMEM/F12 (Gibco, 10565018) medium
supplemented with 1x B27 (Gibco, 17504-044), 0.02 ug/ml of EGF (Gibco, PH60315), 0.004 ug/mi
bFGF (ThermoFisher, 68-8785-63), 8% BSA (Nzytech, MB04602) and 1% penicillin/streptomycin.
Two weeks after seeding, 100 pl of spheroid medium were carefully added to avoid medium

evaporation. The number of obtained spheroids was normalised with the number of single-cell wells
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identified at the beginning of the experiment. Pictures were taken using Nikon Eclipse Ti-S
microscope and JenoPTIK ProgRes C3 camera. Spheroids volume was estimated using ImageJ and

the formula volume=length x width? x 0.526.
3.10. Organoid culture and proliferation assay

3.10.1. Organoid derivation

Tumour tissue xenografted on NSG (NOD/scid/gamma) mice was collected in basis medium and
mechanically disrupted for reducing its size. After washing with basis medium, tissue was
centrifuged for 5 min at 300 g and incubated for 90 min at 37°C with collagenase type | (Thermo
Fisher Scientific, 17100017), 15 pg/ml of DNAsel (Roche, 10104159001) and 10 uM Y-27632-HCI
Rock inhibitor (Selleckchem, S1049). Ten times the tissue volume was added of the enzyme mix to
ensure complete dissociation and the solution was mixed every 20 minutes. Once completed larger
pieces digestion, tissue was washed with basis medium and centrifuged for 5 min at 300 g. Then,
pellet was resuspended in 2 ml of TrypLE select (Gibco, 12563011) and incubated for 10 min at
37°C. TrypLe was diluted with basis medium and cell suspension was passed through a 40 um cell
strainer (Thermo Fisher Scientific, 352235) and centrifuged. Dissociated cells were resuspended in
2 ml of PCa organoid medium and manually counted. 400.000 cells per well were seeded in 6-well
ultra-low attachment plates (ULA, Corning, Costar, #3474) or in poly-HEMA pre-treated normal 6-
well plates. Medium top up or refreshment was performed every two days and the media was not

prepared for longer than 7 days and maintained at 4°C.

3.10.2. Organoid lentiviral infection

Lentiviral particles were generated and concentrated as previously described and titrated on
HEK293FT cells to ensure correct infection. Formed organoids were dissociated with trypLE,
counted, and 160.000 cells were seeded per well in ULA 24-well plates in PCa organoid medium
supplemented with 4pug/ml of polybrene (Sigma, TR-1003). Then, 10 pl of viral particles containing
either pTRIPZ scramble (SCR) or codifying for ShAMETTL1-3 sequence were added. Non-infected
cells were used as selection control. The day after, PCa organoid medium was refreshed and
blasticidin selection was added 48 h after infection. METTL1 silencing was assessed by RT-qPCR
after 3 days of 0.5 pg/ml doxycycline induction, with no induced cells as control per each condition.

RNA extraction was performed with Trizol like detailed hereunder.

3.10.3. Expansion of xenografted LAPC9 in NSG mice

Since LAPC9 cells do not proliferate in vitro, cell expansion was performed by subcutaneous
injection in two flanks of NSG mice. After organoid dissociation, 1.000.000 cells per flank were
resuspended in 50 ul of cold Matrigel (Corning, 356234), injected subcutaneously using 25G needles
and expanded for three weeks. Once expanded, tumours were extracted and frozen in basis medium
supplemented in 10% dimethyl sulfoxide (DMSO, Sigma, D-8418).
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3.10.4. Organoid formation capacity quantification

100.000 cells per well in 24-well ULA plates of LAPC9 SCR and sShMETTL1-3 cells were seeded in
PCa organoid medium and induced for four days with 0.5 pg/ml doxycycline. Non-induced condition
was used as control. Once formed, the number of organoids with a diameter bigger to 10 um were
manually quantified and induced conditions were normalised with non-induced. At least 20 pictures

per conditions were acquired using white field microscope.
3.11. PI3K pathway inhibition and DHT treatment

To evaluate the dependence of METTL1 expression on PI3K pathway, PC3 and DU145 parental cell
lines were grown in DMEM medium and treated with inhibitors of different components of PI3K
pathway: 20 nM Rapamycin, 125-250 nM Torin-1 (Tocris, 4247), 5uM MK2206 (Selleckchem,
S1078) and 100 nM BKM120 (Selleckchem, S2247) were added for the indicated times. All
chemicals were resuspended in DMSO in concentrations at least 1000x higher that the working
dilution. Two technical replicates were done per experiment and each experiment was repeated three
times. Treatment of 22Rv1 cells with DHT (Sigma, D-073-1ml) was performed for 6 hours at 10
nM.

4. Molecular and cell biology techniques
4.1. Assaying autophagy dysregulation

4.1.1.Evaluating autophagy flux under normal and autophagy-inducing or blocking

conditions

The autophagy pathway was evaluated in PC3 cells in normal conditions and after treatment for 24
hours with 20 nM of Rapamycin, or for 6 h with 10 uM chloroquine (CQ, Sigma-Aldrich, C6628-
25G), for induction or blockade of the pathway respectively. The conditions were maintained in

Western Blot, flow cytometry and immunofluorescence experiments unless otherwise specified.

Further evaluation of the lysosome-autophagosome fusion was performed with the pH sensitive
probe Lysotracker DeepRed (ThermoFisher, L12492), which was added to the cells for 30 min at 50
nM. Cells were treated with Rapamycin and CQ as stated before and were then collected following
the immunofluorescence or flow cytometry protocols. Three biological replicates were acquired per
condition. Immunofluorescence images were taken using Leica SP5 confocal microscope at 60x
magnification and optical zoom 2x. Fluorescence intensity of individual cells was quantified in ten
images by measuring the Corrected Total Cell Fluorescence (CTCF) using the formula: CTCF=
Integrated Density — (Area of selected cells x Mean background fluorescence). For flow cytometry
analysis of the PC3 WT or METTL1 KO cells transiently transfected with GFP-LC3 and treated with

lysotracker, lysotracker mean intensity (APC channel) was calculated in previously selected GFP+
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cells. Three technical replicates per condition and cell line were analysed, using three different

control and three different KO clones.
4.2. Flow cytometry analysis

4.2.1.A6poptosis quantification

70.000 cells were seeded in 12-well plates and collected 48 h later by trypsinization. Medium
supernatant, PBS washes and trypsinised cells were collected and centrifuged at 1200 rpm for 4 min.
After PBS washes, cells were pelleted and resuspended in 100 pl of Annexin V Binding Buffer
(10nM HEPES/NaOH (pH 7,4), 140mM NaCl 2,5mM CaCly) containing 1 mg/ml Propidium lodide
(P1, Sigma, P4170) and 10 mg/ml RNase A (Roche, 10109142001). Then, 3 pl of Annexin V (AnnV,
Immunostep, ANXVF-200T) was added to each sample. Cells were then incubated for 15 min at
room temperature and in the dark. Once incubated, 50 pul of Annexin binding buffer was added and
cells were analysed by BD Accuri C6 flow cytometer (BD Biosciences). All events excluding cell
debris were evaluated and the percentage of dying cells was analysed using FlowJo software. All
necrotic (PI*AnnV°), early apoptotic (PI"AnnV*) and late apoptotic (PI"AnnV*) cells were considered
as dying cells. Three technical replicates were used for each condition.

4.2.2.Measurement of global protein synthesis by O-propargyl-puromycin incorporation

Protein synthesis rate was quantified in PC3 cells WT and METTL1 KO. Briefly, 6-well plates were
incubated in DMEM medium supplemented with 20 uM of the puromycin analogue O-propargyl-
puromycin (OP-puro, Medchem Source LLP, HY-15680) for 1h at 37°C, as described in®". Protein
synthesis under stress conditions was tested as showed in Figure 42. Thus, 200 uM of NaAsO-
(Supelco, 1062771000) was added to the cells for 2 h, and cells were collected, 1, 2, 4 or 8 h after
treatment addition. Cells were trypsinised, centrifuged and fixed with 1% PFA in PBS for 15 min on
ice. One PBS wash was performed, cells were permeabilized with PBS supplemented with 3% FBS
and 0.1% saponin (Santa Cruz Biotechnology, sc-280079) for 5 min at room temperature. Then, the
conjugation of the incorporated OP-puro to a fluorophore was performed by an azide-alkyne
cycloaddition using the Click-iT Cell Reaction Buffer Kit (Jena Bioscience, CLK-073) and 5 uM of
Alexa Cy5.5 conjugated to azide (Jena Bioscience, CLK-1059). The reaction was initiated by
vortexing and incubated for 30 min. Then, cells were washed twice in PBS with permeabilisation
buffer and then resuspended in PBS. Controls with OP-puro but not cycloaddition reaction, without
OP-puro but with cycloaddition reaction and either of the conditions were used as basal intensity
controls. Non-synthesis control was used by incubating cells with 0.1 mg/ml of cycloheximide
(CHX, Santa Cruz Biotechnology, sc-3508). Fluorescence intensity was measured by flow cytometry
(Accuri C6). In normal conditions fluorescence intensity was normalised to the average cell size by

quantification of mean forward scatter (FSC) due to the size difference between cell lines. For protein
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synthesis measurement under stress conditions, fold change of fluorescence intensity in the

experimental condition divided by the values of the same cell line treated with CHX is represented.

Sample collection

* + Figure 42. Schematic workflow used for
i 1 l g protein synthesis evaluation under stress
conditions. Point 0 indicates NaAsO addition
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4.2.3.Cell cycle analysis

For cell cycle analysis, cells in culture were collected with trypsin and washed twice with PBS. Cell
pellet was resuspended in 100 pl of PBS and fixed with 1ml of cold 70% ethanol for 10 min on ice.
Cells were pelleted by centrifugation for 5 min at 1200 rpm and then resuspended in 500 pl of
Staining Buffer containing 1 pg/ml Propidium lodide (Sigma, 81845) and 50 pg/ml of RNase A
(Roche, 10109142001) in PBS. Samples were then incubated for 30 min at room temperature in the
dark analysis was performed with Accuri C6 flow cytometer (BD Biosciences). DNA content was
quantified using FlowJo software (BD Biosciences). Cell debris and aggregates were eliminated by
gating the cells forward versus side scatter and FSC-H versus FSC-A respectively. Three technical

replicates were used for cell type.

4.2.4.ROS measurement

For quantification of intracellular ROS, PC3 WT and METTL1 KO cells were seeded in 6-well plates.
80% confluent cells were trypsinised and resuspended in DMEM medium supplemented with 20 uM
of 2°7°-Dichlorofluorescin Diacetate (DCHF-DA, Calbiochem, 287810) in the dark. Cells were
incubated for 30 min at 37°C in the dark and then washed twice with PBS. Then, cells were
resuspended in homemade Hank’s buffered salt solution (HBSS) supplemented with 5% FBS and
measured with BD Accuri C6 (BD biosystems). All measurements were performed within 30 minutes
after DCHF-DA incubation for avoiding diffusion of the tracker. Mean fluorescence intensity was

quantified with FlowJo software and three replicates were analysed per cell line.
4.3. Cell Immunofluorescence

Cells were seeded on cover glasses (Menzel-Glaser, 630-1846) and grown in DMEM medium until
80% of confluence. For cell collection, two PBS washes were performed followed by fixation for 10
min with 4% PFA (Panreac Applichem, 252931) and permeabilization with 0.2% Triton X-100
(Panreac Applichem, 20801423141611) in PBS for 10 min. Fixation was performed with 4% PFA
for all antibodies excepting METTL1 (*), for which the fixation was performed with 100% ice-cold
methanol. Samples were blocked for 1 h at room temperature with 5% goat serum (Gibco) in PBS.

Incubation with the primary antibodies diluted in blocking solution was performed overnight at 4°C,
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using antibodies listed in Table 6. Next day, cells were washed three times with 0.05% Tween-20 in
PBS and incubated in the dark for 1 hour with fluorophore-conjugated secondary antibodies diluted
1:800 in blocking solution. Nuclei were stained with 0.5 pg/ml of DAPI (Sigma, D9542) for 10 min
and cover glasses were mounted with Mowiol (Sigma, 81381). Fluorescence pictures were acquired
with Leica SP5 confocal microscope or Thunder Imager (Leica DM6B). For BrdU incorporation
during S phase, a similar protocol was followed. Cells were treated with 10 uM BrdU (Sigma, 19-
160) for 1 hour previous to collection. For the staining, coverslips were treated with 2N HCI for 30
min at room temperature, then washed thoroughly and incubated with the specific antibody.

