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I. INTRODUCTION 

 

1. Cancer. 

1.1. Definition. 

Cancer was reported as the second leading cause of death in 2018 by the World Health 

Organisation (WHO). Nowadays, cancer is responsible for more than 9.96 million deaths 

worldwide every year, affecting the health and economy of people and communities [1]. 

As a result of the improvements in treatment and detection and the decrease in smoking, 

the cancer death rate has fallen for a total decline of 31% since the end of the last century 

[2]. According to the National Cancer Institute, more than 100 types of cancer exist. The 

most frequent causes of cancer death are lung, colorectal, liver, stomach, and breast 

cancers.  

Cancer is defined as the set of diseases that proceeds in multiple phases generating a 

transformation lead by an accumulation of genetic (mutations, copy number), epigenetic 

(CpG methylation, histone modifications), and epitranscriptomic alterations [3,4]. 

Hanahan and Weinberg listed all these alterations that confer the neoplastic 

characteristics in 2000 and extended them in 2011 [5,6]. They are known as the hallmarks 

of cancer (Figure 1). 

• Resisting cell death: Apoptosis and other cell death forms serve as a natural 

barrier to cancer development. They are triggered in response to various 

physiologic stresses that cancer cells experience as DNA damage. Tumour cells 

use various strategies to evade cell death as the loss of proapoptotic tumour 

suppressor genes and elevated levels of antiapoptotic oncogenes. 

• Deregulating cellular energetics: The constant cancer cell proliferation may 

require some glucose metabolism adjustments to produce enough energy. This 

is achieved through the aerobic glycolysis state that can be accentuated under 

hypoxic conditions and increases glycolytic intermediates’ availability required for 

proliferation. 

• Sustaining proliferative signalling: Cancer cell deregulate the cell division and 

growth signals. Homeostasis is altered by changes in stimulation, activation and 

receptors levels, ligands and downstream molecules. Chronic alteration affects 

the tissue architecture and other cell-biological properties. 
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• Evading growth suppressors: Several tumour suppressor genes participate in 

programs that negatively regulate cell growth and proliferation. Cancer cells are 

characterised by shutting down these constriction mechanisms, although a high 

functional redundancy level reinforces them. 

• Avoiding immune destruction: Immune system is able to detect many initiating 

tumours and eradicates them. However, weakly immunogenic cancers escape 

this control and generate solid tumours. 

• Activating invasion and metastasis: Cancer cells harbour alterations in cell-

cell/matrix attachment proteins that allow them to spread from their original sites. 

Metastasis is a sequential process that starts with the local invasion, follows with 

cancer cells circulating through the lymphatic and haematogenous systems and 

end with those cells colonising a distant tissue. 

• Tumour-promoting inflammation: Tumours have an associated inflammatory 

response that enhances tumorigenesis and progression by supplying bioactive 

molecules to the tumour microenvironment. 

• Enabling replicative immortality: Normal cell lineages have barriers that limit 

proliferation thanks to the protection of chromosome ends by telomeres. Once 

telomeres are short enough after several cell growth-and-division cycles, cells 

enter senescence and crisis/apoptosis. Nevertheless, cancer cells can avoid 

telomeres’ erosion, mainly increasing telomerase levels and becoming immortal. 

• Inducing angiogenesis: Tumours generate new vasculature through activation of 

angiogenesis. Tumour expansion requires a high amount of nutrients and oxygen 

and needs to evacuate metabolic wastes and carbon dioxide. Changes in the 

expression of angiogenesis regulators allow maintaining this process 

chronically.  

• Genome instability and mutation: Mutations naturally occur during DNA 

replication, but they are almost always correctly repaired. However, systems that 

detect DNA damage, repair mutations, and protect DNA may be lost during 

tumour progression. Mutation accumulation generates subclones of cells with 

genomic instability and a neoplastic selective advantage. 
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Figure 1. Hallmarks of cancer. Adapted from Hanahan and Weinberg, 2011 [6]. 

 

1.2. Lung cancer. 

Lung cancer is the primary cause of cancer-related deaths and the second in incidence 

(Figure 2A) [1]. 82% of cancer deaths are associated to tobacco smoking, although other 

air carcinogens also increase the risk [2,7]. The over 60 chemical carcinogens in tobacco 

contribute to lung carcinogenesis, activating an inflammatory response, forming DNA 

adducts that will trigger mutations in critical genes, and altering the metabolic processes 

activating carcinogenic pathways [8].  

Lung cancer is mainly diagnosed among people aged 65–74, being 71 years the median 

age of diagnosis (Figure 2B). It is commonly diagnosed at advanced stages, leading to 

a 5-year survival of about 21% (Figure 2C), one of the lowest survival rates after 

pancreas (10%), liver (20%) and oesophagus (20%) cancers [9,10]. Nevertheless, 

mortality for lung cancer has declined in recent years due to improvements in treatment 

and the reduction of cigarette consumption at the population level [2,7].  
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Figure 2. Statistical analysis of cancer incidence in worldwide population. (A) Estimated number 

of cancer deaths in 2020 (GLOBOCAN 2020) [1]. (B) Percent of new cases by age group of lung 

and bronchus cancer between 2013 and 2017 (SEER) [9]. (C) 5-Year relative survival percent 

from 1975-2012 of lung and bronchus cancer (SEER) [9]. 
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The clinical manifestations may include a new cough, recurrent pneumonia in the exact 

anatomic location, shortness of breath (dyspnea), developing pulmonary embolus, 

pneumothoraces, pleural effusions, or pericardial effusions [11]. 

Lung cancer is historically subdivided according to resection specimens in small cell lung 

cancer (SCLC) and non-small cell lung cancer (NSCLC) [7,12]. NSCLC accounts for 

about 85% of lung cancers. The most common NSCLC pathologic subtypes are 

adenocarcinoma (ADC), squamous cell carcinoma (SCC), and large cell carcinoma 

(LCC). Patients with NSCLC have a better survival rate than those with SCLC with a 2-

year survival of about 42% [2,13]. 

In 2015, the World Health Organization actualised the classification according to 

morphology based on immunochemistry and the tumour genetic profile. This new 

classification includes five main groups: Epithelial tumours, mesenchymal tumours, 

lymphohistiocytic tumours, tumours of ectopic origin and metastatic tumours. The new 

classification aims to improve the assignment of a personalised medicine according to 

the assigned tumour type [14]. 

1.2.1. Small cell lung cancer (SCLC). 

SCLC is the most lethal and aggressive subtype of lung cancer, responsible of 200,000 

deaths globally each year. As classified for the World Health Organization, small cell lung 

cancer is an epithelial tumour with neuroendocrine features representing 10-15% of all 

lung tumours. According to Siegel et al. 2021, 2-year relative survival for small cell lung 

cancer remains about 14% [2]. In 95% of the cases, SCLC is strongly associated with 

tobacco smoke habit [15]. 

Histopathologically, SCLC consists of small round to fusiform cells with scant cytoplasm, 

poorly defined cell borders, finely dispersed granular nuclear chromatin, and nuclear 

moulding with absent or inconspicuous nucleoli. Necrosis is usually extensive, and the 

mitotic rate is high, with about 60 mitoses per 2 mm2. Genetically, SCLC is one of the 

most mutated cancers being the mutation rate highly associated with smoking and 

presenting a characteristic tobacco carcinogen-associated molecular signature. Early 

TP53 (80–90%) and RB1 (60–90%) inactivating mutations are molecular hallmarks of 

SCLC [14-17]. In brief, p53 protein—known as the guardian of the genome—induces cell 

cycle arrest, apoptosis, senescence, DNA repair, or changes in metabolism; and RB 

protein negatively regulates the cell cycle [18-20]. 
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SCLC is a highly aggressive and fast-growing malignancy with a remarkable poor 

prognosis. It easily spreads through lymph nodes to the body, and over 60% of SCLC 

patients present metastasis when cancer is diagnosed. This tumour type frequently 

metastasises to the brain, liver, adrenal glands, and bone [21].  

Symptoms of SCLC, as symptoms in all lung tumours, include coughing (sometimes 

coughing up blood), dyspnoea, wheezing or post-obstructive pneumonia. Also, if the 

tumour has extended, patients can present vocal hoarseness, chest or throat pain, or 

dysphagia. Paraneoplastic syndromes are more frequently documented in SCLC than in 

other histological types of lung cancer. The tumour at presentation tends to be large, 

often lobulated, and show an advanced stage because of the rapid growth compared 

with NSCLC tumours. The tumour mass is usually located in the perihilar region as the 

central part of the major airways is the most exposed to tobacco smoke and its genotoxic 

effects, and it is usually detected in chest imaging.  

Although the first-line therapy is very effective in almost all cases, the tumour will broadly 

recur within 1 or 2 years. Relapsed patients can be divided into having chemotherapy-

sensitive or chemotherapy-refractory diseases. The sensitive cases response to first-line 

chemotherapy is maintained for at least 2 to 3 months after completion of therapy, and 

are more prone to respond to second-line chemotherapy. The refractory relapse is 

extremely chemoresistant (response rates under 10% with single-agent chemotherapy) 

what causes disease progression during initial therapy or within 3 months after its 

completion. Therefore, refractory cases have shorter median survival than sensitive 

relapse [22,23]. However, this scenario is improving with the emergence of the 

immunotherapy. 

Historically, SCLC is divided into two stages, limited (LD-SCLC) or extensive (ED-SCLC), 

in order to assign the treatment. Limited disease patients have the tumour mass confined 

to one hemithorax and associated regional lymph nodes. Meanwhile, extensive disease 

patients present the tumour mass outside the previous limits and include patients with 

malignant pericardial and pleural effusion. Nowadays, tumour-node-metastasis (TNM) 

classification is preferred because it distinguishes between different prognostic groups, 

previowsly grouped as limited disease. The TNM gives information about the primary 

tumour (T), the nearest lymph nodes (N), and metastasis (M) [11,22,24]. T is subdivided 

into four groups (1, 2, 3 and 4) depending on the tumour size, the lung invasion and the 

presence of atelectasis or obstructive pneumonitis. N is subdivided into four groups, N0 

means no regional lymph node metastasis, and N1, 2 and 3 indicate an increasing 
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spreading of pulmonary lymph node metastasis. Finally, M indicates the absence (M0) 

or the presence (M1) of distant metastasis (Table 1). The TNM classification is grouped 

in the following TNM staging system that serves as a guide for the treatment election:  

• TNM stage I: Few patients are detected at this stage; for that reason, clinical trials 

cannot be conclusive with the best treatment strategy. The application of surgery 

and fractioned radiotherapy administration is controversial. There are favourable 

data for stereotactic ablative radiotherapy. Cisplatin-etoposide chemotherapy is 

used as an adjuvant. 

• TNM stage I-III: Cancer has spread through the lungs and regional lymph nodes, 

but dissemination to distant organs is not detected. The treatment depends on 

the size of the primary tumour and the status of the patient. Chemotherapy and 

radiotherapy are the usual treatment choice. 

• TNM stage IV: Patients with metastatic disease are treated with chemotherapy 

and more recently, with immune checkpoint inhibitors (ICI). Prophylactic cranial 

irradiation (PCI) is recommended in patients without central nervous system 

(CNS) metastasis [25]. 

• Recurrent disease: Great majority of patients relapse within six months after 

concluding the initial treatment [26,27]. The response rate (RR) of oral topotecan 

is 6–17% [28]. Regular monitoring is crucial in order to detect recurrence as soon 

as possible. Unfortunately, the response to second-line chemotherapy is poor. 

Despite this action plan, SCLC treatment was maintained invariably until the last years. 

First-line chemotherapy has been based on the combination of etoposide with a 

platinum-based agent (cisplatin or carboplatin) and second-line chemotherapy using the 

topoisomerase I inhibitor topotecan [24]. Nowadays, increasing clinical trials are trying to 

establish new therapies and combinations to increase overall survival (OS) substantially. 

Research is focus on the identification of molecular biomarkers and ICIs. On the one 

hand, lots of studies tried to develop new therapeutic options based on targeting the 

vascular system, transcription and epigenetic factors, errant signal cascades, specific 

surface markers, and anti-apoptotic markers. Although, some of them increased the 

progression-free survival (PFS), but there were no benefits in OS or shown increased 

toxicity [29,30]. On the other hand, the use of ICIs therapies based on anti-PD-L1 

(programmed death-ligand 1), anti-PD-1 (programmed cell death protein 1) and anti-

CTLA-4 (cytotoxic T-lymphocyte-associated protein 4) monoclonal antibodies has been 
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a revolution in the treatment of aggressive tumour types including melanoma and lung 

cancer, particularly NSCLC [10]. Blocking of immune checkpoint molecules can stimulate 

the reactivation of cytotoxic T cell immunity. In SCLC, the US Food and Drug 

Administration (FDA) approved in 2020 the use of the atezolizumab (anti-PD-L1) in 

combination with chemotherapy to treat extensive-stage disease [31]. Additionally, 

durvalumab (anti-PD-L1) plus platinum-etoposide has improved OS in patients with 

extensive-stage SCLC [26,32]. However, these novel treatments have slightly improved 

progression-free survival and overall survival in SCLC [31-33]. 