Antibody Host  Application Dilution Company Reference
Anti-BrdU Rat IF 1:1000 Abcam Ab6326
Anti-LAMP2  Mouse WB 1:100  Santa Cruz Biotech  Sc-18822
Anti-LC3A/B  Rabbit IF 1:100 Cell signaling 12741
Anti-METTL1* Rabbit IF 1:1000 Abcam Ab157997
Anti-pSTAT1  Mouse WB 1:1000 Santa Cruz Biotech ~ Sc-8394
Anti-pyH2AX  Rabbit IF 1:200 Cell signaling 9718s

Table 6. List of antibodies with the working dilutions used for cell immunofluorescence.

4.3.1.Quantification of protein aggregates

Aggresomes formation was assayed in PC3 cell lines using PROTEOSTAT Aggresome detection kit
(Enzo LifeSciences, ENZ-51035). Briefly, actively growing cells were seeded in cover glasses and
fixed with 4% PFA for 30 min at room temperature. After PBS washes, permeabilization solution
(1x assay buffer, 0.5% Triton X-100, 30 mM EDTA pH 8) was added to the cells for 30 min on ice,
followed by incubation with Dual Detection Reagent for 30 min at room temperature and in the dark
according to manufacturer’s instructions. Glasses were then mounted and visualized with Lecia SP5
confocal microscope. Fluorescence intensity of individual cells was quantified in ten images per

condition by measuring the CTCF.
4.4. Immunohistochemistry

After collection, tissues were fixed overnight with 4% PFA and maintained overnight in 70% EtOH.
Tissue dehydration, paraffin embedding and sectioning was performed by the Molecular Pathology
Unit at CIC. For immunohistochemistry staining, samples were dewaxed and rehydrated with a
battery composed by xylene (Panreac, 251769) and decreasing graded ethanol to water (100%-50%).
Antigen retrieval was performed for 20 minutes at low power microwave either in citrate buffer (10
mM Sodium Citrate, 2M HCI, 0.1% Tween-20, pH 6) or Tris-EDTA (10 mM Citric Acid, 2 mM
EDTA, 0.05% Tween-20, pH 9) depending on the antibody used (Table 7). Slides were cooled down
at room temperature and incubated with 3% H,O. (Santa Cruz Biotechnology, sc-203336A) for
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blocking endogenous peroxidase. Then, samples were washed with PBS and permeabilised with
0.2% Triton X-10 for 10 minutes. Blocking was performed for 30 min when using the serum included
in IMPRESS kit (Vector Laboratories) or for 1 hour with homemade 2.5% goat serum (Gibco,
16210064). Incubation with the primary antibodies indicated in Table 7 was performed at 4°C
overnight. After PBS washes, specie specific-ImmPress HRP Kit (Vector Laboratories, MP7451)
was used for secondary antibody incubation. Peroxidase reaction was developed with Immpact
DABSubstrate kit (Vector Laboratories, SK4105) and cells were counterstained with Haematoxylin
(Sigma, 1051750500). Finally, slides were dehydrated and mounted with Dibutylphthalate
polystyrene xylene (DPX, Sigma-Aldrich, 06522). White field images were acquired using an
Olympus BX-51 Microscope and ImageJ software was used for image quantifications.

For LC3 staining quantification, 3,3'-diaminobenzidine (DAB) and haematoxylin channels were
separated using the H-DAB option from Colour Deconvolution plugin of ImageJ software. DAB
intensity was measured and optical density (OD) were calculated using the following formula:
OD=log(max intensity/Mean intensity); where max intensity is 255 for 8-bit images. For measuring
DNA damage, the percentage of YH2AX positive cells was calculated by dividing the number of

cells with yYH2AX foci between the total number of nuclei in every picture.

Antigen

Antibody Dilution  Host . DAB Company Reference
retrieval
Anti-AR 1:100  Rabbit Citrate 10 min Cell signaling 5153
Anti-CICasp3  1:100  Rabbit Citrate 10 min Cell signaling 9661S
Anti-K14 1:100  Rabbit TrissEDTA  5min Covance PRBl-ggsp-
Anti-K8 Rabbit Citrate 5 min Abcam ab59400
Anti-Ki67 1:100  Rabbit Citrate 10 min Vector Labs VP-K451
Anti-LC3A/B  1:100  Rabbit Citrate 10 min Cell signaling 12741
Anti- . . . . .
METTLL 1:100 Rabbit Tris-EDTA 7 min Invitrogen 54280
Anti-pSTAT1  1:100 Mouse  Citrate 10 min SEfLE Clle sc-8394
Biotechnology
Anti-pyH2AX  1:200  Rabbit Citrate 10 min Cell signaling 9718s

Table 7. Antibodies used for IHC staining of paraffin embedded tissue. Antigen retrieval conditions and dilutions are
indicated for each antibody.

45. Western Blot

For protein extraction from cells in culture, pre-confluent cells were washed twice with PBS and
scratched with RIPA lysis buffer (150mM NaCl, 40mM Tris pH 7,6; 1% Triton X-100, ImM EDTA,
ImM MgCl,) supplemented with cOmPlete EDTA-free proteases inhibitor cocktail (Roche,
11873580001) and phosphatases inhibitors (ImM Sodium Fluoride, ImM Sodium Orthovanadate

and 1mM B-glycerophosphate, all from SIGMA). To extract proteins from mouse and human tissue,
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samples were snap-frozen in liquid nitrogen and transferred to lysis buffer without detergents into
homogenization tubes with ceramic beads. Tissue was disrupted using FastPrep-24™ 5G Instrument
(MP Biomedicals™) and two cycles of 30°” at 6m/sec. Then, detergents were added, and protein
extracts were cleared by centrifugation for 10 min at 13,000rpm and 4°C. Total protein quantification
was performed using Pierce BCA Protein Assay Kit (Thermo Scientific, 23225) and a BSA standard
curve. Absorbance at 562 nm was read in Plate Infinite Reader 200 Pro (TECAN). Equal amounts of
protein were prepared in 5X Laemmli buffer (10% SDS, 50 mM Tris pH 6.8, 10% glycerol (VWR,
24388295), 1% p-mercaptoethanol (Sigma, M3148), 0.01 M dithiothreitol (DTT, Merck,
10197777001) and 0.2 mg/ml bromophenol blue (Sigma, B0126) and denaturalised for 5 min at
95°C. Samples were loaded onto 8-12% polyacrylamide (PAA) (Serva, 10687.01) resolving and 5%
stacking gels, and run for 2 hours at 120 V. Proteins were then transferred for 90-120 min at 100V
to 0.2 um pore size nitrocellulose membranes (Amersham, GE-10600001) with Biorad Wet blotting
system. Protein transference was confirmed by Ponceau staining (0.1% of Ponceau (Sigma, P3504)

in 5% of acetic acid.

Antibody Host  Application Dilution Company Reference
Anti-4EBP1 Rabbit WB 1:1000 Cell signaling 9644S
Anti-AKT Rabbit WB 1:1000 Cell signaling 9272S
Anti-AR Rabbit wWB 1:1000 Cell signaling 5153
Anti-ATG3 Rabbit WB 1:1000 Cell signaling 3415
Anti-BrdU Rat IF 1:1000 Abcam Ab6326
Anti-elF2a Rabbit WB 1:1000 Cell signaling 5324
Anti-elF4AI/Il  Mouse  WB 1:1000 santa Cruz Sc-377315
Biotechnology
Anti-elF4E  Mouse  WB 1:1000 LR Sc-9976
Biotechnology
Anti-elF4G ~ Mouse  WB 1:1000 Santa Cruz Sc-133155
Biotechnology
Anti-ERK Rabbit WB 1:1000 Cell signaling 5324
Anti-GAPDH Rabbit wB 1:1000 Cell signaling 2118
Anti-HA Rabbit WB 1:1000 Biolegend 901514
ANti-HSP90  Mouse ~ WB 1:1000 Santa Cruz Sc-515081
Biotechnology
Anti-IRF9  Mouse  WB 1:1000 SENE Gl Sc-365893
Biotechnology
Anti-ISG15  Mouse  WB 1:1000 Santa Cruz Sc-69701

Biotechnology
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Antibody Host  Application Dilution Company Reference
Anti-LC3A/B  Rabbit WB 1:1000 Cell signaling 12741
Anti-METTL1 Rabbit WBI/IF 1:1000/1:1000 Abcam Ab157997
Anti-mTOR Mouse WB 1:1000 Genetex GTX630198
Anti-p4dEBP1  Rabbit WB 1:1000 Cell signaling 2855L
Anti-p62 Mouse wWB 1:1000 BD bioscience 610832
Anti-PABP1 Rabbit WB 1:1000 Cell signaling 4992
Anti-pAKT Rabbit WB 1:1000 Cell Signaling 4060
Anti-pelF2a Rabbit WB 1:2000 Cell signaling 3597
Anti-pERK Rabbit WB 1:1000 Cell signaling 4376
Anti-pomTOR  Rabbit WB 1:1000 Biosource 44-1125G
Anti-pS6 Rabbit wWB 1:1000 Cell signaling 4858
Anti-pS6K Rabbit WB 1:1000 Cell signaling 9205S
Anti-pSTATL  Mouse  WB 1:1000 B%”EQE%&Z y Sc-8394
Anti-PTEN Rabbit WB 1:1000 Cell signaling 9559
Anti-pULK 1% Rabbit WB 1:1000 Cell signaling 6888
Anti-S6  Mouse  WB 1:1000 Bf)?gigﬂ)z ,  ScT4450
Anti-S6K Rabbit wWB 1:1000 Cell signaling 9202
Anti-STATL  Mouse  WB 1:1000 Bis()?[gé?]r(]:(:;i)zg y Sc-417
Anti-tubulin Rabbit WB 1:1000 Abcam Ab15246
Anti-ubiquitin  Mouse WB 1:1000 Invitrogen 13-1600
Anti-ULK1 Rabbit wB 1:1000 Cell signaling 8054
Anti-YBL ~ Mouse  WB 1:1000 Santa Cruz Sc-101198

Biotechnology

Table 8. List of antibodies used for Western blot protein visualization. Host species and working dilution are specified.

Membranes were blocked with TBS-T 5% skimmed milk (Nestlé) and primary antibodies (listed on

Table 8) were prepared in blocking solution supplemented with 0.01% azide. After incubation

overnight at 4°C, membranes were washed three times with TBS-T and incubated at room

temperature for 1 h in rotation with horseradish Peroxidase-conjugated secondary antibodies anti-
mouse (Cytiva, NXA931V) or anti-Rabbit (Cytiva, NA934V) prepared at 1:5000 dilution in TBS-T.

Signal was detected using homemade Enhanced Electrochemiluminescence Reagent or ECL (0.1 M
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Tris-HCI pH8.5, 0.2 mM coumaric acid, 1.25 mM Luminol), Fujifilm super RX (Fujifilm,
4741019289) films and Hypercassette (Amersham, RPN 11643). Band intensities were quantified
with ImageJ software and protein expression was normalised to housekeeping protein levels such as
HSP90, tubulin or GAPDH.

5. Analysis of global and specific protein synthesis

5.1. Total proteome analysis

For total proteome analysis, one pre-confluent p100 plate of PC3 WT1 and METTL1 KO1 cells were
collected per replicate and three replicates were analysed per cell line. Cells were collected by
trypsinisation and washed three times with PBS. Pellets were snap frozen in liquid nitrogen. Protein
digestion and mass spectrometry analysis was performed by the Proteomics Unit of CIC bioGUNE
(Bilbao). Briefly, cells were lysed in buffer containing 2M thiourea (Sigma, T8656), 7M Urea
(ThermoFisher Scientific, 10578260), 4% CHAPS (ThermoFisher Scientific, 28300) and 200 mM
DTT (Sigma, 10197777001) and incubated for 30 min at room temperature and in agitation. Samples
were digested following FASP protocol described in®®. Trypsin incubation was performed overnight
at 37°C in conditions of 1 volume of trypsin per 10 volumes of protein and extracts were then cleared

by centrifugation.
5.2. Capture of nascent polypeptides

24x10° of PC3 WT and METTL1 KO cells in culture were treated with DMEM medium
supplemented with 20 uM OP-puro for 1h at 37°C. For collection, cells were detached by
trypsinization, washed twice with PBS and cells pellets were snap-frozen in liquid nitrogen. Cells
were incubated for 10 min on ice with lysis buffer provided with the kit supplemented with proteases
inhibitors previously described and sonicated twice with pulses of 3 seconds. 5 mg of OP-puro tagged
proteins were captured in a pre-washed azide-tagged resin by a Cu(l)-catalysed azide-alkyne
cycloaddition reaction that was performed with Click Chemistry Capture Kit (Jena Bioscience, CLK-
1065). Click reaction was performed for 16 hours in rotation and protein reduction and alkylation
was performed for 30 min according to manufacturer’s conditions. For removal of non-covalently
bound peptides, resins were then washed with high stringency buffer, and protease digestion by

overnight incubation with trypsin was performed on-beads.

For on-beads digestion proteins were denatured in 8M urea, reduced with 5mM DTT and alkylated
with 25 mM iodoacetamide (Sigma, 11149). Sample was diluted in ammonium bicarbonate to 1.5 M
urea and Trypsin was added in same ration described above and incubated overnight at 37°C as

described elsewhere33,
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5.3. Mass spectrometry analysis of global and nascent proteome

The obtained polypeptides from both previously described strategies were analysed by liquid
chromatography followed by mass spectrometry (HPLC-MS/MS) by the Proteomics Unit of CIC
bioGUNE (Bilbao). Briefly, previous to sample acquisition, digested proteins were concentrated in
a speed-vac, and desalted using C18 stage tips (Millipore, ZTC18MQ096). Then, samples were
analysed in a hybrid trapped ion mobility spectrometry — quadrupole time of flight mass spectrometer
(timsTOF Pro with PASEF, Bruker Daltonics) coupled online either to a nano Elute (Bruker) or
EvoSep ONE liquid chromatograph (EvoSep). Protein identification and quantification was carried
out using MaxQuant software3* using default settings except for an LFQ min. ratio count of 1.
Searches were carried out using Uniprot/Swissprot databases, with precursor and fragment tolerances
of 20ppm and 0.05 Da respectively. Only those proteins identified with at least two peptides at
FDR<1% were considered for further analysis. Data (LFQ intensities) was loaded onto Perseus
platform3¥ and further processed (log. transformation, imputation).

For functional annotation of the differentially expressed gene sets, the Gene Ontology online tool
(http://geneontology.org/) was used. Thus, we identified gene subsets with common functional

annotations in Biological Process categories with high statistical significance. Fisher’s Exact test was

applied with Bonferroni correction.
5.4. Polysome profiling

Six 150 cm plates were seeded per replicate, three replicates were used for PC3 WT1 and METTL1
KOL1 cell lines. At 80% of confluence, cells were treated for 5 min at 37°C with 0.1 mg/ml of CHX
to stop protein synthesis. After two washes of PBS supplemented with 0.1 mg/ml CHX, cells were
collected by scrapping and cell pellet was resuspended in lysis buffer (20 mM Tris-HCI, 100 mM
KCI, 5mM MgCl;, 0.3% Igepal, 0.1 mg/ml CHX, protease inhibitors). RNA-protein content was
measured using Smart-Spect Plus spectrophotometer (Biorad) and equal amounts of extracts were
loaded into the gradients. Previous to cell collection, 7-50% sucrose (Sigma, S0389) gradients
(20mM Tris-HCI pH7.5, 100 mM KCI, 5 mM MgCl,, 1% CHX) were prepared in tubes (Beckman
Coulter, 331374) by snap freezing layers of 50%, 33.56%, 21.33% and 7% of sucrose followed by
overnight thawing at 4°C. Then, extracts were loaded in balanced gradients and separated by
ultracentrifugation for 2:45 h at 4°C and 39000 rpm with no break. 500 pl fractions were collected
using Density Gradient Fractionation system (Brandel). Half of the volume of every fraction was
used for RNA extraction with warm phenol and proteins were precipitated with trichloroacetic acid
(TCA, Fisher Chemical, T/3000/50) from the remaining volume. For RNA extraction, fractions were
mixed with an equal volume of 60°C-heated Phenol-Chloroform and a solution containing 10 mM
Tris, 350 mM NacCl, 10 mM EDTA, 1% SDS and 42% Urea, followed by RNA precipitation with

isopropanol. cDNA and RT-qPCR were performed with the sixteen different fractions from every
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replicate and the primers used are listed on Table 9. Quantification of the percentage of transcripts
within each fraction was calculated as follows: %=((2"(Ctl-Ctx)/Summatory Cts in all

fractions)x100, where Ctx is the Ct value of any fraction.

For protein extraction, 1/3 of fresh prepared 50% TCA was added to 1 volume of each fraction and
the mix was incubated overnight at -20°C. Then, samples were centrifuged at 13.000 rpm for 15 min
at 4°C and washed twice with cold acetone (Emsure, 1.00014.1011). Protein pellet was dried using
SpeedVac for 10 min and resuspended in 30 pl of 1x Laemmli buffer. 15ul of 2M Tris pH 8 and
incubated at -20°C overnight. Before loading onto polyacrylamide gels, proteins were boiled at 95°C

for 5 min.
5.5. Biotinylated 5°TOG oligonucleotides pulldown

Two 10 cm culture plates per condition of PC3-WT cells were transfected using INTERFERIn
(Polyplus) reagent with 40 nM of a mix 1:1 of either scramble control together with biotinylated-
5’TOG oligonucleotides, or a mix of biotinyladed-5’TOG with 5’Anti-TOG nucleotides. 12 hours
after transfection, plates were washed twice with cold PBS. Then, 3 ml of PBS were added, and cells
were UV crosslinked twice at 254 nm with 150 mJ/cm? with Stratalinker 2400 and harvested with
the PBS by scrapping. Cells were pelleted, resuspended in Lysis buffer (50 mM Tris-HCI pH 7.4,
100 mM NacCl, 0.5% Triton X-100, 0.5% sodium deoxycholate (Sigma, 30970), 0.1% SDS, 5 mM
EDTA, supplemented with 0.1 U/uL RNAsin (Promega, N2611) and protease inhibitors) and
sonicated three times for 10 s at 10 W on ice. Protein extracts were cleared by centrifugation at 12000
rpm for 12 min and 4°C. Per sample, 45 pl of streptavidin-C1 MyOne Dynabeads (ThermoFisher,
65001) were washed following manufacturer’s instructions and using the magnetic rack DynaMag-
2 (ThermoFisher, 12321D). 600 pg of extracts were incubated with pre-washed beads for 2 h in
rotation at 4°C. After incubation, beads were washed twice with lysis buffer, twice with High-salt
buffer (50mM Tris/HCI, 1000 mM NaCl, 0.5% Triton X-100, 0.25 % sodium deoxycholate, 1M
Urea, 5mM EDTA, 1mM DTT) and once with PNK/Tween buffer (50 mM tris, 10 mM MgCl,, 0.2%
Tween-20). Then, beads were pelleted by centrifugation and resuspended in 30 pl of 1.5x Laemmli
buffer supplemented with 100 mM DTT. Elution was performed by boiling the samples at 75°C for
10 min in shaking at 1100 rpm. Eluted proteins were loaded in a 10% SDS-PAGE gel and subjected
to Western Blotting.

5.6. Cap Binding assay

Pulldown of proteins bound to m’G-caps was performed as previously described in 341342, Briefly,
pre-confluent PC3 WT and METTL1 KO cells were scrapped with lysis buffer (10 mM Tris-HCI,
140 mM KCI, 4 mM MgCl,, 1ImM DTT, ImM EDTA, 1% NP-40, protease inhibitors and homemade
phosphatase inhibitors) and incubated on ice for 30 min. Lysates were cleared by centrifugation at

12000 rpm for 30 min at room temperature and quantified using Pierce™ BCA Protein Assay Kit.
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Per sample, 30 ul of 7-methyl-GTP-Sepharose beads (Jena Bioscience, AC-155S) were washed
following to manufacturer’s instructions. 200 pg of protein extracts diluted in lysis buffer to 1 mg/ml
were incubated with the pre-washed beads overnight in rotation at 4°C. Then, beads were centrifuged
for 5 min at 4°C and 5000 rpm and washed twice with lysis buffer supplemented with 0.5% NP-40
and twice with PBS. Before Western blotting, samples were mixed with Laemmli buffer, then boiled
at 95°C for 5 min, and loaded in 10% polyacrilamide gels. Translation initiation factors were checked

by antibody incubation and developed with ECL.
6. RNA methods
6.1. RNA extraction and quantitative real-time PCR (RT-gPCR)

For assaying mRNA levels by RT-gPCR, RNA was extracted from cells using either Nucleospin
RNA kit (Macherey-Nagel, 740955.250) or NZY Total RNA isolation kit (NzyTech, MB13402)
following the manufacturer’s instructions. For mouse tissue, samples were snap-frozen in liquid
nitrogen and transferred to lysis buffer into homogenization tubes with ceramic beads. Tissue was
homogenized using FastPrep-24™ 5G Instrument (MP Biomedicals™) by two cycles of 30’ at
6m/sec. Then, manufacturer’s protocol was followed. Concentration was measured using NanoDrop

ND-1000 (Thermo Scientific).

Primer name Purpose Sequence (5°-3%)
ATF4_Fw SYBR RT-gPCR amplification TCGATGCTCTGTTTCGAATG
ATF4_Rv SYBR RT-gPCR amplification CTGCTCCTTCTCCTTCATGC
ATG3_Fw SYBR RT-gPCR amplification CAATGGGCTACAGGGGAAGA
ATG3_Rv SYBR RT-gPCR amplification TGTTTGCACCGCTTATAGCA

Bcatenine_Fw  SYBR RT-gPCR amplification CTTGTGCGTACTGTCCTTCG

Bcatenine Rv  SYBR RT-gqPCR amplification TGTTTGCACCGCTTATAGCA
CHOP-Fw SYBR RT-gPCR amplification CAGAACCAGCAGAGGTCACA
CHOP-Rv SYBR RT-gPCR amplification AGCTGTGCCACTTTCCTTTC

GAPDH_Fw SYBR;&%&%&T]‘QPCR GAGTCCACTGGCGTCTTCAC

GAPDH_Rv SYBR;;‘:)I#E;E'QPCR GTTCACACCCATGACGAACA
GRP78_Fw SYBR RT-gPCR amplification TGTTCAACCAATTATCAGCAAACTC
GRP78_Rv SYBR RT-gPCR amplification TTCTGCTGTATCCTCTTCACCAGT
IRE1_Fw SYBR RT-gPCR amplification ACGCCCACTCTGTATGTTGG
IRE1_Rv SYBR RT-gPCR amplification ATCCCCCATGGAACGACCTG
IRF9_Fw SYBR RT-gPCR amplification TGTTGCTGAGCCCTACAAGG
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Primer name Purpose Sequence (5°-3°)

IRF9_Rv SYBR RT-gPCR amplification AGTGGGATGGTGGGTGTAAG
ISG15 Fw SYBR RT-gPCR amplification TCTTTGCCAGTACAGGAGCT
ISG15 Rv SYBR RT-gPCR amplification GGGACACCTGGAATTCGTTG

KIF20A Fw SYBR RT-gPCR amplification ACTGCTCTGTCGTCTCTACCT
KIF20A_Rv SYBR RT-gPCR amplification GGTAACAAGGGCCTAACCCT
PERK_Fw SYBR RT-gPCR amplification ATCCCCCATGGAACGACCTG
PERK_Rv SYBR RT-gPCR amplification ACCCGCCAGGGACAAAAATG

STATI1_Fw SYBR RT-gPCR amplification ATGGCAGTCTGGCGGCTGAATT

STAT1_Rv SYBR RT-gPCR amplification CCAAACCAGGCTGGCACAATTG

sXBP1_Fw SYBR RT-gPCR amplification TGCTGAGTCCGCAGCAGGTG
sXPB1_Rv SYBR RT-gPCR amplification GCTGGCAGGCTCTGGGGAAG
usXBP1_Fw SYBR RT-gPCR amplification TAAGACAGCGCTTGGGGATG
usXBP1_Rv SYBR RT-gPCR amplification GCACGTAGTCTGAGTCGTGC

Table 9. Oligonucleotides designed for RT-gPCR amplification of the specified human genes by SYBR green.