 

Table 1. TNM staging system. The TNM system and its associated median survival considering 

optimal chemoradiation or chemotherapy [15]. 

  

Stage Tumour Node Metastasis 
Median 

survival 

Ia 
T1a N0 M0 

60 months 
T1b N0 M0 

Ib T2a N0 M0 43 months 

IIa 

T1a N1 M0 

34 months 
T1b N1 M0 

T2a N1 M0 

T2b N0 M0 

IIb 
T2b N1 M0 

18 months 
T3 N0 M0 

IIIa 

T1 N2 M0 

14 months 

T2 N2 M0 

T3 N1 M0 

T3 N2 M0 

T4 N0 M0 

T4 N1 M0 

IIIb 

T4 N2 M0 

10 months 

T1 N3 M0 

T2 N3 M0 

T3 N3 M0 

T4 N3 M0 

IV T Any N Any M1 6 months 
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Nowadays, expectations are focus on a novel molecular classification of SCLC as it 

would provide new targetable biomarkers to treat patients, but a better understanding of 

their biology is still needed to successfully translate the molecular findings in benefit of 

patients [34-36]. The molecular classification proposed by Rudin et al. 2020 is mainly 

based on the expression pattern of the four genes: achaete-scute homolog 1 (ASCL1), 

neurogenic differentiation factor 1 (NEUROD1), POU domain class 2 homeobox 3 

(POU2F3) and yes-associated protein 1 (YAP1) [34]. The four subtypes have been called 

SCLC-A, SCLC-N, SCLC-P and SCLC-Y, respectively. SCLC-A and SCLC-N are 

considered neuroendocrine (NE) subtypes as ASCL1 and NEUROD1 are neuronal 

transcription factors, even though SCLC-A express more NE makers than SCLC-N 

[34,37]. Meanwhile, SCLC-P and SCLC-Y have a non-neuroendocrine profile, showing a 

low dependence on ASCL1 and NEUROD1. However, SCLC-Y is the less characterised, 

and it is not clear if YAP1 drives the phenotype. Thus, Gay et al. 2021 have proposed a 

SCLC-I subtype characterised by low expression of ASCL1, NEUROD1 and POU2F3, 

and an inflamed gene signature [38]. 

2. Epitranscriptomics. 

Although RNA modifications were detected for the first time in 1951, it was not until 2012 

that the term epitranscriptomics was coined to describe this field of study [39,40]. RNA 

modifications are inserted in transcripts derived from both coding (messenger RNAs, 

mRNAs) and non-coding (transfer RNAs, tRNAs; ribosomal RNAs, rRNAs; small nuclear 

RNAs, snRNAs; microRNAs, miRNAs) and long non-coding RNAs (lncRNAs)) genes [3]. 

The development of new sequencing methods and highly sensitive mass spectrometry 

technologies for gaining insight in detection, mapping and quantification of these 

modifications has boosted the epitranscriptome information in the last years. 

RNA modification knowledge is expanding in parallel with detection techniques 

development. The most abundant modifications are 5-methylcytidine (m5C), N6-

methyladenosine (m6A), N6-2′-O-dimethyladenosine (m6Am), pseudouridine (Ψ), 1-

methyladenosine (m1A), 5-hydroxymethylcytidine (hm5C) and inosine (I), which are the 

best characterised and the ones that have the more advanced detection techniques. At 

the beginning, approaches only identified modified ribonucleosides based on their 

physicochemical properties. These techniques include two-dimensional thin-layer 

chromatography and capillary electrophoresis. They are laborious and time-consuming, 

use radioactive labelling, and are semiquantitative [41-43]. After, liquid chromatography-

coupled mass spectrometry (LC-MS) allowed identification and quantification of multiple 



 

12 
 

modified ribonucleosides in less time than previous techniques [44-46]. Unfortunately, 

LC-MS does not provide information about the location of the modification in the 

transcript and the transcript itself. Transfer RNAs have been the best-characterised 

mainly due to their abundance and short sequence [47]. Next generation sequencing 

technologies provide the tools to accurately map some modified nucleosides [40,48,49]. 

These techniques include RNA immunoprecipitation sequencing (RIP-Seq), RNA 

chemical treatment before sequencing (CHEM-seq), RNA mismatch signatures 

produced during the conversion of RNA to cDNA by reverse transcriptase, methylated 

RNA immunoprecipitation sequencing (MeRIP-Seq), and individual-nucleotide resolution 

Cross-Linking and ImmunoPrecipitation (iCLIP) [50,51]. Inconveniently, some of them are 

not suitable for transcriptome-wide sequencing of the modifications as they are lost in 

the RNA to cDNA conversion for sequencing [52]. Third Revolution in Sequencing 

technology eliminates all these flaws, mapping the (epi)transcriptome of full-length reads 

[53-56]. Single-molecule real-time sequencing (SMRT) was the first of these 

technologies, although labour-intensive and expensive [40]. Oxford Nanopore 

Technologies emerges as a promising technology as it enables direct native RNA 

sequencing. Nevertheless, there is still a long way to go to facilitate the analysis of the 

complex raw data generated with these technologies.  

Until now, more than 160 modifications have been identified through the three domains 

of life (Archaea, Bacteria, and Eukarya) (Figure 3) [57,58]. These modifications are 

added to ribonucleotide residues on the purine/pyrimidine ring or ribose, and a significant 

number of enzymes regulates their dynamic. The identification of these enzymes in 

charge of inserting (writers), detecting (readers) and removing (erasers) all these 

modifications is nowadays a field of extensive research. The role of these modifications 

ranges from provide stability, to be involved in export, maturation, splicing, folding and 

function of the RNA; however, there are still many gaps to fill.  

Transfer RNAs show the highest density of modifications, with an average of 76 

nucleotides and 13 modifications per molecule [59,60]; although, mitochondrial tRNAs 

are generally modified to a lesser extent, containing an average of 5 modifications per 

molecule [61]. During different maturation steps, modifications are anchored to tRNAs, 

allowing the correct folding of their secondary and tertiary structures through correct 

base-pairing, codon recognition and binding. These ensure translation fidelity, structural 

stability, and integrity, allowing the global protein synthesis rate control [59,62]. 
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Figure 3. RNA modifications identified in the three domains of life. Some modifications are 

present in more than one domain. Adapted from Lorenz 2017 [63]. 

 

 

2.1. Transfer RNAs. 

tRNA plays a fundamental role in protein biosynthesis as an adaptor molecule acting as 

a biological link between mRNA and protein sequences on the ribosome during the 

translation process [59,64]. Apart from this role, tRNA fragments regulate protein 

synthesis during stress situations, gene silencing and signalling [65]. For the decoding of 

the 21 amino acids, the human genome harbours about 429 high confidence cytoplasmic 

tRNA encoding genes, and 22 mitochondrial tRNA species, which are often tissue-

specifically expressed [66,67].  
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2.1.1. tRNA transcription and processing. 

Genes that codify tRNAs show an extreme evolutionary conservation as their sequence 

reflects the secondary structure of the gene product [59]. In eukaryotes, RNA polymerase 

III transcribes several small non-coding genes as tRNAs in the nucleus [68], and 

mitochondrial tRNAs are transcribed by the complex composed of TFB2M, TFAM and 

POLRMT [69].  

Three deeply interrelated and coordinated processes are responsible to generate mature 

tRNAs in eukaryotes. On the one hand, the tRNA sequence folds in the cloverleaf 

secondary structure that is further folded to the three‐dimension L-shape structure 

(Figure 4). L-shape is needed for the tRNA to fit onto the ribosome. tRNA architecture 

is organised in five functional arms or loops stabilised by Watson-Crick base pairing. The 

anticodon arm contains the three nucleosides that pair with the mRNA codon in the 

ribosome, whereas the acceptor stem is where the aminoacyl synthase charges the 

corresponding amino acid. The T-loop contains a conserved TψC sequence and serves 

in the ribosome:tRNA interaction, the D-loop charges dihydrouridines, and the variable 

arm length differs in each tRNA [63,70]. However, there are some mitochondrial RNAs 

structures that differ from the canonical one [71-73]. In these mt-tRNAs, structure stability 

seems to lay into RNA modifications [74,75]. Concomitantly, chemical modifications are 

incorporated into the structure and lead to folding and stabilisation [76].  

Once correctly folded, the pre-tRNAs undergo 5′ and 3′ end processing by RNase P (mt-

RNase P in mitochondria) complex and ELAC2, respectively, and TRNT1 polymerises 

CCA to the processed 3′ end. If needed, the TSEN complex splits the intron part, and 

the tRNA-splicing ligase complex joins the ends (Figure 5) [70,77]. Then mature nuclear-

synthesised tRNA is bond to RAN:GTP, and the complex interacts with the nuclear 

export receptor XPOT that translocate the tRNA to the cytosol through the nuclear pore 

[70]. Once on cytoplasm, more epitranscriptomic modifications are attached to the tRNA 

conferring the need characteristics to accomplish their function. 
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Figure 4. Transfer RNA structure. (A) Cloverleaf secondary structure of tRNA. (B) Three‐

dimension L-shape structure of tRNA with the interactions between the arms represented with a 

black dashed line. The acceptor stem is represented in green, the T-loop is yellow, the D-loop is 

orange, the variable arm is blue, and the anticodon arm is red. 
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2.1.2. tRNA aminoacylation. 

In the cytoplasm or mitochondria, mature tRNAs are attached to the appropriate amino 

acid through an aminoacylation reaction. Aminoacyl-tRNA synthetases (aaRSs) catalyse 

the covalent pairing. In eukaryote, there are one aaRS for each amino acid (except 

selenocysteine that follows an indirect aminoacylation pathway), and they can act in the 

cytoplasm, the mitochondria, or in both locations. Firstly, the aaRS incorporates its 

corresponding amino acid and an ATP molecule and forms a complex releasing 

pyrophosphate in a process named amino acid activation. Next, the specific tRNA binds 

to the complex and forms a covalent bond with the amino acid releasing AMP, and the 

amino acid is covalently incorporated into the ribose of the terminal adenosine of the 

CCA sequence at the 3’ end. Finally, the charged tRNA detaches from the aaRS (Figure 

6) [78-80].  

As previously described, there are more tRNA genes than codons, meaning that various 

tRNAs exist for the same anticodon, and they are named “isodecoders” [59]. AaRs has 

a high specificity for their substrates, and tRNAs isodecoders have recognition 

sequences called identity elements. The main identity element is the anticodon, but other 

specific nucleotides provide structural characteristics for aaRS recognition [80-82]. 

2.1.3. Translation. 

Once the tRNA is aminoacylated, it can perform its role in translation. The translation 

process of decoding the mRNA sequence in the ribosome into protein is divided in 

initiation, elongation, and termination [81,83].  

Firstly, the initiation process is led by eukaryotic translation initiation factors (eIFs) that 

incorporates the initiation tRNA that carries a methionine (itRNAMet) at the AUG codon.  

The elongation process is carried out by the eukaryotic translation elongation factors 

(eEFs). The ribosome, eEFs and tRNA have various mechanisms to maximise the 

decoding accuracy, ensuring the correct codon-anticodon pairing.  

A stop codon (UAA, UAG, or UGA in universal code) marks the end of the polypeptide 

chain’s elongation. In mammals only the tRNA selenocysteine complements the UGA 

codon in certain circumstances, but all three codons are considered termination signals 

in the universal code. When one of these codons is present, the polypeptide chain 

release factor 1 (eRF1) is incorporated in the ribosome, liberates the polypeptide chain 

into the cytoplasm, and then, the mRNA-tRNA-ribosomal complex is dissociated. 
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2.1.4. tRNA modifications. 