From 500 ng to 1 g of RNA were used for cDNA synthesis with NZY First-Strand cDNA Synthesis
Kit (NzyTech, MB125). RT-gPCR reactions were carried out in in QuantiStudio 3 and QuantStudio
5 (ThermoFisher Scientific) Real-Time PCR Systems. Amplification detection was performed using
either 2x Tagman Fast Universal PCR Master Mix (Applied biosystems, 4366) or 2x NZY qPCR
Green Master Mix (NZYtech, MB125) with specific designed primers. DNA primers used for qPCR
are listed in Table 9 and 10, meanwhile the Tagman and UPL probes are displayed at Table 11. Each
sample was loaded in triplicates and a negative control without cDNA was included for each gene
tested. The comparative threshold cycle method (Ct) was used for calculating the ddCt values, which

were normalised against GAPDH values or otherwise stated.

Primer name Purpose Sequence (5°-3%)
ActinB_Fw SYBR RT-gPCR amplification ggctgtattccectccateg
ActinB_Rv SYBR RT-gPCR amplification ccagttggtaacaatgccatgt
CD49f_Fw UPL RT-gPCR amplification gcggctactttcactaaggact
CD49f Fw UPL RT-gPCR amplification ttcttttgttctacacggacga

Krt5_Fw UPL RT-gPCR amplification cagagctgaggaacatgcag
Krt5_Rv UPL RT-gPCR amplification cattctcagccgtggtacg
Krt8_Fw UPL RT-gPCR amplification agttcgcctccttcattgac
Krt8_Rv UPL RT-gPCR amplification gctgcaacaggctccact
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Primer name

Purpose

Sequence (5°-3°)

METTL1_Fw UPL RT-gPCR amplification gctatggtggcttgttagtgg
METTL1 Rv UPL RT-gPCR amplification cttcacccgaatctccagac
Mettll_genot_Fw Genotyping Mettl1flox mice atctgcagccatagcctcat
Mettll_genot_Rv Genotyping Mettl1flox mice tctaacctgctgagatggcea
Ms_CD24 Fw SYBR RT-gPCR amplification aacatctagagagtcgcegcc
Ms_CD24_Rv SYBR RT-gPCR amplification ggaaacggtgcaacagatgt
Scal_Fw UPL RT-gPCR amplification cccctaccctgatggagtct
Scal Rv UPL RT-gPCR amplification tgttctttactttccttgtttgagaa

Vimentin_Fw

UPL RT-gPCR amplification

ccaaccttttcttccctgaac

Vimentin_Rv

UPL RT-gPCR amplification

ttgagtgggtgtcaaccaga

Table 10. Sequences of oligonucleotides used for RT-gPCR quantification of mouse samples.

Gene Probe Specie Reference Supplier
CD34 Tagman Mouse MmQ00519283_m1l ThermoFisher
CDA49of UPL Mouse #45 Roche
CD49F Tagman Mouse Mm01333831_m1 ThermoFisher
GAPDH Tagman Human Hs0.758991 g1 ThermoFisher
GAPDH UPL Human #45 Roche
GAPDH Tagman Mouse Mm99999915 g1 ThermoFisher
Krt5 UPL Mouse #22 Roche
Krt8 UPL Mouse #67 Roche
METTL1 Tagman Human Hs01096146_m1 ThermoFisher
Scal UPL Mouse #16 Roche
Vimentin UPL Mouse #109 Roche

Table 11. List of Tagman and UPL probes used for RT-gPCR of human and mouse samples. UPL complementary primers
are listed on table 9 or 10.

6.2. Total RNA extraction

Total RNA was extracted from cells in culture of mouse prostate using Qiazol (Qiagen, 79306).
Briefly, samples were collected in 1ml of Qiazol and incubated for 10 min at room temperature for
ensure cell lysis. Snap frozen tissue was mechanically disrupted as previously described. Then, 200
ul of chloroform (Fisher Chemical, C/4920/15) was added and samples were homogenised by
vortexing and centrifuged for 30 min at 4°C and 11.000 rpm. The aqueous phase was collected,

transferred to a new tube and mixed with an equal volume of isopropanol (Honeywell, 33539) and
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1:10 of 3M sodium acetate. Mixture was incubated for at least 2 h at -80°C and RNA was precipitated
by centrifugation for 30 min at 4°C and 11.000 rpm. RNA pellets were washed, dried, and
resuspended in 40 pl of Nuclease free water (Ambion, AM9932). After quantification, 1 pl of DNAse
| Turbo (Invitrogen, AM2238) was added per every 10 pg of RNA and incubated for 30 min at 37°C
for DNA removal. Then, RNA purification was performed by collection of the aqueous phase after
acid phenol:chloroform (Ambion, AM9722) addition. Then, 3x collected volume of 100% Ethanol
(Emsure 1.00983.251), 1:10 of 3 M of sodium acetate and 0.75 pl of Glycoblue (Invitrogen,
AMO9515) were mixed with the aqueous phase and precipated for 2 h at -80°C or overnight at -20°C.
RNA was centrifuged and pellet was washed with 70% Ethanol. RNA integrity was confirmed by
TBE-agarose gel electrophoresis and quantified with NanoDrop ND-1000.

6.3. tRNA extraction

Total RNA extraction was performed as previously described. After DNAse treatment, RNA was
precipitated and at least 10 g of total RNA was size selected using mirVana miRNA isolation kit
(Invitrogen, AM1561). Following manufacturer’s instruction, fractions enriched in either small
(<200 bp) or large (>200 bp) RNAs were eluted in 30 pl of nuclease-free water (Ambion, AM9932)
using non-sticky 1.5 ml tubes (Invitrogen, AM12450).

6.4. tRNA-seq m’G identification at single nucleotide resolution by high-throughput

sequencing or Bo-seq

tRNAs libraries were prepared from size-selected tRNAs from PC3 WT1 and METTL1 KO1 cells.
Four independent biological replicates per condition were used. m’G modification was detected by
NaBHa-Aniline treatment, using non-treated samples as control conditions. Briefly, tRNAs were de-
aminoacylated by incubation for 30 min at 37°C with a solution containing 1 mM EDTA and 0.1 M
Tris-HCI pH 9. According to 34, at least 5 ug of tRNAs were treated with a solution of 0.2 M Tris-
HCI pH, 0.01 M MgCl, and 0.2 M KCl supplemented with 10 pg of m’GTP (NEB) per 10 ug of
tRNAs and incubated for 5 min at 85°C. Freshly prepared 1 M NaBH, was added to a final
concentration of 0.5 M and samples were then incubated for 30 min on ice. Treated tRNAs were
desalted with Micro Bio-Spin 6 columns (Biorad, 7326221EDU) and ethanol precipitated. To induce
complete B-elimination and cleavage of RNAs at methylated guanines, reduced RNAs were treated
with aniline/acetate/water solution (1:3:7) (Sigma). To ensure phosphorylated 5’ ends and 3 OH
ends of tRNAs, incubation with T4 PNK (NEB, B0210S) was performed followed by heat
inactivation and ethanol precipitation. tRNA libraries were generated using NEXTFLEX Small
RNA-Seq Kit v3 (Bioo Scientific Corp.) for Illumina Platforms, by the Genomic Unit at CIC
bioGUNE. Briefly, 3’adenylated and 5’phosphorylated adapters suitable for Illumina RNA
sequencing were ligated to the small RNA fraction. RNA was reverse-transcribed at 50°C for 1 h

(SuperScript 111 cDNA synthesis kit, Invitrogen), followed by PCR amplification with Phusion DNA
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polymerase (Thermo scientific) and size-selected before sequencing. All samples were multiplexed

and sequenced in HiSeq2500 platform.
6.1. tRNA-seq and m’G-methylation analysis

tRNA sequencing and methylation bioinformatic analysis was performed by collaborator Dr. Sabine
Diettman (Washington University School of Medicine in St. Louis) as follows. Raw sequencing
FASTQ files were trimmed with ‘cutadapt’ of the ‘TGGAATTCTCGGGTGCCAAGG’ adapter
retaining reads with a minimum length of 23 nt. Reads were subsequently trimmed by 4 nt on both
ends following platform recommendations. Reads were aligned to the GRCh38 (hg38) reference
genome using bowtie (bowtie-bio.sourceforge.net) with parameters ‘-m 500 -v 2’, allowing a
maximum of 500 multiple mappings and two mismatches. tRNA genomic coordinates on hg38 were
obtained from the ‘GtRNAdb’ database (gtrnadb.ucsc.edu). Reads on tRNA coordinates were
processed using ‘htseq-count’ from the Python package ‘HTSeq’ (htseq.readthedocs.io) with the *-
samout’ option and counts for individual reads representing tRNA fragments and their multiple
sequence alignments on tRNAs were extracted from the resulting sam files using custom PERL
scripts. Fragments with less than 10 counts over all samples were removed and a pseudo-count of 1
was added. Count data of tRNA fragments, which were shorter than 0.7 of the full tRNA length, was
normalised, and differential abundance of tRNA fragments was evaluated for 3 replicates per
condition or treatment using the R package ‘DESeq2’
(https://bioconductor.org/packages/release/bioc/html/DESeg2.html). To determine fragments that

were specifically up regulated in WT cells that are not treated with NaBH./Aniline, which are
expected to be cleaved at the m’G methylation position, we applied the statistical model in ‘DESeq2’
with ‘design ~ (condition + treated + condition:treated’, where condition represented KO and WT.
To evaluate methylation in miRNA, pri-miRNA coordinates were obtained from miRBase

(www.mirbase.org), reads on pri-miRNA coordinates were extracted using ‘htseq-count’, and the

same statistical model in DESeq2 was applied.
6.2. Quantification of m’G levels by Northdot blot

Total RNA was extracted and size selected as previously described. 10 ng of small (<200 nt) and
large RNAs (>200 nt) were prepared in a final volume of 100 pl with 1:200 dilution of RedSafe
(Intron Biotechnology, 21141). Samples were directly blotted onto 0.2 pm nitrocellulose membranes
(Amersham, GE-10600001) using Milliblot D (Millipore) connected to the vacuum system. Once
dried, membrane was crosslinked twice with 120 mJ/cm? in UV Stratalinker 2400 (Stratagene), then
blocked with 5% BSA in RNA-free PBS-Tween for 1 hour. Primary anti-m’G antibody (MBL,
RNO017M) was prepared in blocking solution and incubated overnight at 4°C followed by 1 h-room
temperature incubation with anti-mouse HRP-conjugated secondary antibodies. Signal was detected

using homemade ECL.
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As loading control, membranes were stained with 0.04% Methylene blue (Sigma) in 0.3 M Sodium
acetate pH 5.2 for 10 min. ECL signal and membrane staining was quantified by densitometry and
ImageJ software. Methylene blue staining intensity was used to normalize X-ray films. For
measuring m’G levels in mouse urine, fresh urine was collected and directly loaded into
nitrocellulose membranes and protocol was performed as previously described. Biological replicates

are indicated for each experiment.
6.3. LC/MS-MS quantification of m’G tRNA levels

Total RNA from PC3 parental, two empty vector controls and two KO clones was extracted and size
selected for tRNA enrichment as previously described. Two technical replicates per cell line were
used. LC/MS-MS analysis was performed in collaboration with Dr. Mark Helm (Institute of
Pharmaceutical and Biomedical Sciences, Germany) similar as described in?,

6.4. tRNA in vitro cleavage assay

For assaying tRNA cleavage in vitro, synthetic 5’Biotinylated-Cys oligonucleotides (IDT) (Table
12) were incubated with extracts from PC3 WT and METTL1 KO cells. Briefly, 0.5 mg of pre-washed
Dynabeads-MyOne-Streptavidin were incubated with 4 ug of 5” biotinylated synthetic tRNAs for 30
min at room temperature for ensuring oligonucleotide binding. In parallel, cells were collected with
lysis buffer (1% NP-40, 25 mM Tris pH 7.4, 30 mM NacCl, 10 mM MgCl; and protease inhibitors),
incubated for 30 min at 4°C and cleared by centrifugation. tRNA-bound-beads were washed twice
and incubated with cell extracts for 1h at 4°C in a rotating wheel, followed by two washes with
washing buffer (10 mM Tris-HCIl pH 7.5, L mM EDTA, 2 M NaCl). Then, cleaved 5’tRNA fragments
were eluted from the beads in TE buffer pH 9.5 for 30 min at room temperature in rotation. tRNA
fragmentation was observed using 1.0 mm 15% polyacrylamide 8M urea-TBE gels and 2100
Bioanalyzer RNA Nanochip (Agilent). For quantification of tRNA fragmentation, the area below the

peaks in the RNA Nanochip profile was calculated and normalise to the tRNA corresponding peak.

Oligonucleotide Coding Sequence (5°-3°)

GGGGGUAUAGCUCAGGGGUAGAGCAUUU
Cys-WT WT cysteine tRNA GACUGCAGAUCAAGAGGUCCCUGGUUCA
AAUCCAGGUGCCCCCC

GGGGGUAUAGCUCAGGGGUAGAGCAUUU
GACUGCAGAUCAAGAGAUCCCUGGUUCA
AAUGGUGCCCCCC

Mutated cysteine

C tRNA at position 46

Table 12. Sequences of the synthetic oligonucleotides used for in vitro assessment of Cys-CGA fragmentation.

6.5. Transcriptomic analysis in PC3 cell lines

RNA was extracted from PC3WT and METTL1 KO cells using NZY Total RNA Isolation according

to the manufacturer’s instructions. The RNA integrity was assessed using Agilent 2100 Bioanalyzer
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(Agilent, Palo Alto, CA). Microarray analysis was performed by Genomic Unit at CIC. Briefly, chip
microarray hybridisations and data were generated with Affymetrix Clariom S Assay Human
(Affymetrix) (>20,000 well-annotated genes), performing labelling and hybridizations according to
Affymetrix. 100 ng of total RNA were amplified and labelled using GeneChip WT Plus reagent kit
(Affymetrix, 902280) and then hybridised to Clariom S human Array (Affymetrix, 902927).
Washing and scanning were performed using GeneChip System of Affymetrix (GeneChip
Hybridization Oven 645, GeneChip Fluidics Station 450 and GeneChip Scanner 7G). For the
analysis, raw data were normalised by robust multiarray analysis (RMA) via the oligo package®**
and subsequently analysed to detect genes differentially expressed between METTL1-KO and WT
cells was performed by Alejandro Paniagua (Universidad de Valencia) using the limma package3#.
Differentially expressed genes in METTL1-KO vs WT with Benjamini—Hochberg corrected P values
< 0.05 were considered significant.

6.6. Northern blotting

Total RNA was extracted from PC3 and DU145 WT and METTL1 KO as previously described. 1.0
mm 15% polyacrylamide 8M urea-TBE gels were homemade and pre-run for minimum for 1 h at
180 V in 1XTBE for ion stabilization. 6 to 10 pg of total RNA were loaded into pre-run gels, run for
1 hat 180 V in 1XTBE, and transferred to a Nylon Hybond-NX membrane (Amersham, RPN203T)
for 1 h at 45 V by wet electrophoresis (Biorad) in 0.5xTBE. Membranes were dried and crosslinked
twice with 120 mJ in UV Stratalinker 2400.

Probe name Purpose Sequence (5°-3)

5°Cys-CGA Northern blot probe TACCCCTGAGCTATACCC
5°Pro Northern blot probe ATACCCCTAGACCAACGAGCC
5°Lys Northern blot probe CCGACTGAGCTAGCCGGGC
5°Ser Northern blot probe ACCGCTCGGCCAGACTAC

Table 13. List of probes used for tRNA fragmentation analysis by Northern blot.

For probe hybridisation, membranes were pre-hybridised at 52°C for 1 h in ULTRAhyb™
Ultrasensitive Hybridization Buffer (Invitrogen, AM8670) or homemade Church & Gilbert
hybridization buffer (7% SDS, 500 mM Na-phosphate buffer, 1% BSA, 1 mM EDTA). 20 pmol of
the single stranded DNA probes listed on Table 13 were radiolabelled at the 5 end by incubating
with 70 uCi of 32P-ATP (Perkin Elmer, BLU002Z250UC) with T4 PNK (NEB, M0201) for 1 h at
37°C. Non-bound radioisotope was removed using Oligo Clean and Concentrator (Zymo Research,
D4061) columns. After denaturalisation for 5 min at 95°C, probes were added to hybridisation buffer
and membranes were incubated overnight in rotation at 55°C. The following day, membranes were
washed once with high stringency buffer (2x SSC, 0.5% SDS) for 30 min at 37°C and once with low
stringency buffer (0.5xSSC and 0.05% SDS) for 20 min at 37°C. Membranes were dried and exposed
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overnight at -80°C with X-ray films. For assaying tRNA fragmentation under stress responses, cells
were treated with 200uM of NaAsO; for two hours, collecting the cells 2 or 8 h after stress induction.
For unravelling the role on angiogenin in tRNA fragmentation, 96 pM of angiogenin inhibitor
N65828 was added 8h before collection. Total tRNAs loading was measured by incubation of urea
gels with RedSafe and used as loading control. Densitometry quantification was performed using

ImageJ software.
7. Mouse lines and in vivo assays
7.1. Ethical statements

All mice were housed at the Animal Research Core Facility at CIC-bioGUNE and at the University
of Salamanca, maintained in ventilated filter cages under specific pathogen free (SPF) conditions
with food and water available ad libitum. All mouse experiments were carried out following the
ethical guidelines established by the Biosafety and Bioethics Committee at CIC bioGUNE (under
protocol P-CBG-CBBA-0715) and at the University of Salamanca (under protocols #269, #5086,
#595) and by the Competent Authority of the Basque Country and Castillay Leon.

7.2. Xenograft generation in immunodeficient mice

Tumour initiating and growth capacity were evaluated by subcutaneous injection of PC3 WT and
METTL1 KO cell lines and DU145 SCR and shMETTL1, respectively. 1x10® DU145 cells and
1.5x10° PC3 cells per condition mixed in a 1:1 proportion with Matrigel were injected in both flanks
of seven-week-old BALB/c Nu/Nu male mice. Doxycycline for shRNA induction in DU145
xenografts was administered in vivo in the food pellets once the tumour started to grow (Research
diets, D1200402). Tumours were measured three times a week and tumour volume was estimated
using the formula volume= length x width?x 0.526. Mice were weighted once a week for monitoring
animal wellbeing. For chemotherapeutic treatments of PC3-xenografts, 15 mg/kg of Docetaxel and
20 mg/kg of Etoposide were intraperitoneally injected weekly for three weeks in randomly selected
animals. The treatment was first administrated when the tumours started to grow exponentially. After
termination, tumours were dissected, weighted and snap frozen in liquid nitrogen for RNA and

protein extraction and fixated with 4% PFA for immunohistochemistry staining.
7.3. Prostate Cancer mouse model deficient for Mettl1 in prostate epithelium

Based on in silico analysis that proved removal of exon 2 of Mettll results in an early truncated
METTL1 protein with no catalytic activity, a conditional mouse model by introducing loxP sites
flanking exon 2 of Mettll was generated (Figure 37A). Briefly, two complementary RNA
oligonucleotides containing the target-specific sequence for guiding Cas9 to exon 2 and the adjacent
intron were designed using the Spanish National Biotechnology Center (CNB)-CSIC web tool
(http://bicinfogp.cnb.csic.es/tools/breakingcas/). These oligos correspond to crRNAs (CRISPR

RNAs) and are listed on Table 14. In addition, the 872 nt single-stranded oligodeoxynucleotides
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(ssODN) containing two LoxP sequences in the same orientation, which flank exon 2, and two single
mutations disrupting the protospacer adjacent motif or PAM sequences, were designed as a template
for homologous recombination. All three oligos together with the tracrRNA (trans-activating
CRISPR RNA) were produced by chemical synthesis by Integrated DNA technologies (IDT). The
crRNA and tracrRNA sequences were annealed to obtain the mature sgRNA. A mixture formed by
30 ng/ul recombinant Cas9 protein (IDT), 20 ng/ul of annealed sgRNA, and 10 ng/ul of ssODN was
microinjected into C57BL6/J zygotes by the transgenic facility of University of Salamanca
(NUCLEUS platform). For identification of edited founders, a PCR amplification that produced an
amplicon of 957 bp for edited alleles was performed. PCR products from founders were subcloned
into pBlueScript (Stratagene) and confirmed by Sanger sequencing. The founders were crossed with
WT C57BL/6 J (produced at NUCLEUS) to eliminate possible unwanted off-targets.

Heterozygous mice were re-sequenced and crossed to give rise to edited heterozygous, and
homozygous and genotyping across generations was performed (primers listed on table ). The
insertion of LoxP sites resulted in an increased of the PCR product of 10 bp. Floxed mice were then
crossed with the previously described model Ptenf™x PbCre’ provided by Pr. Piere Pandolfi,
characterized by a PTEN deletion specific at the prostate epithelium. Decreased Mettl1l expression

was evaluated in the prostate of Pb-Cre x Pten™/1%* x Mettl1"°"* mice by RT-gPCR.

Name Sequence (5°-3°)

rUrATATIGrArGrCrCrArUrGrArUrGrArUrCrCrArArGrurUrUrurA

CrRNA guidel rGrArGrCrUrArurGrCruU

rUrGrGrCrUrUrGrUrUrArGrGrUrArArUrArArGrCrGrururururA
rGrArGrCrUrArurGrCruU

CGGGTAAATAAAAATTTTAAAATATACATAAACAAAGTAGTGCTCCAGT
GCCTTAGGCAGTCAGTCTCTGGGAAAACCTTACACACATCAGTACCCAGA
AGAACTTGGCAGATCTGCAGCCATAGCCTCATGATGGGACTGATTCACAC
CCTAGAAGCCAATAACTTCGTATAATGTATGCTATACGAAGTTATGGGGA
CTTCCCATTACACCTTCTACATACCACATGGTCCCTGCATGCAGAGTTTTT
TTCTAAGCCTACCACCCCACCCCCAACTCTTACACAAAATGTCTGCACTG
GTATGTACAACAGTCTCATGTGTCTCATGTCTTCTTTCTAATAGCCCTGTG
AAGCCAGAGGAAATGGACTGGTCTGAGCTTTACCCAGAGTTCTTTGCTCC
GCTTATTCAAAATAAGAGCCATGATGATCCAAAAGATGAGAAAGAAAAG
CACTCTGGGGCCCAAGTGGAGTTTGCAGACATAGGCTGTGGCTATGGTGG
CTTGTTAGGTAATAAGCTCGCCCTTTTCTTGGGACAGGGAGAGGCCTGGG

TTCTGCCATCTCAGCAGGTTAGAGGCAGGATTAGTTGACCTTTCCTCCTG
GGACCAGACAGCAGTGACATCAGTGTGGAGAGCCTCCACCTTCCTTCTAC
TCTGGGTCATAACTTCGTATAATGTATGCTATACGAAGTTATTGTGGCCTT
TGCCCTGGAGGAGGGAGGGGGCTGCCTCAGATGTATCTGAGAACCCCGG
TTGTTCTGTCTAGCTCCAGTGGCTCCAGTCCCTCCGTGAGCCATTCCACTG
CCTTGTGCTGGGTCAGTGAGCCGGGTCAGCACAAGCGTCAGAGATCAGCT

CCAGTGGCCACTGATCCTGAA
Table 14. Sequences of the oligonucleotides synthetized for the generation of edited Mettl1flo/flox mice,

crRNA guide2

ssODN
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7.4. Prostate dissociation for analysis of prostate cell populations

For characterization of cell populations present in the prostate of Pten/fxxphCrexMettl1** and
Ptenflo¥floxphCrexMetll1 mice, the ventral (V), dorsal (D) and apical (AP) prostate lobes of 5-
month-old mice were dissected. Then, prostate tissue or tumours were dissociated for 1 hour at 37°C
in rotation with DMEM-F12 medium containing 5% FBS and 1x collagenase Type | (ThermoFisher,
17100017) and 1x hyaluronidase (Stem Cell, #07461). After centrifugation, the pellet was incubated
or 1 hour at 37°C with 0.25% trypsin, followed by treatment with 5 mg/ml dispase Il (Sigma, D4693)
and 1 U/ul DNAse (Sigma, DN25) for 30 min at 37°C. Dissociated cells were then filtered through
a 0.45 pm cell strainer and stained for different prostate populations with specific fluorochrome or
biotin-labelled antibodies (Table 15) for 15-30 min in the dark. For visualised biotin-labelled
antibodies, a second incubation of 20 min in the dark was performed with a secondary streptavidine-
eFluor710 labelled antibody. Then, samples were washed, analysed and/or sorted using BD FACS
Aria Il (BD Biosciences). DAPI gating was used to separate viable from dead cells and Linage-
(CD31, Cd45 and Ter119) to separate epithelial and stromal cells from blood and endothelial cells.
CD49f and Scal were used to separate prostate populations: stromal (Scalt'9"CD49f'V), basal
(Sca1Hi9"CD49fH19") and luminal (Sca-°“CD49f). Additionally, each of the previous populations were
sorted with the epithelial marker CD24, and RNA extraction was performed using Total RNA
Purification Plus Kit (NorGen Biotek Corp, 48300) and RT-qPCR was performed as previously

described. FACS analysis was performed using FlowJo software.