Although a significant amount of tRNA modifications were discovered many years ago, 

the enzymatic machinery behind is still being identified [60,84]. These are modifications 

present in almost all tRNAs and others tRNA-specific [85]. Cytoplasmic and mitochondrial 

tRNAs can also show different modification patterns; for example, mammalian mt-

tRNASer(GCU) lacks the complete D-arm and, hence lacks the characteristic dihydrouridine 

[86,87]. Moreover, environmental factors regulate the presence of some modifications 

that allow the cellular readjustment to a stress situation and promote the translation of 

specific transcripts [88-90]. 

tRNA modification location in the structure, stage of anchorage and chemical group 

properties will determine their function [91]. Modifications can be divided into two groups 

depending on its position through the L-shape structure, modifications in the tRNA body 

and modifications found in the anticodon‐loop region. Modifications in the body usually 

play a structural and stabiliser role, helping to form the correct base-pairings and bending 

until the final shape [85,92]. On the other hand, the anticodon‐loop region is a hotspot of 

highly diverse modifications. They can also be involved in tRNA structure; but they have 

particular relevance in translation, including accurate mRNA decoding, codon-anticodon 

pairing, reading frame maintenance, affinity for the ribosome and translation efficiency 

[93-95].  

The great majority of modifications are found at positions 34 and 37 in the anticodon 

stem-loop. Francis Crick’s Wobble hypothesis states that some tRNA can interact in a 

noncanonical base-pairing manner at position 34 with the third codon base [96]. Wobble 

position expands the initially proposed anticodon:codon pairing of the Universal Genetic 

Code [97]. A significant proportion of the cytosolic tRNAs have the position 34 modified, 

and some of them are conserved throughout all kingdoms of life [62,97]. Modifications at 

wobble position enhance, expand or contract the number of codons that anticodons 

recognise [98]. In eukaryotes, U in the wobble position of the mRNA can be decoded by 

A, G or I at position 34, and G34 or I34 can decode C in the mRNA. Meanwhile, A and 

G are only decoded by U and C, respectively [81,99,100]. It has been reported that the 

modification state at this position is sensitive to stress, operating as a detector of 

changes in the environment that stimulate the translation of particular codons present in 

mRNA transcripts of stress‐response proteins [101].  
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Base 37 is also called the extended anticodon as it acts as a support for the anticodon 

presentation [102,103]. There have been proposed several roles for modifications in this 

position. Chemically, it has been described how tRNA anticodon structure is modulated 

by avoiding illicit intermolecular base-pairing and providing energetic stability and 

accuracy to the chemical bond between codon and anticodon [82,104]. This translates 

into a more stable interaction with the mRNA, increased efficiency in translation, 

prevention of frameshifting, and better tRNA recycling [97].  

The so-called “circuits” refers to the dependence of some modifications on the previous 

presence of other ones establishing an order of introduction. This phenomenon has been 

well described in the anticodon‐loop region. It has been hypothesised that those primary 

modifications can act as a recognition target or induce the folding in a recognisable 

structure for the subsequent modification enzyme or can avoid illicit base pairings 

maintaining the canonical anticodon‐loop folding [105].  

2.1.4.1. tRNA modification enzymes. 

The tRNA modification enzymes can form macromolecular complexes to perform their 

function or act as a single protein (Table 2) [95]. They chemically alter the nucleotides 

through reactions of isomerization (pseudouridine formation), group addition (methyl‐, 

formyl‐, acetyl‐, or more prominent groups such as isopentenyl‐ or threonyl carbamoyl 

groups) and group exchange (adenosine deamination into inosine) [43,89].  

Transfer RNA modifiers require a specific tRNA architecture and sequence to incorporate 

the modification at the appropriate tRNA maturation stage. For instance, some enzymes 

require the presence, and others the removal, of the intron. The enzymes can base their 

specificity on the chemical nature of the target nucleoside, the location of the correct 

nucleoside, or the tRNA identity [89]. 

Table 2. Transfer RNA modifications. Functions of the modification and location where it is 

introduced are also described. 

 
Modification* Enzyme Role Localization Ref. 

G0 THG1L tRNAHis 

maturation. 

Translation 

fidelity. 

Cytoplasm, 

mitochondria 

[106-108] 

m5G0 BCDIN3D tRNAHis stability. Cytoplasm [109] 

m1G9 TRMT10A  Nucleus (nucleolus) [110,111] 

m1A9 TRMT10B  Nucleus [111] 
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m1A/G9 TRMT10C, 

HSD17B10 

tRNA structure. Mitochondria [74,112,113] 

Ψ13 PUS7   [114] 

acp3U20, 

acp3D20a 

DTWD1, 

DTWD2 

  [115] 

D20/a DUS2  Nucleus, cytoplasm [116-118] 

m2
2G26 TRMT1, 

TRMT1L 

tRNA structure. Nucleus [119-121] 

Ψ28 PUS1  Cytoplasm, 

mitochondria 

[122] 

m3C32 METTL2A, 

METTL2B, 

DALRD3 

  [123,124] 

m3C32 METTL6  Cytoplasm, 

mitochondria 

[123,125] 

Ym32 FTSJ1, 

WDR6 

  [126,127] 

m5C34 NSUN2 tRNA stability. Nucleus [128-131] 

m5C34 NSUN3 Codon recognition 

and translation. 

Mitochondria [132-135] 

hm5C34 TET2  Nucleus [136] 

hm5C34 

f5C34 

ALKBH1 Expand codon 

recognition. 

Nucleus, 

mitochondria 

[131,133,134,137] 

hm5Cm34 

f5Cm34  

FTSJ1  Cytoplasm [126,131] 

cm5U34 ELP1-6 Translation 

efficacy. 

 [138-141] 

mcm5U34 

(S)-

mchm5U34 

ALKBH8, 

TRMT112 

TRMT9B, 

TRMT112 

Efficiency of UGA 

decoding. 

Cytoplasm [140,142-150] 

mcm5s2U34 CTU1, 

CTU2, 

URM1, 

MOCS3, 

ATPBD3, 

NFS1 

Translation 

efficacy. 

Nucleolar, 

cytoplasmic, 

mitochondria 

[140,151-154] 

τm5U34 MTO1, 

GTPBP3 

Ribosome 

progression. 

Mitochondria [155-157] 

τm5s2U34 TRMU  Mitochondria [156,158,159] 

Nm34 FTSJ1, 

WDR6 

  [126,127] 

Cm34 SNORD97, 

SNORD133 

Prevent 

angiogenin-

mediated 

cleavage. 

 [160] 

I34 ADAT2, 

ADAT3 

Modulate the 

pairing capacity of 

A34 containing 

codons. 

Nucleus [161,162] 
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Q34 QRTR1, 

QRTR2 

Decoding.  

Circuit (m5C38). 

Prevent 

angiogenin-

mediated 

cleavage and 

frameshifting. 

Efficient 

translation. 

 

Cytoplasm, 

mitochondria 

[163-167] 

i6A37 TRIT1 Codon-anticodon 

interaction. 

Circuit (m3C32). 

Cytoplasm, 

mitochondria 

[104,168-170] 

ms2i6A37 CDK5RAP1 Decoding fidelity. Mitochondria [171-173] 

t6A37 YRDC, 

KEOPS 

complex 

(GON7, 

LAGE3, 

OSGEP, 

TP53RK, 

TPRKB) 

Translation 

regulation. 

Circuit (m3C32). 

Mitochondria [174-177] 

m6t6A37 TRMO   [178] 

ms2t6A37 CDKAL1 Decoding AAG 

and AAA codons. 

Codon-anticodon 

interaction. 

Cytoplasm [179-182] 

m1G37 TRMT5 Diminished 

paucity at G37. 

Mitochondria [183-187] 

imG-14 37 TYW1   [184] 

yW-86 37 TRMT12 Ribosome 

frameshift. 

Cytoplasm [184,187] 

yW-72 37 TYW3   [184] 

OHyW*37 TYW5   [184,187] 

OHyW37 TYW4   [184] 

I37 ADAT1  Nuclear [188] 

m5C38 TRDMT1  Cytoplasm [189] 

Ψ39 PUS3 Frameshift 

efficiency. 

 [190-192] 

m7G46 METTL1, 

WDR4 

Ribosome 

progression. 

Nuclear [193-195] 

m5C48, 

m5C49, 

m5C50 

NSUN2 Preventing 

angiogenin-

mediated 

cleavage. 

Cytoplasm, 

mitochondria 

[129,130,135,196] 

m5U54 TRMT2A, 

TRMT2B 

 Nucleus, 

mitochondria 

[197,198] 

Ψ55 TRUB1  Nucleus [199,200] 

Ψ55 TRUB2  Mitochondria [61,200,201] 

Ψ54, Ψ55 PUS10  Cytoplasm [200,202,203] 
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m1A58 TRMT6, 

TRMT61A 

 Nucleus [204] 

m1A58 TRMT61B Circuit (enhances 

TRUB2). 

Mitochondria [200,205] 

m5C72 NSUN6  Cytoplasm [206] 

*The modification added by the enzymes is highlighted in bold. 

2.1.4.2. TRIT1. 

TRIT1 gene encodes the enzyme tRNA-isopentenyltransferase-1 that transfers an 

isopentenyl group from a dimethylallyl pyrophosphate (DMAPP) to form the N6‐

isopentenyladenosine (i6A) at position 37 of some cytoplasmic and mitochondrial tRNAs 

in humans [93,168]. DMAPP that donate the isopentenyl chain is an intermediate of the 

mevalonate pathway [207].  

Transfer RNA isopentenyltransferases are conserved through evolution; they are 

present in Bacteria and Eukarya [208]. Homologous tRNA isopentenyl transferase 

enzymes have been identified in bacteria (MiaA), yeast (Mod5 in Saccharomyces 

cerevisiae, tit1 in Schizosaccharomyces pombe), plants (IPT2 in Arabidopsis thaliana), 

roundworm (GRO-1), and mammals (TRIT1) [209]. The first to be identified was Mod5 in 

tRNASer from S. cerevisiae in 1966 [210]. 

Human TRIT1 gene was cloned in 2000. Golovko A et al. inferred the TRIT1 sequence 

considering the conserved regions in known tRNA isopentenyl transferases such as 

Mod5 of S. cerevisiae (53% of protein homology) and MiaA of E. coli (47% of protein 

homology) [168]. They expressed the putative cDNA on a S. cerevisiae deficient in Mod5, 

and the modification was restored into the tRNAs [168]. Multiple alternative splicing 

isoforms of TRIT1 are expressed, but only the full-length mRNA isoform is biochemically 

active [211]. 

Transfer RNAs modified by TRIT1 in humans are cytoplasmic (cy) tRNA[Ser]Sec and 

tRNASer(HGA), and mitochondrial (mt) tRNACys(GCA), tRNATyr(GUA), tRNATrp, tRNASer(UGA), and 

tRNAPhe(GAA) (Figure 7) [61,104,170,212,213]. The determinants that predispose for TRIT1 

modification in these tRNAs remain to be elucidated. Although, the relevance of the A36-

A37-A38 recognition sequence has been described, not all tRNAs with this sequence 

are modified; therefore, other anticodon stem-loop determinants should be critical for the 

addition of the isopentenyl group by TRIT1 [170]. 

N6‐isopentenyladenosine modification can be further modified in 2-methylthio-N6-

isopentenyladenosine (ms2i6A) in four mitochondrial tRNAs (mt-tRNATyr(GUA), mt-tRNATrp, 
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mt-tRNASer(UGA), and mt-tRNAPhe(GAA)) in mammalian cells (Figure 7) [104]. This 

conversion is carried out by the methylthiotransferase Cdk5 regulatory subunit 

associated protein 1 (CDK5RAP1) [171]. Ms2i6A modification is highly correlated with 

mitochondrial activity in mammals, particularly in tissues with a high-energetic demand 

[173,214]. I6A and ms2i6A modifications, as also described for other modifications at 

position 37 of tRNAs, have a role in stabilising the AU codon-anticodon base pairs 

interaction and increasing the tRNA affinity for the ribosome, resulting in an 

enhancement of the reading frame maintenance during translation [215-217]. I6A37 is a 

prerequisite for m3C32 incorporation by AlkB Homolog 8, TRNA Methyltransferase 

(ALKBH8) on tRNASer [103]. In bacteria, I6A and ms2i6A are also modified into other 

ribonucleosides such as N6-(cis-hydroxyisopentenyl) adenosine (io6A), 2-methylthio-N6-

(cis-hydroxyisopentenyl) adenosine (ms2io6A), and 2-methylthiomethylenethio-N6-

isopentenyl-adenosine (msms2i6A) (Figure 8) [104,218,219].  