12Y Antibody Marker  Dilution Company Reference
CD24-PE-Cy7 Rat CD24 1:100 eBioscience 25-0242-80
CD31-Biotin Rat  Lineage 1:250 eBioscience 13-0311-82

CD45-Biotin Rat  Lineage 1:500 BD Biosciences 15886978
CD49f-PE Rat ITGAG 1:500 eBioscience 12-0495-83
Scal-APC Rat LYG6A/E 1:100 eBioscience 17-59581-82
Streptavidine-eFluor710 Biotin 1:100 eBioscience 49-4317-82
Ter119-Biotin Rat  Lineage 1:100 eBioscience 13-5921-82

Table 15. Primary and secondary antibodies used for flow cytometry sorting of mouse prostate populations. The host
specie, dilution and reference of the product are indicated.

7.5. mRNA expression in PCa mouse model

The transcriptomic analysis in mouse prostate samples was performed in collaboration with Professor
A. Carracedo (CIC bioGUNE) and Dr Tomas DiDomenico (CNIO). Briefly, RNA from four
biological replicates per genotype was extracted from tissues as previously described. Tissues from
Ptenfoflox x PhCre and WT mice at 3 and 6 months of age were collected. RNA concentration and
integrity were evaluated using Qubit RNA HS Assay Kit (Thermo Fisher Scientific, Q32855) and
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Agilent RNA 6000 Nano Chips (Agilent Technologies, 5067-1511), respectively. Sequencing
libraries, which were performed at the Genomics Unit at CIC bioGUNE, were prepared using TruSeq
Stranded Total RNA Human/Mouse/Rat kit (lllumina Inc., RS-122-2201), following TruSeq
Stranded Total RNA Sample Prep-guide (Part # 15031048 Rev. E). 500 ng of total RNA were treated
for rRNA depletion followed by RNA purification and fragmentation. cDNA first strand was
synthesised with SuperScript-1l Reverse Transcriptase (Thermo Fisher Scientific, 18064-014).
cDNA second strand was synthesised with Illumina reagents at 16°C for 1 hour. Then, A-tailing and
adaptor ligation were performed. Finally, enrichment of libraries was achieved by PCR. All samples
were multiplexed and sequenced in HiSeg4000 platform (Illumina).

Sequenced reads were analysed using the nextpresso pipeline®* as follows. Sequencing quality was
checked with FastQC v0.11.7 (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Reads
were aligned to the mouse reference genome GRCm38 with TopHat-2.0.10 using Bowtie 1.0.0 and
SAMtools0.1.19, allowing two mismatches and twenty multihits. Read counts were obtained with
HTSeq-count v0.6.1, using the mouse GRCm38 gene annotation. Differential expression was
performed with DESeq2(6), using a 0.05 FDR. GSEAPreranked 347 was used to perform gene set
enrichment analysis for several gene signatures on a pre-ranked gene list, setting 1000 gene set
permutations. Only those gene sets with significant enrichment levels (FDR g-value < 0.25) were

considered.
8. PCa patient samples

RNA and protein samples from prostate patients were obtained from a collaboration with Dr. Miguel
Unda at Hospital Universitario Basurto (Bilbao). RNA and protein samples from prostate patients
with hyperplasia or developed prostate cancer were obtained upon informed consent and with
evaluation and approval from the corresponding ethics committee (CEIC code OHEUN11-12 and
OHEUN14-14) and described elsewhere3®. Paraffin-embedded prostate samples and data from
patients included in this study were provided by the Biobank Hospital Universitario Puerta de Hierro
Majadahonda (HUPHM)/Instituto de Investigacion Sanitaria Puerta de Hierro-Segovia de Arana
(IDIPHISA) (PT17/0015/0020 in the Spanish National Biobanks Network), they were processed
following standard operating procedures with the appropriate approval of the Ethics and Scientific

Committees.

9. Insilico analysis of gene expression and mutation load data from human prostate tumour

data sets

For analysis of expression levels in different diseases status or recurrence in human prostate tumours,
CANCERTOOL?" was combined with complementary analysis on various data sets36:43:44:46:289.297
The obtained data were pre-processed, background corrected, and log, transformation and quantile

normalization according to?’. Differential expression was computed by means of Z-scores as the
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number of standard deviations of expression of cancerous samples relative to mean of expression in
a reference population (Primary Tumour vs Normal and Metastasis versus Normal). For evaluation
of statistical differences between the diverse groups, ANOVA test was performed. Finally, coherence
was calculated as the percentage of data sets in which the gene is significant out of the number of
data sets in which the gene appears (ANOVA P-value significant value < 0.05). Only genes with
consistent differential expression in at least 3 data sets and 75% of coherence were considered as
significant. Correlation analyses (Pearson’s correlations), data®®43462%7 were retrieved from

CANCERTOOL?7,

For disease-free survival, TCGA®® expression data were organised into deciles. Cox proportional-
hazards model was performed to evaluate the association between survival time of patients and
expression levels of primary tumours. For the analysis of biochemical recurrence free survival of

patient groups from Cambridge and Stockholm cohorts, data were retrieved from camcAPP?1,

Genomic alteration analysis was performed from data from prostate cancer patients from36:44:4549,
The sequence of coding regions of indicated genes of all tumours was compared with genome refence
GRCh38.p11. Percentage of insertions, deletions and mutations of primary tumours and metastatic

patients was computed.
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1 INTRODUCCION

1. Cancer de Préstata

El cancer de prostata (CaP) es el segundo cancer mas cominmente diagnosticado y la principal causa
de muerte por cancer en hombres a nivel mundial®, siendo la edad el principal factor de riesgo de

aparicion de la enfermedad.

La formacion del tumor de préstata comienza con la aparicién de una neoplasia prostatica intraepitelial
caracterizada por la proliferacion de células luminales dentro de los conductos preexistentes’. A
continuacion, la enfermedad progresa hacia el desarrollo de adenocarcinoma in situ, que puede
evolucionar hacia cancer de prostata invasivo, el cual se diferencia por la invasion de la lamina basal
que rodea la glandula. El proceso termina con la aparicion del cancer de préstata metastatico, en el que
el tumor metastatiza primero hacia los nddulos linfaticos y posteriormente a distintos érganos tales como

hueso, higado y pulmones®®.

El tratamiento estandar para pacientes con enfermedad localizada consiste en cirugia o radioterapia. En
el caso de adenocarcinoma localizado, la principal linea de tratamiento es la deprivacién androgénica
(ADT) debido a la alta dependencia de testosterona que presenta la prostata®. Sin embargo, una
deprivacion androgénica continuada resulta con frecuencia en la aparicién de resistencias al tratamiento,
progresando la enfermedad a CaP resistente a la castracion (CRPC)?. Esta fase de la enfermedad se
caracteriza por una baja prognosis, siendo la primera linea de tratamiento el taxano Docetaxel, que

supone una mejora de la supervivencia de tres meses.

Aunque en los Gltimos afios se han desarrollado nuevos tratamientos para mCRPC, tales como
Cabazitaxel o Abiraterone, el efecto en la supervivencia del paciente es muy reducido, lo que resalta la
necesidad de desarrollar nuevos tratamientos?*%. Por ello, recientes estudios gendmicos a gran escala
se han llevado a cabo con el objetivo de entender a mayor profundidad los mecanismos moleculares que
subyacen a la enfermedad. Asi, aungue el CaP se caracteriza por presentar una baja carga mutacional,
mutaciones en PTEN presentan una alta frecuencia, estando relacionadas con tumores agresivos y un
incremento de la metastasis. Asimismo, el 69% de los carcinomas in situ y el 86% de los mMCRPC
presentan alteraciones en PTEN®*, Ademas de alteraciones en algunas rutas esenciales como PI3K y
rutas de reparacion del ADN, los tumores de prostata también estan enriquecidos en alteraciones de
reguladores epigenéticos, tales como modificadores de histonas o remodeladores de cromatina®’. Esto
implica que no solo las alteraciones genéticas juegan un papel clave en la progresién del CaP si no que

alteraciones en la modificacion del ADN también es decisiva.

En resumen, aunque ha habido importantes avances en la investigacion del CaP, su elevada prevalencia,
la alta tasa de desarrollo de resistencia al tratamiento y la gran heterogeneidad intratumoral constituyen

los grandes obstaculos a superar. Por ello, la identificacion de nuevos biomarcadores que permitan un



correcto diagndstico de la enfermedad, asi como el desarrollo de nuevos enfoques terapéuticos son

esenciales para mejorar la calidad de vida de aquellos pacientes con tumores avanzados.
2. Epitranscriptomica

En los dltimos afios, numerosos estudios han resaltado la importancia de mecanismos no mutacionales,
tales como marcas epigéneticas, en el desarrollo y progresion del cancer de prostata (35). La baja carga
mutacional del CaP hace que procesos como la epigenética o la epitranscriptdmica surjan como un nuevo
nivel de regulacion de procesos bioldgicos esenciales y distintos eventos iniciadores de tumores

(revisado en 104-207),

La epitranscriptomica surge como el estudio de los cambios a los que se ve sometido el ARN tras la
trascripcion, bien debido a modificaciones quimicas o a alteraciones en la secuencia (que es lo que se
conoce como edicion del ARN)! En la actualidad, mas de 170 modificaciones de ARN diferentes se
han identificado, estando presentes bien en las cuatro bases del ARN o en el azcar ribosa'®, Esta area
presenta una alta complejidad regulatoria, existiendo enzimas encargadas de la deposicion de estas
modificaciones, conocidas como “writers”. También se han descrito “erasers” 0 proteinas que eliminan
estas modificaciones, y los “readers”'4, que reconocen selectivamente las marcas y se unen al ARN

modificado para desempefiar distintas funciones!®,

Se han detectado modificaciones epitranscriptomicas en todas las especies de ARN, sin embargo, los
ARNs de transferencia o ARNts son los que se encuentran mas extensamente modificados'®. Asi, se
han identificado mas de 90 modificaciones diferentes que decoran alrededor del 20% de los nucle6tidos
que componen un ARNt?%, Los ARNts pueden presentar modificaciones tanto en los dominios
estructurales (bucle D o T, bucle variable o brazo aceptor) o en la zona del anticodédn. Las modificaciones
gue afectan al anticoddn son complejas y regulan la fuerza y especificidad de reconocimiento del codédn
asi como el mantenimiento del marco de lectura y la velocidad de traduccion®4?512%6 por su parte, las
modificaciones que afectan al esqueleto estructural son necesarias para la estabilidad del ARNt y el
plegamiento adecuado’?®, estando su ausencia relacionada con degradacién e inadecuado procesamiento
de la moléculalt®1?1%  Ademas, las modificaciones que decoran la estructura del ARNt estan
emergiendo como reguladores clave de la formacién de fragmentos derivados de ARNt!?, pequefas

moléculas de ARN no codificantes que se producen como producto de la escisién del ARNt!3L,

Inicialmente, estos fragmentos derivados de ARNts se consideraban meros productos de degradacion
sin ninguna funcidn especifica, sin embargo, en los Gltimos afios se ha demostrado que pueden actuar
regulando la expresion génica tanto a nivel transcripcional como traduccional*®3, Existe una compleja
clasificacion en funcién de su tamafrio, la zona de origen dentro del ARNty la causa de su biogénesis'*.
Su formacidn puede producirse de manera constitutiva o bien inducida bajo distintas condiciones, como
el estado de desarrollo, de proliferacién, o bien situaciones de estrés o infeccion viral'*"1%® o bien por la

presencia o ausencia de determinadas modificaciones epitransriptomicas. Asi, algunas modificaciones



como 5-metilcitosine (m°C), queosina (Q) o 2°-O-metilacion (Nm) se han descrito por proteger el ARNt
de la formacion de fragmentos-dependientes de endonucleasas*%%, Por otra parte, otras modificaciones
como la pseudouridilacion mediada por PUS7, se han demostrado que marcan a los ARNts para su

fragmentacion®®L,

Como se ha mencionado anteriormente, se ha visto que estos fragmentos son capaces de regular procesos
biolégicos esenciales como la traduccion de proteinas. Uno de los mecanismos mas recientemente
descritos esta basado en la presencia de fragmentos de ARNt que presentan 4 o 5 residuos de guanina
en el extremo 5’(oligoguanina 5’ terminal or TOG). Fragmentos derivados del 5’ de 35nt y otros de 18
nt de longitud derivados de los ARNts”"? and ARNt® se encuentran dentro de este grupo'®:1¢, La
presencia de estas multiples guaninas en el extremo 5’ terminal les confiere una estructura tridimensional
de horquilla que se ha descrito que interfiere con el ensamblaje del complejo de iniciacién de la
traduccion®®®. Asi, los TOGs causan una inhibicion global de la sintesis de la traduccion desplazando
los factores elF4G/elF4A o PABPC1 de los ARNm activamente traducidos'®:1¢6167 fenémeno que se
ve enriquecido bajo condiciones de estrés.

Asi, bien ya sea por proteger o marcar a los ARNts para su degradacion o bien mediante regulando la
capacidad de reconocimiento de los codones especificos, las modificaciones el ARNts juegan un papel
esencial en el proceso de sintesis proteica, siendo esencial su correcta deposicién para mantener la

proteostasis de la célula.

2.1. METTLA requla la deposicién de m’G

La N-7-metilguanosina (m’G) es una de las modificaciones de ARNts mas comunes en humanos,
observandose también en distintas especies de procariotas, arqueas y eucariotas?®. Su deposicion en
humanos es llevada a cabo por la subunidad catalitica metiltransferasa-1 (METTL1) que act(a junto con
la unidad reguladora WDR4, en la posicion 46 del bucle variable de varias isoformas de ARNts. Este

proceso utiliza S-adenosil-metionina (SAM) como molécula donante del grupo metilo?°°2%°,

A nivel funcional, se ha demostrado que la marca m’G es esencial para mantener la estabilidad de los
ARNts y una 6ptima traduccion de proteinas, ademas de jugar un papel crucial en la capacidad de
autorrenovacion y diferenciacion de células madre embrionarias murinas®9?1%-222, Desde el punto de
vista patologico, la sobreexpresion de METTL1 se ha visto que esta conectada con una mayor
agresividad tumoral en distintos tipos de cancer como sarcoma, pulman, colén, higado, grastrico, vejiga,
esofago y glioma?!1:219-221224-228 '[he manera general, el mecanismo identificado se basa en una reducida
eficiencia de traduccién de aquellos ARNms con mayor dependencia en codones codificados por ARNts
modificados con m’G?%, si bien los procesos moleculares que subyacen a la regulacién tumorigénica
varia entre tumores. Ademas, la inhibicién conjunta de METTL1 junto con la metiltransferasa de ARNts
NSUNZ2 ha demostrado que incrementa la sensibilidad de células HeLa al tratamiento quimioterapéutico

5-fluorouracilo (5FU)?%°. Asi, estos datos sugieren que las metiltransferasas de ARNts y, especialmente



METTL1, desempefian un papel esencial en la iniciacion y progresion tumoral. Si bien, el papel de esta

enzima en el CaP todavia no se ha descrito.

2 OBJETIVOS

Debido a la alta incidencia del cancer de prostata en hombres a nivel mundial junto con la falta de
terapias efectivas para el tratamiento de las fases méas agresivas de la enfermedad, hay una necesidad
acuciante de desarrollar nuevas terapias que mejoren la prognosis y la calidad de vida en estos pacientes.
Basandonos en la baja carga mutacional que presentan los tumores de préstata junto con la evidencia
creciente de la importancia de las modificaciones quimicas del ARN en la regulacion de la capacidad
de proliferacion y supervivencia de las células tumorales, hipotetizamos que las alteraciones
epitranscriptomicas pueden jugar un papel clave en la iniciacién y progresion del CaP, asi como en la

respuesta a tratamientos. Por ello, los objetivos especificos de esta tesis son:

1. Descifrar el epitranscriptoma del CaP para identificar las proteinas modificadoras del ARN que
se encuentran alteradas durante la progresion de la enfermedad, y que asi puedan ser empleados
como potenciales biomarcadores y dianas terape0ticas.

2. Determinar el papel de la modificacion m7G dependiente de METTL1 en la iniciacion y
progresion del CaP mediante la manipulacion genética de la metiltransferasa en distintos
modelos in vitro e in vivo de CaP. Ademas, se persigue evaluar la capacidad tumorigénica de
los modelos deficientes para METTL1 asi como desentrafiar los mecanismos moleculares que
lo gobiernan.

3. Evaluar el potencial terapéutico de la modificacion m’G-dependiente de METTL1 en CaP
mediante la combinacion de la inhibicion de la enzima junto con agentes quimioterape(ticos
tradicionales del CaP, y analizando el efecto de los mismo en la iniciacion y progresion del

tumor en distintos modelos pre-clinicos murinos y humanos.
3 RESULTADOS

1. METTL1 esta sobreexpresado en CaP humano y murino y asociado con una peor

prognosis

Con el fin de identificar alteraciones epitranscriptémicas que pudieran estar relacionadas con la
tumorigénesis del CaP, se realiz6 un andlisis in silico de la expresion génica de 132 proteinas
modificadoras del ARN en colaboracion con el Prof. Arkaitz Carracedo (CIC bioGUNE, Bilbao) y
utilizando el software online CANCERTOOL?", De igual manera, se realiz6 el mismo analisis con
muestras de RNA-seq provenientes del modelo murino del CaP PtenKO' de ratones de tres y seis meses
de edad, representando las fases de PIN y CaP invasivo, respectivamente (Figura 12A). Como resultado,
ambos andlisis identificaron METTL1 como el gen més transcripcionalmente sobreexpresado en CaP

(Figura 12B), siendo esta sobreexpresion mayor durante la progresion de la enfermedad (Figura 12C).



Asimismo, incremento en la expresion de METTLL se correlaciond directamente con una peor prognosis
de la enfermedad y una mayor recurrencia tumoral (Figura 12D,E). Estos datos fueron validados con
muestras de pacientes con CaP invasivo del Hospital de Basurto, observandose niveles mas elevados de

la proteina en muestras tumorales en comparacion con hiperplasias benignas (Figura 14A).

Ademas, se observo una correlacién directa entre la expresion de METTLL1 y la activacion de la ruta
PI3K, sugiriendo una regulacion de la metiltransferasa mediada por esta ruta en algin punto downstream
AKT (Figura 15E-H). La importancia de este resultado radica en que la ruta de PI3K es uno de los
principales drivers del CaP y ademas, su alteracion es la base genética del modelo de raton empleado
durante el estudio. Asi, analisis de proteina, RNA y niveles de metilacion corroboraron un incremento
de los niveles de METTLL1 en las distintas fases de la enfermedad del modelo murino (Figura 16A,B)

demostrando su validez como reflejo de la enfermedad humana.

2. Ladelecion de METTL1 produce la acumulacion de fragmentos derivados de ARNts que
inhiben la sintesis global de proteinas mediante el desplazamiento de los factores del
complejo de inicio de la traduccion

Para descifrar la funcién molecular de METTL1 en CaP, se realiz6 manipulacion genética en las lineas
tumorales de CaP PC3 y DU145 con el objeto de producir una delecién total (knock out o KO) o parcial
(knock down o KD) de la enzima (Figura 20A-H). Estudios previos han descrito que la pérdida de la
marca m’G mediada por METTL1 resulta en una disminucion de la estabilidad del ARNt, lo que conduce
a una menor eficiencia de traduccién de aquellos ARNms enriquecidos en codones que decodificados
por ARNts marcados por m’G210:211.219224231 Parg comprobar si este efecto se recapitulaba en lineas de
CaP, se llevo a cabo secuenciacion de alto rendimiento de librerias de ARNts y analisis por Northern
blot para identificar la abundancia de ARNts maduros. Sin embargo, no se identificaron diferencias entre
las lineas PC3 wild type (WT) y METTL1 KO (Figuras 23A,B), indicando que la delecion de la

metiltransferasa no afecta a la disponibilidad de los ARNts maduros.

Sin embargo, los datos de secuenciacién mostraron una acumulacion de fragmentos derivados de ARNt
en las lineas PC3 METTL1 KO en comparacion con las WT. Asi, se identificaron fragmentos cortos
derivados del extremo 5° (5’ tRFs), y 3 (3’tRFs), mitades de ARNt y fragmentos internos (int-tRFs)
(Figura 23C). Debido al enriquecimiento significativo de fragmentos derivados del extremo 5’ se llevo
a cabo una analisis mas detallado de este tipo de fragmentos, observandose que las células METTL1 KO
presentaban una acumulacion de un tipo especifico caracterizado por presentar un dominio de
oligoguanina en el extremo 5’ denominados como 5°TOG (Figure 23D,E) que entre todos los 5’tRFs
detectados. Estos fragmentos presentaban una longitud de unos 20 a 35 nt y derivaban de la
fragmentacion del ARNt a la altura del anticodon o del bucle D (Figura 23F). Estos resultados se
validaron por Northern Blot, demostrando su formacion en ARNts modificados por METTL1, como

cisteina (Figura 23G). Ademas, se observé que su biogénesis se veia aumenta bajo condiciones de estrés



oxidativo (Figura 24A,C), pero de una manera independiente de la ribonucleasa angiogenina (Figura

24D), previamente descrita por regular la formacion de fragmentos dependientes de estréss1%, °

Los fragmentos de ARNts han sido previamente descritos por producir una inhibicién de la sintesis de
proteina global®3:1°1166 especialmente los 5°TOG, los cuales han sido definidos por producir un
desplazamiento especifico de los factores del complejo de inicio de la traduccién de los ARNm
activamente traducidos'®3%, Para comprobar si este efecto se producia en las células deficientes para
METTLL1 con acumulacion de fragmentos de ARNTts, evaluamos la tasa global de traduccion en células
mediante el analogo de la puromicina O-propargil-puromicina (OP-puro). En consecuencia, se observé
una disminucion de la sintesis de proteinas tanto en células PC3 METTL1 KO (Figura 25A) como
DU145 METTL1 KD (Figura 25B) en comparacion con las WT, indicando que el efecto no es
dependiente de la linea celular y que la falta parcial de la enzima es suficiente para causarlo. Para
comprobar si este resultado era 5’TOG-dependiente, se realizé un pulldown de los ARNm activamente
traducidos y se analizé los factores a los que estaban unidos. Detectando que las células PC3 METTL1-
delecionadas mostraban una reduccion de union de los factores elFAG, PAPBC1, YB1 y elF4E a los
ARNmM activamente traducidos (Figura 25E). Ademas, se comprob6 que la disminucidn de la eficiencia
era mediada por los 5’TOG, ya que la transfeccion de células PC3 WT con 5°TOG sintéticos recapituld
el efecto observado en las lineas METTL1 KO. De igual manera, la transfeccion de una secuencia
complementaria a la de los 5°TOG 0 antiTOG en las células PC3 METTL1 KO rescat6 parcialmente la
unién de los factores (Figura 25G), confirmando que los fragmentos eran los responsables de su

desplazamiento del complejo de traduccion.