In addition, other roles of TRIT1 have been demonstrated in S. cerevisiae. The TRIT1 

homologue Mod5 is required for silencing near tRNA genes, in a tRNA-gene mediated 

(tgm) silencing mechanism [220]. Also, it has been shown that a cytotoxic T lymphocyte 

(CTL)–defined antigen that is derived from an open reading frame (ORF) sequence on 

the 3′-UTR of TRIT1 gene sensitised melanoma cells to lysis [221]. 

Figure 7. Transfer RNAs modified by tRNA-isopentenyltransferase-1 (TRIT1) in humans. A37 of 

cytoplasmic tRNA[Ser]Sec and tRNASer(HGA); and mitochondrial tRNACys(GCA), tRNATyr(GUA), tRNATrp, 

tRNASer(UGA) and tRNAPhe(GAA) is modified into i6A37 by TRIT1. Additionally, mitochondrial 

tRNATyr(GUA), tRNATrp, tRNASer(UGA), and tRNAPhe(GAA) are further modified to ms2i6A by Cdk5 

regulatory subunit associated protein 1 (CDK5RAP1). The green dot at the tRNA represents the 

adenosine 37. 
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2.1.4.2.1. Selenocysteine. 

tRNA[Ser]Sec was the first tRNA described to contain i6A37 in mammals [169,222]. 

tRNA[Ser]Sec carries the selenocysteine (Sec) amino acid that is incorporated in 25 

proteins in humans called selenoproteins. Selenoprotein expression is reduced by TRIT1 

knockdown as tRNA[Ser]Sec harbour the i6A37 modification [169,222]. Selenocysteine 

contains a selenium atom in place of the sulphur atom of cysteine, and it is also called 

the 21st amino acid, which is considered a noncanonical amino acid as is decoded by 

the UGA stop codon. tRNA[Ser]Sec is encoded by the TRU-TCA1-1 human gene on 

chromosome 19 and is 96 nucleosides long as its variable arm consists of 16 nucleosides 

(Figure 9) [223]. Despite being the largest tRNA in eukaryotes, it is only post-

transcriptional modified in four bases. In the nucleus, m1A at position 58 and ψ at position 

55 are introduced. Studies in Xenopus laevis oocytes suggest that modification m1A58 

is required for Ψ55 formation, and Ψ55 influences the tertiary structure of tRNA[Ser]Sec 

[224]. Meanwhile, i6A37 and 5-methoxycarbonylmethyl-uridine (mcm5U) at position 34 

are introduced by ALKBH8 in the cytoplasm. Mcm5U34 base can be further methylated 

into 5-methoxycarbonylmethyl-2′-O-methyluridine (mcm5Um34) by ALKBH8, and it 

requires the presence of i6A37 modification. However, both tRNA[Ser]Sec isoforms coexist 

in the cell as this methylation reaction is not complete [224,225].   

In contrast to canonical tRNAs, tRNA[Ser]Sec is not aminoacylated by an aaRS enzyme; 

instead, selenocysteine is synthesised in the tRNA following a process that involves 

several enzymes. First, the tRNA is conjugated with serine by the Seryl-tRNA Synthetase 

1 (SARS1) enzyme. Then, it is phosphorylated to O-phosphoserine by Phosphoseryl-

tRNA Kinase (PSTK). Finally, Sep (O-Phosphoserine) tRNA:Sec (Selenocysteine) tRNA 

Synthase (SEPSECS) converts the O-phosphoserine to selenocysteine incorporating a 

hydrogen selenide (HSe−) (Figure 10) [223,226]. All selenoproteins contain a single Sec 

residue except from Selenoprotein P (SELENOP) that contains ten residues. SELENOP 

is secreted to plasma and distributes selenium from the liver, where it is mainly 

synthesised, to other tissues [223,227,228]. 

The HSe− comes from a selenophosphate (H2SePO3
3−) generated from selenide by 

Selenophosphate 2 synthetase (SEPHS2), which is itself a selenoprotein [223]. Selenium 

is mainly incorporated in the body through plant diet in the form of selenomethionine 

(SeMet). The SeMet is absorbed over the intestinal transport channels and is stored in 

the methionine pool. SeMet can be incorporated into proteins in the position of 

methionine or be transsulfurated into Sec, predominantly in the liver. Sec is then 
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degraded by selenocysteine lyase (SCLY), producing selenide and alanine [227-229]. 

The selenocysteine residues from proteolytic degradation of selenoproteins are recycled 

by SCLY [230]. SCLY is especially important under selenium-deficient conditions for 

maintaining selenoprotein synthesis, and a selenoprotein hierarchy is created 

synthesising according to the cellular needs. 

 

 

Figure 9. Selenocysteine tRNA. Modified nucleosides are coloured in green. The wobble base is 

coloured in red, and the remaining bases of the anticodon are coloured in orange. 

Translation of the UGA codon as selenocysteine instead of functioning as a stop 

depends on selenocysteine insertion sequence (SECIS), an RNA secondary stem-loop 

structure in the 3′ UTR of the tRNA [231]. The mechanism is based on the binding of 

SECIS to Selenocysteine insertion sequence-binding protein 2 (SECISBP2), which 

recognises the T-loop and the variable arm, and the Selenocysteine-specific elongation  
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factor (eEFSec), an analogue of the eIF component eEF1A, that specifically recruits the 

tRNA[Ser]Sec to the ribosome when UGA codon is present (Figure 11) [226]. The complete 

mechanism remains to be entirely well described, but other proteins involved include the 

translation initiation factor 4A3 (eIF4A3), nucleolin and ribosomal protein L30 (RPL30) 

[232]. Each selenoprotein has only one SECIS element in their mRNA, except SELENOP 

that has two to be able to translate the ten UGA codons that contain. Each SECIS 

sequence is distinct from the others and the characteristics of each SECIS element 

determines the decoding efficiency of each selenoprotein. Interestingly, all 

selenoproteins use UAA or UAG stop codons probably to avoid the wrong introduction 

of selenocysteine [223]. 

Selenoprotein translation can be modulated according to the cellular context. tRNA[Ser]Sec 

U34 modifications mcm5U and mcm5Um promote the translation of two different groups 

of selenoproteins. Mcm5U34 allows the expression of housekeeping selenoproteins 

necessary for cell survival, and its expression is promoted in selenium-deficient 

conditions. Whereas mcm5Um34 is responsive to the translation of stress-related 

selenoproteins, increases in oxidative stress and is stimulated by selenium 

supplementation [149,224,227,233]. These differences in translation seem to be related 

to the change in tertiary structure induced by the methyl group introduced by the ALKBH8 

and TRMT12 enzymes [233,234]. Methylated isoform depends on i6A modification as lack 

of i6A modification causes effects similar to selenium deficiency and difficult the binding 

of the tRNA[Ser]Sec to the UGA codon because of inhibition of the maturation process 

[222,225,235]. 

ALKBH8 expression and, therefore, mcm5Um modification is increased in response to 

ROS stress and is required to express stress-related selenoproteins as GPX1, GPX3, 

GPX6, MSRB1, SELENOT, SELENOW and SELENOP [149,223,227,228,235]. 

Meanwhile, TXNRD3 is a housekeeping protein, and GPX4 and TXNRD1 have been 

assigned to groups depending on the study [149,227,228,235,236]. Glutathione 

peroxidase (GPX) enzymes catalyse the reduction of oxidative stress in the organism, 

and the thioredoxin reductases (TXNRD) regulate thiol redox status by reducing 

thioredoxin [237-239]. 

Deficiencies in tRNA[Ser]Sec expression have been linked to reduced levels of 

selenoproteins, seizures and a variety of other symptoms in mouse models (being even 

lethal) and human patients [104,236]. Mutations in protein genes implied in the 
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selenocysteine pathway such as ALKBH8 and SEPSECS cause intellectual disability, 

cerebellocerebral atrophy and seizures, and selenoprotein synthesis reduction [223,240]. 

 

Figure 11. UGA codon translation into selenocysteine in eukaryotes. A complex formed by the 

tRNA[Ser]Sec, eEFSec and SECISBP2 binds to the SECIS sequence of the selenoprotein mRNA. 

Once the UGA codon should be translated, the tRNA[Ser]Sec is inserted at the corresponding pocket 

of the ribosome. Adapted from Vindry et al. 2018 [223]. 
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2.2. Epitranscriptomic diseases. 

RNA modifications can be introduced co-transcriptionally in the nucleus or post-

transcriptionally in the nucleus, the cytoplasm and the mitochondria. Each modification 

is specifically inserted on a determined localisation and order, as sometimes sequential 

circuits of modifications are required. This process is rigorously regulated, and alterations 

in homeostasis have been associated to disease. It has been demonstrated that single 

nucleotide polymorphisms (SNPs) and alterations in epitranscriptomic genes are 

associated with development, immune, neurologic, mitochondrial and metabolic 

diseases, as well as cancer [50,62,85,241-243].  

Disruption of the RNA modification and processing has been proved to affect the 

development and, specifically, neuronal development [244]. For example, FtsJ RNA 

methyltransferase 1 (FTSJ1) is highly expressed in the brain during foetal development 

[245], and both loss-of-function mutations and duplication of the gene cause mild 

dysmorphic features [126,246].  

Mitochondrial RNA modification defects can generate a slippery-slope effect starting 

from a deficiency in protein synthesis and ending in diminished ATP production and 

increased superoxide levels [247]. Several mutations in RNA modifiers can cause 

mitochondrial encephalomyopathy, lactic acidosis and stroke-like episodes (MELAS) 

and myoclonus epilepsy with ragged-red fibres (MERRF), diseases with a neuronal-

mitochondrial profile. Homozygous pathogenic mutations in TRIT1 have been reported 

in eight patients from six unrelated families [216,248-250]. The consequent i6A37 

hypomodification of cytoplasmic and mitochondrial tRNAs has been associated with 

neuronal disorders. Patients show microcephaly, neurodevelopmental delay, myoclonic 

epilepsy, and oxidative phosphorylation deficiencies [250]. Lack of i6A modification will 

also avert the presence of ms2i6A on mitochondrial tRNAs affecting the translation of 

mitochondrial respiratory chain subunits (complex I, III and IV), jeopardising the correct 

respiratory complex assembly decreasing oxidative phosphorylation [104]. Moreover, 

mutations on TRIT1-target tRNAs also can impair isopentenyl incorporation, causing the 

described disorders [104,216].  

Regarding metabolic diseases, the link between CDK5 regulatory subunit associated 

protein 1-like 1 (CDKAL1) and type 2 diabetes has been well described [182,251]. 

Reduced CDKAL1 expression, results in reduced levels of 2-methylthio-N6-

threonylcarbamoyladenosine (ms2t6A) at position 37 of tRNALys3 that stack to the wobble 
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codon AAG. The correct decoding of this codon is essential for the proinsulin processing, 

thus, reduced levels of CDKAL1 cause a decrease in insulin secretion in β-cells that lead 

to the development of diabetes [182].  

Furthermore, several RNA modifiers have been related to different types of cancer. 

Some act as tumour suppressor genes and others as oncogenes, even they can work 

one way or another depending on the tumour type. An antiangiogenic and proapoptotic 

effect of the TRIT1 product i6A has been described in various tumours. In in vitro studies 

in glioma, CDK5RAP1 abrogated the antitumour effect of i6A by converting i6A to ms2i6A 

[207,214]. Also, CDK5RAP1 deficiency inhibits tumour growth in human breast and 

melanoma cell lines acting over cell cycle arrest and apoptosis via the reactive oxygen 

species (ROS) pathway [252,253]. Additionally, Spinola et al. detected the 

downregulation of TRIT1 expression in lung adenocarcinoma patients [211]. 

Nevertheless, it could not be proved to have an in vivo antitumoural activity in nude mice 

[254].  
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II. OBJECTIVES 

 

The main objective of this thesis was to identify a cancer-specific genetic or epigenetic 

alteration occurring in a gene encoding an epitranscriptomic enzyme, and how this 

alteration could promote tumorigenesis, as well as to assess its potential as putative 

druggable target for cancer treatment. For this aim, the following specific objectives are 

proposed: 

1. Identify genes encoding tRNA modifying enzymes disrupted by copy number 

alterations or promoter-associated CpG aberrant methylation in cancer through 

the comprehensive study of a panel of molecularly well-characterised cancer cell 

lines.  

2. Evaluate the impact of the identified genetic or epigenetic alteration in gene 

expression in cancer cell lines and validate the findings in cancer patients. 

3. Investigate the biological function of the candidate gene in the context of cancer 

through in vitro functional assays in cancer cell lines and in vivo experiments in 

murine models. 

4. Elucidate associations between the alteration status of the candidate gene and 

the response to a defined set of drugs in a panel of cancer cell lines, and validate 

the findings in murine models. 
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III. MATERIALS AND METHODS 

 

1. Cell lines. 

For this study, NCI-H82 (American Type Culture Collection, ATCC), DMS273 (Sigma-

Aldrich, St. Louis, MO, USA), HCC-33 (Leibniz Institute DSMZ (Jena, Germany)-German 

Collection of Microorganisms and Cell Cultures) and NCI-H1694 (ATCC) human small-

cell lung cancer (SCLC) cell lines; HEK273 (ATCC) human embryonic kidney cell line; 

and HCT-116 (ATCC) human colon cancer cell line were used. NCI-H82, HCC-33 cell 

lines were cultured with Roswell Park Memorial Institute (RPMI1640, Gibco) medium; 

DMS273 cell lines was cultured with Waymouth (Gibco) media; NCI-H1696 was cultured 

with HITES (Gibco) medium; and HEK293 and HCT-116 was cultured with Dulbecco’s 

Modified Eagle’s Medium (DMEM). Culture medium were completed with 10% of Foetal 

Bovine Serum (FBS, Gibco, Waltham, MA, USA) and 1% of penicillin/streptomycin 

(Invitrogen, Carlsbad, CA, USA). Cell were cultured at 37ºC with 5% (v/v) of CO2. All cell 

tested negative for mycoplasma. 

2. Human samples. 

DNAs isolated from tumour samples of 39 SCLC patients obtained between 1975 and 

2010 at the National Cancer Center Hospital/National Cancer Center Biobank (Tokyo, 

Japan), Saitama Medical University (Saitama, Japan), and the University of Tsukuba 

(Ibaraki, Japan) were used in this study. The study was approved by the corresponding 

Institutional Review Boards [255]. 

3. Fluorescence in Situ Hybridization (FISH). 

The UCSC genome browser was used to select the 1p34.2 region probe RP11-613D14 

for TRIT1 detection. Bacterial artificial chromosome (BAC) clones were obtained from 

the BACPAC Resources Center at the Children’s Hospital Oakland Research Institute 

(Oakland, CA, USA). Probe was labelled with Spectrum Red dUTP (Abbott, Chicago, IL, 

USA) and CGH Nick Translation Kit with control DNA (MPE 600, Abbott, Chicago, IL, 

USA). FISH was performed on cells fixed in Carnoy’s solution. The sample and probe 

were codenatured by heating slides on a hotplate at 75 °C for 2 min. After that, they were 

hybridized with 5 µL of handmade probe mixture (BAC RP11-613D14, 1p34.2/TRIT1) or 

control (D-5099-100-OG, MetaSystems, 1p32.3) and incubated in a humidified chamber 

at 37°C overnight. Post-hybridization washes of hybridized slides were performed first 
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with 0.4X SSC (pH 7.0) at 72 °C for 2 min followed by a wash in 2X SSC, 0.05% Tween-

20 (pH 7.0) at room temperature for 30 seg. Finally, slides were counterstained with ',6-

diamidino-2-fenilindol (DAPI, D8417, Sigma Aldrich) and analysed under a fluorescent 

microscope (NIKON, Eclipse E400). 

4. Cell lines DNA extraction. 

DNA was extracted from cell pellets by incubating them with lysis buffer (10mM Tris-HCl, 

pH=7.4; 10mM EDTA; 200mM NaCl; 1% SDS, 0.4 mg/ml proteinase K (EO0492, Thermo 

Scientific)) overnight at 37ºC and inactivating the proteinase K for 15 min at 75ºC. Lysate 

was treated with 0.03mg/ml RNase, washed with 1.5M NaCl and centrifuged 5 min at 

13000 rpm. Supernatant was collected and DNA was precipitated with isopropanol. DNA 

was centrifuged 15 min at 4ºC at maximum speed and washed with 70% ethanol. The 

dried pellet was resuspended in water. 

5. Multiplex Ligation-Dependent Probe Amplification (MLPA). 

MLPA assay in DNA samples from SCLC patients and cell lines were performed by 

qGenomics (Spain) using two probes for exons 4 and 9 of the TRIT1 gene. RAC1 (exon 

6), TBCK (exon 15), TRPM7 (exons 17 and 18), and TRIP12 (exons 3 and 11) probes 

were used as references. MLPA ratios were calculated according Coffa J and van der 

Berg J, 2011 [256]. 

6. RNA extraction. 

Total RNA was purified using Maxwell RSC simplyRNA Tissue kit (AS1340, Promega, 

Madison, WI, USA) with the Maxwell RSC display (Promega, Madison, WI, USA) 

according to the manufacturer guidelines.  

7. Real-time quantitative PCR (RT-qPCR). 

RNA concentrations were measured with a Nanodrop (Thermo Scientific, Waltham, MA, 

USA). About 1.5 µg of RNA were reversed transcribed into cDNA using the RevertAid 

First Strand cDNA Synthesis Kit (K1622, Thermo Scientific). 

Real-time PCR reactions were performed using SYBR green PCR Master Mix (Thermo 

Scientific), specific primers for the region of interest (Table 3) and corresponding cDNAs. 

HPRT1 expression was used as endogenous control. Reaction was run in the 

QuantStudio 5 Real-Time PCR System (Thermo Scientific). Three biological replicates 

were assessed for each experiment. 
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Fold change (FC) between samples was determined through the algorithm 2-∆∆Ct. ΔCt 

was calculated normalizing with the endogenous control. Then, ΔΔCt was determined 

relativizing against the control. Relative expression was calculated as the square of  

–ΔΔCt. 

ΔCt= x̅ sample Ct - x̅ endogenous Ct 

ΔΔCt= sample problem ΔCt - x̅ reference sample ΔCt 

FC=2-∆∆Ct 

FC were statistically compared using a two-tailed unpaired t-test and plotted in Graphpad 

Prism 5 (Version 5 for Windows, GraphPad Software, La Jolla, CA, USA). 

Table 3. List of RT-qPCR primers used in the study. TRIT1 primers 1 were used for the analysis 

of cells cultured in vitro and primers 2 were used for the analysis of DMS-273-derived tumours in 

order to avoid the amplification of TRIT1 transcripts from mice. 

Primer IDs Sequence (5’-3’) 

TRIT1 F1 CTCCATGCAGGTCTATGAAG 

TRIT1 R1 ATCTTCAATCAGAGCAGTTGC 

TRIT1 F2 AATGGGCAGCGCACA 

TRIT1 R2 CCTTCTCTTTAGGTTCTTTGTTATG 

ID1 F ACGTGCTGCTCTACGACAT 

ID1 R TCCGAGTTCAGCTCCAACTGA 

ID3 F TGACACCTCCAGAACGCA 

ID3 R CAGGTTTAGTCTCCAGGAAG 

COL3A1 F GTGCTAAGGGTGAAGTTGGA 

COL3A1 R CCAGGACTACCATTAATCCCA 

MT1X F GCTTCTCCTTGCCTCG 

MT1X R CTGACGTCCCTTTGCAG 

LAMA4 F GCCAAGAACTGTGCAGTGTG   

LAMA4 R AGCTTATGGTTGGGCAGTCC 

ANGPTL4 F CAGCCTGCAGACACAAC 

ANGPTL4 R CTGGCTTTGCAGATGC 

GPX4 F CCAGTGAGGCAAGACCG 

GPX4 R CGGCGAACTCTTTGATCT 

HPRT1 F TGACACTGGCAAAACAATGCA 

HPRT1 R GGTCCTTTTCACCAGCAAGCT 

Abbreviations: F, Forward; R, Reverse 

8. Western blot. 

Cell pellets were resuspended in RIPA buffer (0.1% SDS, 50 mM Tris-HCl [pH 7.4], 150 

mM NaCl, 1 mM EDTA, 1% NP-40, 12.23 mM deoxycholic acid) containing protease and 

the cOmplete™ (Roche, Basel, Switzerland) phosphatase inhibitor cocktail, then 
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incubated for 20 min on ice. The tubes were centrifuged for 5 min at 13,000 rpm, and the 

supernatant was collected. RIPA extracts were quantified using the Pierce™ BCA 

Protein Assay Kit (Thermo Scientific). Each sample was diluted 1:6 in water and 10 μL 

of each sample were loaded in triplicate into a 96-well plate. A standard curve of albumin 

was performed to determine protein concentration. Kit reagents were prepared and 

loaded according to the manufacturer’s instructions. After 30 min, the 96-well plate was 

read at 562 nm.  

Protein expression was analysed by Western blot. SDS-PAGE was performed on 

acrylamide gels with a variable acrylamide percentage in a range of 8-15% depending 

on the molecular weight of the protein.  Membranes were blocked with 5% skimmed milk 

(232100, BD Difco) in 0.1% Tween-20 in PBS (PBS-Tween) during 1 h with shaking. 

Next, membranes were incubated overnight at 4 °C with the primary antibody (Table 4). 

Afterwards, membranes were washed three times with PBS-Tween and incubated with 

the secondary antibody for 1 h with shaking. Membranes were washed three times with 

PBS-Tween and developed using Luminata HRP-substrates (Millipore, Burlington, MA, 

USA). As a loading control, membranes were incubated with β-actin (Actin) HRP-

conjugated antibody. 

Table 4. List of antibodies used in this study. 

Antibody Dilution Brand Reference 

Actin–HRP 1:5000 Sigma Aldrich A3854 

CDN1A 1:1000 Cell Signaling 

Technology (CST) 

#2947 

EIF2AK3 1:1000 CST D11A8 

ERO1A 1:1000 CST #3264 

GAPDH 1:1000 Trevigen 2275-PC-100 

GPX4 1:1000 Abcam ab125066 

HSPA5 1:1000 CST #3177 

Lamin B 1:5000 Abcam ab16048 

OXPHOS cocktail 1:1000 Thermo Scientific 45-8199 

TRIT1 1:1000 Novus Biologicals NBP2-20727 

Anti-rabbit HRP 1.10000 Sigma Aldrich A0545 

Anti-mouse HRP 1:5000 GE Healthcare NA9310 

 

9. Immunocytochemistry. 

Cells were seeded on Shi-fix coverslips (SB-Shifix50, Shikar Biotech) in a 12 wells-plate. 

After 30 min in culture to allow cell attachment, unbound cells were washed with PBS. 
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Next, cells were fixed with 4% paraformaldehyde (15710-S, Electron Microscopy 

Sciences, Hatfield, PA, USA) for 15 min, washed with PBS and permeabilizated with 

0.5% Triton X-100 (Sigma Aldrich) for 10 min. After blocking with 5% BSA (A7906, Sigma 

Aldrich) diluted in PBS for 2 h, cells were incubated overnight at 4 ºC with TRIT1 antibody 

(NBP2-20727, Novus Biologicals, 1:200 dilution in 5% BSA in PBS). Afterwards, 

coverslips were washed three times with PBS and incubated with Alexa Fluor 488 

Donkey anti-Rabbit (A21206, Thermo Scientific, 1:5000 in 5% BSA in PBS). Finally, cells 

were washed, counterstained with DAPI (D8417, Sigma Aldrich) and analyzed under a 

confocal microscope (Leica TCS SPE). 

10. TRIT1 overexpression. 

The isoform 1 of TRIT1 gene (NM_017646.6) was cloned into the lentiviral expression 

vector pLVX-IRES-tdTomato (631238, Takara) through EcoRI and NotI restriction 

endonuclease sites (Table 5). PCR products were purified using Nucleospin columns 

(740609.250, Macherey-Nagel) after agarose gel electrophoresis. PCR products and 

vector backbones were enzymatically digested, purified and mixed using the following 

criteria: 1 µl T4 DNA ligase, 1 µl T4 buffer 1X, 50 ng of vector backbone and ng of insert 

according to the following formula:  

ng of insert= [(3 x bp of insert) x 50ng of vector] / bp of vector 

Competent bacteria E. coli DH5α (Thermo Scientific) were transformed with pLVX-IRES-

tdTomato plasmids through thermal shock (42ºC 1 min followed by 2 min on ice). 

Bacteria were grown during 1h at 37ºC in agitation with 1ml of ampicillin-free LB media. 

Then, bacteria were seeded in ampicillin + LB Petri dishes. Bacteria colonies were 

analysed by PCR to confirm the plasmid incorporation. At least 6 clones were purified by 

miniprep and sequenced to select the plasmid containing the correct sequence. 