3. Lapérdida de la capacidad metiltransferasa de METTL1 en células del CaP produce una

disminucion de la capacidad tumorigénica

A continuacion, se estudié el efecto de la delecion de METTLL en la progresion del CaP. Para ello, se
evalud la capacidad proliferativa en condiciones adherentes y en suspension, asi como in vivo e in vitro.
En consecuencia, se observo una disminucion significativa de la capacidad de proliferacion de las
células deficientes para METTL1 tanto en lineas PC3 como DU145 (Figura 26A,B). Ademas, se detectd
un incremento de la apoptosis, asi como una deficiencia de la capacidad de autorrenovacion mediante
la generacion de esferoides de célula Gnica y ensayos de colonias en soft agar tras la deplecién de la
enzima (Figura 26D,F,G), sugiriendo que la esencialidad de la metiltransferasa en la regulacion de estos
procesos. Notablemente, este efecto se vio recapitulado in vivo mediante la generacion de
xenotransplantes de células PC3 WT y METTL1 KO y DU145 WT y METTL1 KD en ratones
inmunodeficientes. En consecuencia, los tumores formados a partir de células deficientes para METTL1
mostraron un tamafio significativamente menor que aquellos formados con células con expresion de la
enzima (Figure 27A,C). siendo el efecto més evidente en aquellos tumores con delecion completa de
METTL1. Asi, la inhibicion de la metiltransferasa previene tanto la iniciacion como la progresion

tumoral, siendo por tanto una potencial diana terapéutica.



Por otro lado, con el fin de entender el mecanismo molecular por el que METTL1 regula esta capacidad
tumorigénica, generamos mutantes cataliticos en un plasmido que contiene una version marcada de la
enzima (HA-METTL1) mediante mutagénesis dirigida (Figura 28A-C). A continuacién, las lineas PC3
METTL1 KO se infectaron bien con el plasmido que expresa la version wild type (WT) o bien el mutante
catalitico (AFPA), ademas del vector vacio como control de la infeccion (eV) (Figura 28C,F). Asi, se
observé que las células METTL1 KO AFPA recuperaban la expresion de la proteina, pero no su
capacidad metiltransferasa, corroborando la generacion del mutante catalitico. Asimismo, pudimos
confirmar la dependencia de los fenotipos observados en la actividad metiltransferasa de METTL1, ya
que la capacidad proliferativa en condiciones de suspensién y adherencia se rescaté con la expresion
exogena de la version WT, pero no con el mutante catalitico (Figura 28D,E,G,H). Sin embargo, la mayor
novedad supuso demostrar la dependencia de estos mismos fenotipos en los fragmentos 5°TOG
acumulados en ausencia de la enzima. Asi, la transfeccion exdgena de 5" TOGs sintéticos en células
METTL1 WT produjo una disminucién significativa de la capacidad de proliferacion y un incremento
de la apoptosis celular, mientras que la transfeccién de antiTOGs en células METTL1 KO tuvo el efecto
contrario (Figura 281-K). Esto demuestra que la regulacion de la tumorigénesis del CaP mediada por

METTL1 es dependiente de la formacion de estos fragmentos.

4. METTLL regula la traduccion de proteinas involucradas en respuestas a estrés y es

necesaria para un correcto flujo autofagico

Ademas de su papel en inhibir la sintesis global de proteinas, los fragmentos derivados de ARNts
también han sido descritos por fomentar la traduccidn de transcritos especificos. Para comprobar si este
efecto se observaba en nuestros modelos de CaP, se realiz6 un analisis del proteoma naciente utilizando
la capacidad del OP-puro de unirse a proteinas activamente traducidas (Figura 29A). Como resultado,
se obtuvo que las células con deficiencia de METTL1 mostraban una traduccién reducida de proteinas
relacionadas con ciclo celular y proliferacion, pero también una mayor traduccion de proteinas
implicadas en respuestas a estrés (Figure 29B). Ademas, analisis del transcriptoma mostré que los
cambios del proteoma no se correspondian a cambios transcripcionales (Figura 29D), demostrando que
las diferencias observadas se deben a cambios traduccionales. Estos resultados se demostraron mediante

amplificacion de ARNm activamente traducidos aislados mediante polysome profiling (Figura 30).

Por otro lado, se identifico que la inhibicion de METTLL1 producia una acumulacién de agregados de
proteinas en las células PC3 (Figura 31A), lo que sugiere desregulacion de algunos de los mecanismos
implicados en su eliminacién. Si bien no se detectaron alteraciones en la respuesta de proteinas mal
plegadas (UPR, Figura 31B,C), si que se observo un incremento del flujo autofagico en células PC3
METTL1 KO (Figura 32A). Curiosamente, este efecto se vio incrementado ante el tratamiento con CQ,
un inhibidor de la fusion autofagosoma-lisosoma, pero no tras el tratamiento con Rapamicina, un
inductor de la activacion de la autofagia (Figura 32A,B, Figura 33A,B,C). Esto sugiere METTL1 es

necesario para una correcta terminacion de la autofagia y que su ausencia resulta en una acumulacion



de vesiculas autofagicas en el citoplasma de las células. Como consecuencia, las células deficientes para
la metiltransferasa presentan una acumulacion de especies reactivas de oxigeno (ROS) (Figura 34A),
gue a su vez conlleva a una acumulacién a dafio al ADN (Figura 34B,C) en células PC3 y DU145. Esto,
a su vez, se traduce en una menor capacidad de las células METTL1 KO para adaptarse a situacion de
estrés, resultando a hipersensibilidad a estrés oxidativo (Figura 34D,E) y agentes quimioterapéuticos
como Rapamicina, Docetaxel y Etop6sido (Figura 34A-D). Por lo tanto, METTL1 es necesaria para una

correcta respuesta de las células tumorales a situaciones de estrés.

5. Delecion de Mettll en el epitelio prostatico de un modelo murino de CaP disminuye la
capacidad tumorigénica

Para evaluar el efecto de la ausencia de la metiltransferasa en el proceso de formacion del tumor de
préstata en un ambiente in vivo, se generd un modelo con delecion condicional de Mettl1 en el epitelio
prostatico al estar la recombinasa Cre bajo el control del promotor de la probasina (Pb) (Figura 34A).
Mediante el cruce con el modelo de prostata previamente establecido (77), se obtuvo un modelo con
cancer de prostata deficiente en Mettl1 (PtenKOMettl111%)  Ademés de la esperada reduccion en los
niveles de proteina y ARNm de Mettl1, estos ratones exhibieron una disminucién de los niveles de
metilacién de ARNts y, mas interesante, una acumulacion de fragmentos derivados de ARNts
identificados por Northern blot (Figura 36B-E). Asi, el modelo generado recapitula fielmente los efectos

de la delecién de la enzima observados in vitro.

Notablemente, los tumores de prostata delecionados para Mettll mostraron una reduccidn significativa
en tamafio y peso en comparacién con aquellos con expresién de la enzima (Figura 37A,B). Ademas,
los tumores derivados de ratones PtenKO/Mettl 11" mostraban una menor capacidad proliferativa, asi
como un incremento de la apoptosis, del flujo autofagico y del dafio al ADN, tal y como se observaba
en las células (Figura 37C-D). Esto implica que los tumores de prostata con delecion de Mettl1 presentan
la misma acumulacion de marcadores de estrés observados in vitro, lo que sugiere que también
mostraran la misma hipersensibilidad a tratamientos quimioterapéuticos, emergiendo la metiltransferasa

como una potencial diana terapéutica.

Ademas, analisis del porcentaje de las poblaciones celulares que componen las préstatas de ratones
PtenKO y PtenKO/Mettl"™"* mostraron que en ausencia de la enzima la composicion celular de la
préstata se asemejaba en mas medida a una prostata sana (Figura 38), indicando que la inhibicidn de la

enzima reduce significativamente la agresividad del tumor.

6. METTLI regula la respuesta a tratamientos del CaP in vivo y determina la capacidad de

formacion de organoides en un modelo humano pre-clinico

Debido a que la delecion de Mettl1 en prostatas de raton resultd en la activacion de rutas de estrés, asi
como en una acumulacion de estrés genotdxico de manera similar a lo observado in vitro, se evalu6 si

la delecion de la metiltransferasa podria afectar a la respuesta a quimioterapia.



Para ello, se estudié el efecto del tratamiento con los farmacos quimioterapéuticos Docetaxel y
Etoposido en la formacion de xenotransplantes de células de préstata PC3 WT y METTL1 KO. Como
resultado, se obtuvo no solo un menor el crecimiento del tumor si no también una disminucién del
tamano del mismo, efecto que no se observé en los tumores sin tratamiento ni en los tumores de células
METTL1 WT tratados (Figura 39A). Asi, la accion conjunta de la inhibicion de METTL1 junto con el
tratamiento incrementa la efectividad de éste hasta el punto de producir una muerte celular tan alta
(Figura 39C) que disminuye el tamafio tumoral. Esto indica que el doble tratamiento de tumores
agresivos con un inhibidor de METTL1 combinado con tratamientos tradicionales de CaP es una opcion
atractiva para mejorar la respuesta a la terapia.

Ademaés, también se evalud el efecto de la deplecién de METTL1 en un modelo preclinico humano de
organoides derivados de xenotransplantes derivados de pacientes (PDXs), los cuales son modelos
tridimensionales y multicelulares del tumor humano. Asi, mediante infeccion de un plasmido con
expresion inducible de shARNs especificos para METTLL, se generd un modelo con reducida expresion
de la enzima y se evalu6 su capacidad de formacion de organoides. Asi, se vio que, aunque la falta de
la enzima permitia la obtencién de organoides viables, la capacidad de formacién de éstos se veia
disminuida (Figura 40C). Esto confirma el papel esencial de la metiltransferasa para la formacion de

tumores tanto in vitro como in vivo.

4 CONCLUSIONES

En conclusién, nuestros resultados destacan la dependencia que tiene la progresion y supervivencia de
los tumores de préstata en una anormal metilacién de ARNts. Este trabajo esclarece el mecanismo
subyacente al procesamiento de los ARNts que tiene lugar en células tumorales, asi como su conexion

con mecanismos de respuesta a estrés.
Asi, los datos obtenidos durante esta tesis doctoral conducen a las siguientes conclusiones:

. Lametiltransferasa de ARNts METTL1 esta sobreexpresada en CaP, especialmente en tumores
metastaticos, estando los altos niveles de la enzima asociados con una peor prognosis de los
pacientes.

Il.  Lasobreexpresién de METTL1 en CaP es dependiente de la sobreexpresion de PTEN, estando
su transcripcion regulada por la ruta PI3K en algin punto downstream AKT. Este efecto se
refleja en el modelo de ratén de CaP PtenKO.

I1l.  METTL1 metila preferencialmente ARNts en la guanina-7 localizada en la posicion 46 del bucle
variable de aproximadamente el 50% de las distintas isoformas de ARNTts.

IV.  Lapérdidade lamarcam’G dependiente de METTL1 no afecta a la disponibilidad de los ARNts
maduros pero incrementa la acumulacion de fragmentos derivados de ARNTts, particularmente
la biogénesis de 5‘TOG de 30+40 nt de longitud.



VI.

VII.

VIII.

La acumulacion de los fragmentos 5’ TOG altera de manera simultanea el programa traduccional
de las células de prostata asi como inhibe la sintesis global de proteinas mediante el
desplazamiento de los factores del complejo de inicio de la traduccion de los ARNmSs que estan
siendo activamente traducidos.

La delecion de METTLL1 resulta en una disminucion de la capacidad de proliferacion y
autorrenovacion de células del CaP in vitro e in vivo de una manera dependiente de la actividad
metiltransferasa.

La incorporacion exdgena de 5’ TOGs sintéticos recapitula el fenotipo observado tras la delecion
de METTLL.

METTLL se expresa principalmente en células luminales prostéticas y su delecion resulta en una
menor proliferacion tumoral asi como una remodelacion de las poblaciones celulares del tumor
a una composicion mas similar a no-tumoural.

La modificacion m’G de ARNTts dependiente de METTL1 es esencial para una correcta
terminacion de la autofagia, y su pérdida conduce a la acumulacién de agregados de proteinas,
ROS y dafio al ADN que en Ultima instancia resulta en un incremento de la sensibilidad a

condiciones de estrés y a tratamientos tradicionales del CaP tanto in vitro como in vivo.