To obtain the lentiviral particles, 10 μg of plasmid were mixed with 7.5 μg of ps-PAX2 

and 2.5 μg of PMD2.G plasmid (Addgene, Watertown, MA, USA), using jetPRIME® 

Transfection Reagent (Polyplus Transfection, New York, NY, USA). The transfection mix 

was added to HEK293 cells grown at 80% confluence. After 72 h, medium with high-titer 

lentiviral particles was 0.45 μm-filtered and cells were cultured in virus-containing 

medium for 24 h. After five passages, red-fluorescent cells were sorted by fluorescence-

activated single cell sorting (FACS). 
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Table 5. Primers used for TRIT1 cloning. 

Primers IDs Sequence (5’-3’) 

TRIT1 EcoRI F aaaaaaaaGAATTCGCCGCCACCATGGCGTCCGTGGCGGCTGC

ACG 

TRIT1 NotI R aaaaaaaaGCGGCCGCTTAAACGCTGCATTTCAGCTCTTGATCA

TTCTGCCCTGG 

Abbreviations: F, Forward; R, Reverse 

11. Short-hairpin RNAs. 

Lentiviral plasmids for TRIT1 human shRNA (TL300819, Origene, Rockville, MD, USA) 

and scrambled shRNA (TR30021, Origene, Rockville, MD, USA), both cloned in pGFP-

C-shLenti vector, were used. To obtain the lentiviral particles, 10 μg of plasmid were 

mixed with 7.5 μg of ps-PAX2 and 2.5 μg of PMD2.G plasmid (Addgene, Watertown, 

MA, USA), using jetPRIME® Transfection Reagent (Polyplus Transfection, New York, 

NY, USA). The transfection mix was added to HEK293 cells grown at 80% confluence. 

After 72 h, medium with high-titer lentiviral particles was 0.45 μm-filtered and DMS-273 

cells were cultured in virus containing medium for 24 h. After five passages, green-

fluorescent cells were sorted by fluorescence-activated single cell sorting (FACS).  

A shRNA designed against the Tomato fluorescent protein (shT1, 

CGCTGATCTACAAGGTGAA) and cloned into the pLVXshRNA2 vector was also used. 

12. Minipreps and maxipreps. 

Minipreps were performed in 96-well plates using the NucleoSpin® Plasmid kit 

(22740625.24, Cultek), and maxipreps using Plasmid DNA Maxiprep Kit (K2100-17, 

Thermo Scientific), both following manufacturer’s instructions. In brief, transformed 

bacteria were grown at 37ºC overnight. Then, bacteria were pelleted by centrifugation, 

resuspended, lysed and neutralized. After that, the eluted product was purified using 

columns to retain the plasmid. Then, plasmids were washed, precipitated and 

resuspended in water. In case of 96-plated miniprep products, they were further purified 

before sequencing.  

13. N6-Isopentenyladenosine (i6A) quantification. 

Cells were lysed using TRI Reagent (T9424, Sigma Aldrich) and phase separation was 

performed with 1-bromo-3-chloropropane. The mixture was centrifuged in order to obtain 

the aqueous phase and the RNA was precipitated with 2-isopropanol. RNA pellets were 

washed with 70% ethanol, dried, and resuspended in water. RNA concentration was 
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measured with a Nanodrop (Thermo Scientific) spectrophotometer. Modification status 

of A37 was finally determined by liquid chromatography–mass spectrometry (LC/MS). 

14. Measurement of ms2i6A modification in mitochondrial tRNAs by RT-q PCR. 

This analysis was performed according to Wei and Tomizawa (2016) (Figure 12) [257].  

First, two independent mixtures of 25 ng of RNA with the R1 or R2 reverse primer (10 

µM) (Table 6) were denatured at 65 °C for 10 min and put on ice. Then 5X buffer, RNase 

inhibitor, dNTP Mix and enzyme from the RevertAid First Strand cDNA Synthesis Kit 

(K1622, Thermo Scientific) were added to each mixture, and the reverse transcription 

reaction was performed at 55 °C for 30 min followed by inactivation at 85°C for 5 min.  

For the quantitative PCR, 2 µL of the obtained cDNA were mixed with the forward F1 

and the reverse R1 primers (10 µM) (Table 6) and the SYBR Green PCR Master Mix 

(Thermo Scientific). Reactions were run in the QuantStudio 5 Real-Time PCR System 

(Thermo Scientific). 

Ct values from samples (R1) and (R2) were obtained and represented the total tRNA 

level and ms2i6A modification level in individual tRNA, respectively (Figure 12). The 

normalized modification level in any RNA sample was calculated as ∆Ct = Ct (R2) - Ct 

(R1) because the ∆Ct value reflects the modification level [180]. 

Table 6. List of primers for ms2i6A quantification used in this study. 

Primer IDs Sequence (5’-3’) 

tRNAPhe F1 CTCCTCAAAGCAATACACTG 

tRNAPhe R1 AGCCCGTCTAAACATTTTCA 

tRNAPhe R2 GGGTGATGTGAGCCCGTCTA 

tRNASerUCN F1 GAGGCCATGGGGTTGG 

tRNASerUCN R1 CCCAAAGCTGGTTTCAAGC 

tRNASerUCN R2 AATCGAACCCCCCAAAGC 

tRNATrp F1 GGTTAAATACAGACCAAGAGC 

tRNATrp R1 CAACTTACTGAGGGCTTTGAA 

tRNATrp R2 TTAAGTATTGCAACTTACTGAGG 

tRNATyr F1 GCTGAGTGAAGCATTGGACT 

tRNATyr R1 AACCCCTGTCTTTAGATTTACA 

tRNATyr R2 AGAGGCCTAACCCCTGTCTT 

Abbreviations: F, Forward; R, Reverse 
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Figure 12. Workflow of the approach to detect ms2i6A modification. The mitochondrial tRNA is 

reversely transcribed by R1 primer and R2 primer, respectively. Because of the inhibitory effect 

of ms2i6A-modification to the reverse transcription, the amount of cDNA generated by R2 primer 

(Green lines) highly depends on the ms2i6A levels in each RNA sample. On the other hand, the 

cDNA generated by R1 primer (Blue lines) is independent of ms2i6A level, and is used as an 

internal control. The amount of each cDNA is quantified by a subsequent quantitative PCR 

(qPCR) using F1 and R1 primers. Adapted from Wei and Tomizawa 2016 [257]. 

 

15. Cell proliferation assay. 

Cell proliferation was assessed by the MTT (3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-

2H-tetrazolium bromide, M2128-10G, Sigma-Aldrich) assay. 3000 cells per well were 

seeded in 96-well plates. On 4 consecutive days, cells were treated with 10 µl of 5mg/ml 

MTT reagent. After 3 h of incubation at 37°C, cells were lysed for about 20 h with MTT 

lysis buffer (50% N,N dimethylformamide (161785.1612, PanReac AppliChem, 

Barcelona, Spain), 20% sodium dodecyl sulphate (A2572,1000, PanReac AppliChem), 

2.5% glacial acetic acid (1.00063.2500, Merck, NJ, USA), 2.1% 1N HCl, at pH 4.7). 

Viable cells with active metabolism convert MTT into formazan leading to a colorimetric 

change from yellow to purple. Thus, the measured absorbance with an optical 

spectrometer at 560 nm is proportional to the number of viable cells.  The mean 

absorbance of day 1 was taken as a reference and the following days were relativized 

according to it. 
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16. Colony assay. 

Two hundred DMS-273 cells were seeded in 6-well plates in triplicate. Cells were 

cultured at standard conditions (37°C, 5% (v/v) CO2) for 2 weeks. Then, culture media 

was removed, and cells were fixed with cold 100% methanol (200-659-6, Alcoholes 

Gual). After 10 minutes at room temperature, the methanol was aspirated, and 0.5% 

crystal violet (C3886-25G, Sigma Aldrich) diluted in methanol was added. Cell were 

incubated for 1 h at room temperature to allow staining of the colonies. After 3 washes 

with 1X PBS, the colonies were dried at room temperature. Finally, digital images were 

taken using the Hp Scanjet 4890 scanner, and colonies were counted using the ImageJ 

program (U. S. National Institutes of Health, Bethesda, Maryland, USA). 

17. DNA content measurement for cell cycle analysis. 

1x107 cells were collected and individualized in PBS, and fixed with 70% cold ethanol for 

at least 2 hours at -20ºC. Ethanol was decanted after centrifugation, and cells were 

washed with PBS. Then, cells were stained with 1 ml Propidium iodide (PI)/Triton X-100 

staining solution containing 0.1mg PI (Sigma Aldrich), 0.1% (v/v) Triton X-100 (Sigma 

Aldrich), and 0.2 mg of DNase-free RNase A (10109169001, Sigma Aldrich)) for 15 min 

at 37°C. Cell fluorescence was measured with a flow cytometer set up for excitation with 

blue light (488-nm argon ion laser line) and detection of PI emission at red wavelengths 

(>600 nm filter). Data was analysed using the DNA content frequency histogram 

deconvolution in the FlowJo software v10.5.3 (BD Corporation, NJ, USA) and GraphPad 

Prism (Version 5 for Windows, GraphPad Software). 

18. Apoptosis assay with Annexin V. 

Cell viability was analysed using APC Annexin V Apoptosis Detection Kit (640930, 

Biolegend, San Diego, CA, USA), and DAPI (D8417, Sigma Aldrich) was used for the 

quantification of early and late apoptotic cells. DMS-273 cells were treated with 1uM of 

staurosporine (S4400, Sigma Aldrich) for 24h as positive control. DMS-273 cells without 

any treatment were used as negative control. 

5x105 cells were collected and washed with Cell Staining Buffer and resuspended in 

Annexin V Binding Buffer. Cells were stained with 2.5 µl of APC Annexin V and 5 µl of 

PI for 15 min at room temperature in the dark, and 400 µl of Annexin V Binding Buffer 

were added. Cells were analysed by flow cytometry (FACS Canto, BD Biosciences). APC 

was analysed with an excitation wavelength of 633 nm and the FL6 detector (660/20 nm) 

was used for the emission wavelength. Meanwhile, DAPI was analysed with an excitation 
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wavelength of 405 nm and the FL9 detector (450/40 nm) was used for the emission 

wavelength. 10,000 cells were analysed for each sample. Data was analysed using the 

FlowJo software v10.5.3 (BD Corporation) and GraphPad Prism (Version 5 for Windows, 

GraphPad Software). 

19. Senescence-associated β-galactosidase assay. 

5×104 cells were seed in a 6-well plate and culture for at least 2 days. Then, cells were 

washed with PBS and fixed with 4% formaldehyde (28908, Thermo Scientific) for 3 min 

at room temperature. Cells were washed and stained with 2 ml of the SA-βgal staining 

solution (1 mg/mL 5-bromo-4-chloro-3-indolyl-beta-d-galactopyranoside (X-gal, 

BIMB1001-5G, Apollo Scientific Limited), 1X citric acid/sodium phosphate buffer (pH 

6.0), 5 mM potassium ferricyanide, 5 mM potassium ferrocyanide, 150 mM NaCl, 2 mM 

MgCl2) for 15 hours at 37ºC. Cells were washed with PBS and the blue SA-βgal-positive 

cells were counted under a microscope. 

20. XBP1 splice assay. 

The XBP1 sequence from the cDNA of DMS-273 SCR and DMS-273 shTRIT1 cell lines 

were PCR-amplified using the primers XBP1 F (GCCAAGGGGAATGAAGTGAG) and 

XBP1 R (TGGGGAAGGGCATTTGAAGA). 

The PCR conditions were one cycle of denaturation (95°C for 5 minutes), 30 cycles of 

amplification (95°C for 1 min, 62 °C for 30 sec, and 72°C for 30 sec) and a final cycle of 

extension (72°C for 10 min). The PCR products were run in 7% acrylamide at 90 V for 

80 min. Gels were stained with a solution of TAE 1X 250 ml and 12 µl Sybr Safe 

(1691992, Invitrogen) during 15 min in an orbital shaker. 

21. Murine models. 

In order to assess tumour growth, DMS-273 SCR or shTRIT1 cells were subcutaneously 

injected into the flanks of five-week-old athymic nu/nu mice (Envigo Laboratories). 3x106 

cells in 50% Matrigel (354234, BD Biosciences) for each condition were injected into nine 

mice per group. Tumour development was monitored every 4-6 days, and tumour width 

(W) and length (L) were measured with a calliper to calculate the tumour volume (V = 

π/6 × L × W2). Animals were sacrificed 20 days after injection. 

For the arsenic trioxide treatment, DMS-273 SCR or shTRIT1 cells were subcutaneously 

injected in the mouse flanks as described above. Ten days after injection, the animals 

were randomized in two groups and treated with vehicle (0.015 N NaOH in saline) or 
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Arsenic Trioxide (A1010, Sigma-Aldrich) diluted in 0.015 N NaOH. Drug was 

administered by intraperitoneal injection at 5 mg/kg dosage following a schedule of 5 

days ON 2 days/OFF for three consecutive weeks. Tumour growth was monitored and 

measured as described above and animals were sacrificed 28 days after cell injection. 

All mouse experiments were approved by the Institutional Animal Care Committee of 

Bellvitge Biomedical Research Institute (IDIBELL) and performed in accordance with the 

guidelines of the International Guiding Principles for Biomedical Research Involving 

Animals, developed for the Council for International Organizations of Medical Sciences 

(CIOMS). The IDIBELL animal facility is accredited by the AAALAC (Association for 

Assessment and Accreditation of Laboratory Animal Care International, Unit 1155) since 

2006 and works according to the European and National Legislation (CEE/86/609, 

RD1201/2005, RD214/1997). Our experimental procedure (9111) was revised and 

approved by local Government of Generalitat de Catalunya. 

22. RNA Sequencing. 

Total RNA from DMS-273 SCR and shTRIT1 cells was extracted using a Maxwell RSC 

device (Promega, Madison, WI, USA). Then, 5 μg of total RNA from three biological 

replicates from each sample were used for RNA sequencing (RNA-seq). The RNA-seq 

libraries were prepared from total RNA with TruSeq®Stranded mRNA LT Sample Prep 

Kit (Illumina, San Diego, CA, USA). Each library was sequenced using a TruSeq SBS 

Kit v4-HS, in paired-end mode with a read length of 2 × 76 + 8 + 8bp. We obtained ~500 

million paired-end reads in a fraction of a sequencing lane on HiSeq2500 (Illumina, San 

Diego, CA, USA), following the manufacturer’s protocol. Raw reads were quality 

assessed and pre-processed using FASTQC (version 0.11.7, Babraham Bioinformatics, 

Babraham Institute, Cambridge, UK) and Trimmomatic (version 0.36, The Usadel Lab, 

Aachen University, Aachen, Germany) software. Differential expression analysis was 

performed using DESeq2 Bioconductor package (v1.18.1), in R (v3.4.3). Gene 

annotations were extracted from GENECODE (v35). Gene ontology (GO) biological 

processes for the downregulated genes with a log2-fold change >|1| and a false 

discovery rate (FDR) adjusted p-value < 0.05 included in the GSEA signature database 

were used to perform an enrichment analysis. 

23. Drug-Dose Response Assay. 

After determining the optimal number, 20,000 cells were seeded onto 96-well plates. 

After overnight incubation, cells were treated with increasing concentrations of arsenic 

trioxide (A1010, Sigma-Aldrich) or cisplatin (P4394, cis-diammineplatinum(II)dichloride, 
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Sigma-Aldrich) in order to calculate the half-maximal inhibitory concentration (IC50). 

After 48 h, 10 µl of 5mg/ml MTT (3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium 

bromide, M2128-10G, Sigma-Aldrich) reagent was added. After 3 h of incubation at 

37°C, cells were lysed for about 20 h with MTT lysis buffer (50% N-N dimethylformamide, 

20% sodium dodecyl sulphate, 2.5% glacial acetic acid, 2.1% 1 N HCl, at pH 4.7). Viable 

cells with active metabolism convert MTT into formazan leading to a colorimetric change 

from yellow to purple. Thus, the measured absorbance with an optical spectrometer at 

560 nm is proportional to the number of viable cells. IC50 was determined with GraphPad 

Prism (Version 5 for Windows, GraphPad Software). 

24. Statistical Analysis. 

Statistical analyses were carried out with GraphPad Prism (Version 5 for Windows, 

GraphPad Software), using Student’s t test or Wilcoxon rank sum test, as denoted in the 

results. Values of p < 0.05 were considered statistically significant (* p < 0.05; ** p < 0.01; 

*** p < 0.001). All statistical tests were two-sided. The values corresponding to TRIT1 

copy number and expression in cell lines were obtained from the Broad Institute Cancer 

Cell Line Encyclopedia (CCLE) (https://depmap.org/portal/download/ Public Release 

20Q4, accessed on 13 January 2021). 

 

https://depmap.org/portal/download/
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IV. RESULTS 

 

1. Identification of a genetic or epigenetic disruption of transfer RNA modifiers in 

human cancer cell lines. 

Aimed to identify the presence of genetic and epigenetic alterations in tRNA modifiers 

described to date (Table 2), we performed an exhaustive analysis of multiomic data from 

about 1000 human cancer cell lines [258,259] including DNA methylation landscape, 

exome sequencing, and gene copy number information. One of the most interesting 

findings was the identification of an outstanding TRIT1 copy number amplification 

restricted only to small cell lung cancer (SCLC) cell lines (11 of 60) (Figure 13) For the 

complete data in the ~1000 cell lines see the Supplementary Materials Dataset S1 in the 

published manuscript at  https://www.mdpi.com/article/10.3390/cancers13081869/s1. 

 

Figure 13. Frequency of the TRIT1 gene amplification (copy number CN ≥ 8). Panel of human 

cancer cell lines from the dataset Iorio et al., Cell, 2016  [258]. The number of cell lines for each 

tumour type is shown in parenthesis. 

https://www.mdpi.com/article/10.3390/cancers13081869/s1
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Considering RB1 and TP53 are highly mutated genes in SCLC we first assessed the 

association of TRIT1 amplification with these genetic alterations. With this goal, we 

datamined available data from 60 SCLC cell lines [258,259]. We observed that 82% (9 of 

11) and 100% (11 of 11) of the TRIT1 amplified cell lines showed RB1 and TP53 

mutations, respectively; an identical distribution from that found in the 49 non-amplified 

cell lines (Fisher’s exact test, RB1 p = 0.4781 and TP53 p = 1, respectively). 

Next, we evaluated the effect of this amplification at the transcriptional level. We 

analysed the RNA expression profiles available for 36 SCLC cell lines from the described 

set [259] and found a significant increased expression in the TRIT1-amplified cell lines 

(Figure 14A). Furthermore, Oncomine (https://www.oncomine.org) analysis in Rohrbeck 

Lung published dataset for gene expression of 47 patient samples revealed the 

upregulation of TRIT1 mRNA in SCLC in contrast to other lung cancer types and normal 

lung tissue (Figure 14B) [260].  

Taking into account the elevated mortality of small cell lung cancer due to its 

aggressiveness and the lack of specific therapeutic targets, we decided to focus the 

study on the analysis of aberrant amplification of the TRIT1 gene and the biological 

consequences of its associated increased expression in small cell lung cancer. 

Considering the obtained results, we selected two cell lines featuring TRIT1 amplification 

(DMS-273 and HCC-33) and one cell line without amplification (NCI-H82), all cell lines 

included in the characterised set [258,259] and available in our laboratory. Accordingly, 

the whole exome sequencing (WES) data from dataset [258], the NCI-H82 cell line is 

reported to have two copies of the TRIT1 gene; meanwhile, DMS-273 has 12 copies, 

and HCC-33 has 22 copies 

(https://www.mdpi.com/article/10.3390/cancers13081869/s1). First, these copy number 

patterns were validated using fluorescence in situ hybridisation (FISH) with a red-

labelled probe targeting the region 39,695,285-39,879,670 of p-arm (short arm, 1p34.2) 

of chromosome 1 where TRIT1 is situated. We included the D-5099-100-OG green 

probe targeting the chromosomal region 1p32.3 as control. As expected, NCI-H82 

showed two copies of the TRIT1 gene, whereas DMS-273 and HCC-33 presented a clear 

amplification signal (Figure 15A). This result was confirmed by multiplex ligation-

dependent probe amplification (MLPA) assay (Figure 15B).   

  

https://www.oncomine.org/
https://www.mdpi.com/article/10.3390/cancers13081869/s1
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Figure 14. TRIT1 expression in human cancer cell lines, normal lung samples and lung cancer 

patient samples. (A) TRIT1 gene amplification was associated with high levels of the TRIT1 

transcript in SCLC cell lines with available expression data (n = 36). Non-Amp, non-amplified; 

Amp, amplified. TPM, transcripts per million. p-value obtained by Wilcoxon rank-sum test. *** p < 

0.001. (B) Oncomine analysis. Comparison of TRIT1 gene expression profiles of normal lung 

tissues, small cell lung cancers and non-small cell lung cancers (NSCLC, adenocarcinomas and 

squamous cell carcinomas) [260]. Small-cell lung cancers show the highest expression of TRIT1 

gene. Graphic obtained from Oncomine Platform (https://www.oncomine.org). 
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Figure 15. Determination of TRIT1 gene amplification in SCLC cell lines. (A) Fluorescent in situ 

hybridization (FISH) for the TRIT1 gene in the SCLC cell lines. The BAC clone RP11-613D14 

spanning the 1p34.2 region for the TRIT1 gene was labelled in red. The D-5099-100-OG green 

probe (1p32.3) was used as a control. The samples were counterstained with DAPI. Gene 

amplification was found in the DMS-273 and HCC-33 SCLC cell lines. (B) Multiplex ligation-

dependent probe amplification (MLPA) assay. Probe mixes contained two probes for exons 4 and 

9 of the TRIT1 gene (in orange). Six reference probes were also included (in grey). Values greater 

than 2 (two copies, corresponding to MLPA ratio of 1) were considered to indicate the presence 

of extra copies. DMS-273 and HCC-33 cell lines showed TRIT1 gene amplification, whilst NCI-

H82 is shown as an example of TRIT1 two copy number cells. 
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Once confirmed the copy-number results obtained from the whole-exome sequencing 

data-mining (https://www.mdpi.com/article/10.3390/cancers13081869/s1) by FISH and 

MLPA, we wanted to assess if TRIT1 gene amplification was associated with the 

overexpression of the TRIT1 messenger RNA and protein. Thus, we performed a real-

time quantitative PCR (RT-qPCR) that showed higher TRIT1 expression at the 

transcriptional level in the TRIT1-amplified DMS-273 and HCC-33 cell lines than in NCI-

H82 (Figure 16A). Likewise, this significant increase in mRNA level led to an increased 

protein expression in TRIT1 amplified SCLC cell lines, determined by western-blot 

(Figure 16B) and immunocytochemistry (Figure 16C). 

2. Generation of TRIT1 loss-of-function cellular model. 

After demonstrating the link between TRIT1 amplification and its overexpression, we 

assessed its biological effect in the context of small cell lung cancer generating loss-of-

function cellular models. Four commercial short hairpin RNAs (shRNAs) were tested 

(shTRIT1.A, B, C and D). We first used the colon cancer cell line HCT-116 to assess the 

shRNAs efficiency. First, we expressed the full-length mRNA isoform of the TRIT1 gene 

cloned in a pLVX-IRES-tdTomato plasmid and sorted the cells by tomato fluorescence. 

Next, transfected the four shRNAs individually, the scramble-shRNA (SCR) as a negative 

control and the shRNA against the tomato protein (shT1) as a positive control. Last, we 

sorted cells by green fluorescence and analysed the tomato signal of those cells. 

As shown in Figure 17A, all shRNAs diminished tomato fluorescence except for the SCR 

(negative control). The shTRIT1.B and C curves were the ones that resembled the most 

the shT1 positive control. They were also the ones with the strongest inhibitory effect in 

TRIT1 expression (Figure 17B). Thus, we tested both, shTRIT1.B and shTRIT1.C to 

silence TRIT1in the DMS-273 SCLC cells. ShTRIT1.C (here after referred as shTRIT1) 

was the one that diminished the TRIT1 protein expression the most in this SCLC cell line 

(Figure 17C) and was then used for loss-of-function experiments.  

Once we selected an efficient short hairpin RNA, we generated the loss-of-function (LOF) 

model by stable transfection in DMS-273 cell line. The capacity to significantly 

downregulate TRIT1 messenger RNA and protein expression was validated by RT-

qPCR (Figure 18A) and western blot (Figure 18B), respectively. 

  

https://www.mdpi.com/article/10.3390/cancers13081869/s1
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Figure 16. TRIT1 amplification is associated with increased expression in SCLC cell lines. (A) 

RT-qPCR analysis of TRIT1 expression. TRIT1 gene amplification was significantly associated 

with high levels of the TRIT1 transcript in the small-cell lung cancer cell lines DMS-273 and HCC-

33. * p < 0.05; *** p < 0.001. (B) Western blot of TRIT1 protein expression levels in the non-

amplified (NCI-H82) and amplified (DMS-273 and HCC-33) cancer cell lines analysed. Actin was 

used as the loading control. (C) TRIT1 protein expression in SCLC cell lines assessed by 

immunocytochemistry show the overexpression of TRIT1 protein in DMS-273 and HCC-33 cell 

lines. Cells were counterstained with DAPI. 
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Figure 17. Validation of the inhibitory effect of TRIT1 shRNAs in TRIT1 expression. (A) Cytometry 

analysis of transfected HCT-116 to assess the shRNAs against TRIT1. TRIT1 cloned in the 

plasmid pLVX-IRES-tdTomato was transfected in HCT-116 cell line (TRIT1 CN = 2). Cells were 

sorted by tomato fluorescence. These selected cells were transfected with four shRNA against 

TRIT1 (shTRIT1.A, B, C or D), a scrambled shRNA (shTRIT1.SCR) as the negative control, or a 

shRNA against the fluorescent Tomato protein (shT1) as the positive control. Cells were sorted 

and analysed by green fluorescence. (B) Western blot of HCT-116 generated cell lines. TRIT1 

was overexpressed upon transfection with TRIT1-pLVX-IRES-tdTomato, and its expression 

diminished upon shRNA.A, B, C, D and Tomato transfection. (C) Western blot analysis of TRIT1 

mRNA depletion in DMS-273 for shTRIT1.B and C. 
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Next, we assessed the cellular localisation of TRIT1. Although Mod5, the TRIT1 

homologue in Saccharomyces cerevisiae, is described to have a tRNA gene-mediated 

transcriptional silencing function in the nucleus, we did not detect TRIT1 protein in the 

nucleus, even in the shRNA-scramble DMS-273 cells harbouring the amplified TRIT1 

gene (Figure 18C). As previously reported, we confirmed that TRIT1 protein localises in 

the cytoplasm (Figure 18C) [216].  

 

 

Figure 18. Generation of TRIT1 loss-of-function cellular model in DMS-273 SCLC cell line. (A) 

Stable downregulation of the TRIT1 gene by short hairpin RNA in the SCLC cell line DMS-273 

(shTRIT1) determined by RT-qPCR. SCR, scramble shRNA. *** p < 0.001. (B) TRIT1 protein 

decrease by short hairpin RNA in the SCLC cell line DMS-273 (shTRIT1) confirmed by western 

blot. SCR, scramble shRNA. Actin was used as loading control. (C) Subcellular fractionation of 

DMS-273 SCR and shTRIT1 cells shows TRIT1 expression restricted to the cytoplasm. GAPDH 

and Lamin B were used as cytoplasm and nuclear markers, respectively. (D) Nucleoside analysis 

of tRNAs by LC/MS showing that shRNA-mediated depletion of TRIT1 in DMS-273 cells induces 

the depletion of the i6A-modified nucleoside. Student’s t-test, *** p = 0.0002. 

 



 

61 
 

Then, we interrogated the TRIT1 function as a tRNA modifier analysing the impact of 

TRIT1 loss on i6A-tRNA-associated activity. We evaluated the chemical modification 

status of A37 using tRNA-associated liquid chromatography-mass spectrometry (LC-

MS) [46]. As expected, TRIT1 shRNA-mediated downregulation of TRIT1 in DMS-273 

cells induced a decrease in levels of the i6A nucleoside (Figure 18D). 

In addition, considering N6-isopentenyladenosine is the preceding modification to ms2i6A, 

we looked for changes in the i6A level by indirectly quantifying ms2i6A. For this aim, we 

used a protocol to measure the 2-Methylthio-N6-isopentenyladenosine (ms2i6A) 

modification in mitochondrial tRNAs by reverse-transcription quantitative PCR [257]. We 

observed diminution of ms2i6A modification in serine, tryptophan, and tyrosine 

mitochondrial tRNAs in TRIT1 shRNA-depleted compared with scramble-shRNA DMS-

273 cells, but not in the mitochondrial phenylalanine tRNA (Figure 19). 

 

 

Figure 19. Ms2i6A modification levels. Measurement of 2-methylthio modification in mt-

tRNASer(NGA), mt-tRNATrp, mt-tRNATyr and mt-tRNAPhe in scramble shRNA and TRIT1-depleted 

shRNA (shTRIT1) DMS-273 cells by RT-qPCR.  
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3. In vitro study of the biological function of TRIT1 using the cellular model of loss-

of-function. 

Once the TRIT1 loss-of-function model was generated in the small cell lung cancer DMS-

273 cell line, the possible biological functions of TRIT1 amplification and the disruption 

of tRNA modification were evaluated.  

First, we analysed the effect on cell proliferation. Upon transfection of shRNA 

against TRIT1 in the TRIT1-amplified DMS-273 cell line, the cells did not show 

differences in proliferation in the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide (MTT) assay (Figure 20A) in comparison with the shRNA-scramble (SCR)-

transfected cells. No differences were detected either between cells expressing shTRIT1 

and those transduced with the shRNA-scramble (SCR) in the ability to form colonies, 

evaluated after seeding a low number of cells (Figure 20B). 

 

Figure 20. Effect of TRIT1 shRNA-mediated depletion on cell proliferation and colony formation 

in DMS-273 cells. (A) Effects on cell proliferation were determined by MTT assay. (B) Colony 

formation assay showed no significant differences upon TRIT1 depletion in DMS-273 cells. Left: 

Representative image of the colonies. Right: Statistical analysis of the colony number in each 

cellular model. Student’s t-test, no significative (Mean ± SD, n = 3). 
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In addition, lack of changes were detected in the cell cycle profile upon TRIT1 depletion, 

as shown by the cell cycle analysis using flow cytometry after staining with the DNA 

intercalating agent propidium iodide (Figure 21A). We also assessed the amount of 

CDKN1A protein as an indicator of the blockage of the cell cycle in the G1/S and G2/M 

transition [261] and no differences were detected when comparing TRIT1-depleted and 

shRNA scramble-transfected cells (Figure 21B). 

 

 

Figure 21. Effect of TRIT1 depletion in cell cycle. (A) Cell cycle analysis by DNA content 

estimation with flow cytometry. Top: Representative cell cycle distribution in scramble shRNA 

(SCR) and shRNA against TRIT1 (shTRIT1). Bottom: Distribution in the different phases of the 

cell cycle in the analysed cells. No differences between cell cycle phases were detected.  

(B) Expression of the cell cycle arrest marker CDKN1A assessed by Western blot. Actin was used 

as loading control. 
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Although we did not detected changes in cell cycle, we wondered if TRIT1 depletion 

could impair cell death. With this aim, we first calculated the proportion of alive to 

apoptotic cells by flow cytometry of AnnexinV/PI [262]. No differences were observed 

between DMS-273 cells transduced with the shRNA-scramble (SCR) and the TRIT1 

shRNA-depleted (shTRIT1) in the proportion of total apoptotic and alive cells (Figure 

22).  

 

Figure 22. Apoptosis assay with Annexin V/PI. Quantification of the flow cytometry values of 

Annexin V/PI show the non-proapoptotic effect of TRIT1 knock-down in DMS-273. Student’s t-

test, no significative (Mean ± SD, n = 3). 

 

Next, we evaluated differences in senescence through the senescence-associated β-

galactosidase (SA-β-gal) assay [263] but senescent cells were not detected in SCR or 

shTRIT1 cells (Figure 23).  

 

Figure 23. Senescence-associated β-galactosidase assay. No-senescent cells were detected in 

DMS-273 culture cell models through senescence-associated β-galactosidase (SA-β-gal) 

staining. 
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Then, the fact that several selenoproteins are described to be involved in endoplasmic 

reticulum stress [264], and TRIT1 modifies some mitochondrial tRNAs, encourage us to 

investigate possible effects of TRIT1 expression in unfolded protein response (UPR) and 

mitochondrial function. Taking advantage of the XBP1 splicing during UPR [265], we 

analysed the expression pattern of the two XBP1 isoforms by RT-PCR. As a positive 

control, we treated SCR and shTRIT1 DMS-273 cells with thapsigargin, a known inhibitor 

of the endoplasmic reticulum Ca2+ ATPase, that clearly showed an increase in the spliced 

isoform. TRIT1 cellular models expressed both XBP1 mRNA transcripts but any change 

in the spliced form was detected upon TRIT1 depletion changes indicating no UPR 

(Figure 24A). These results were supported by the western blot analysis of the HSPA5 

and EIF2AK3 proteins involved in the UPR [266], and ERO1A involved in protein folding 

[267] that did not show differences between the shRNA-scramble (SCR) and the TRIT1 

shRNA-depleted (shTRIT1) DMS-273 cells (Figure 24B). Moreover, the Oxidative 

Phosphorylation System (OXPHOS) mitochondrial complexes exhibited no changes 

upon shRNA mediated TRIT1 depletion, which indicates no apparent issues in 

mitochondrial production of ATP [268] (Figure 24C). 

 

4. In vivo study of the biological function of TRIT1 using the cellular model of loss-

of-function. 

Although in vitro assays in cultured cell lines could provide key information to elucidate 

biological functions, there are insurmountable limitations, mainly associated with the lack 

of interactions with the tumour microenvironment, as well as changes associated with 

adaptations to two-dimensional growth [269,270]. The tumour microenvironment is 

composed of stroma and inflammatory cells that, through cell-cell interactions and 

secreted factors, favour the development of the neoplasia contributing to the tumour 

progression and survival [271-273]. 
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Figure 24. Endoplasmic reticulum and mitochondrial stress analysis. (A) XBP1 splice assay to 

assess unfolded protein response (UPR) to endoplasmic reticulum stress in SCR and shTRIT1 

DMS-273 cells. Electrophoresis of the RT-PCR shows the expression of two isoforms of XBP1 

transcripts. DMS-273 SCR and shTRIT1 cells were treated with Thapsigargin as a positive 

control. No changes in splicing were detected upon TRIT1 depletion. (B) Western blots of proteins 

associated with unfolded protein response pathway (HSPA5 and EIF2AK3) and protein folding 

assistance (ERO1A) in TRIT1 knock-down DMS-273 cell line show no differences in endoplasmic 

reticulum stress. (C) Western blot of Oxidative Phosphorylation System (OXPHOS) mitochondrial 

complexes. An antibody cocktail against proteins representing the five mitochondrial oxidative 

phosphorylation complexes was used to examine the expression of mitochondrial proteins in 

TRIT1 shRNA-mediated depleted DMS-273 cells. 

 

Thus, in order to evaluate the functional consequences of the TRIT1 knockdown in a 

more physiological context, we characterised the capacity of shRNA-depleted TRIT1 

(shTRIT1) and shRNA-scramble (SCR) DMS-273 cells to form tumours. With this aim, 

cells were subcutaneously injected in the flank of nude mice to assess tumour growth 

measuring the tumours every five days (Figure 25A). After 20 days of injection, mice 

were sacrificed, and tumours were weighed (Figure 25B). In the monitoring of tumour 

growth and the final tumour weight, a significant reduction in growth was detected in 

tumours derived from shTRIT1 DMS-273 cells compared with SCR-derived tumours 
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(Figure 25A-C). Knockdown of TRIT1 expression was maintained in the shTRIT1-

derived tumours compared to SCR-derived tumours (Figure 25D). 

 

Figure 25. Effect of TRIT1 shRNA-mediated depletion on the growth of subcutaneous tumours in 

nude mice derived from DMS-273 cells (amplified and overexpressing TRIT1). (A) There was a 

significant reduction in tumour volume in the TRIT1 shRNA-depleted cells. Data are summarised 

as the mean and standard deviation (n = 9). Student’s t-test, ** p < 0.01. (B) There was a 

significant reduction in tumour weight in the TRIT1 shRNA-depleted cells (n = 8) compared to 

scramble shRNA cells (n = 9). Data are summarised as the mean and standard deviation. 

Student’s t-test, * p < 0.05. (C) Representative images of the tumours extracted after sacrifice. 

(D) TRIT1 gene downregulation by short hairpin RNA was maintained in DMS-273-shTRIT1- 

derived tumours in nude mice. Determined by RT-qPCR. ** p < 0.01. 
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5. Molecular effects of TRIT1 depletion in SCLC cells. 

We next explored whether the decrease of i6A modification in tRNAs of TRIT1 shRNA-

downregulated cells had any impact on the transcriptome profile. We sequenced the 

transcriptome of the DMS-273 shRNA-scramble and shRNA TRIT1 cells and compared 

them (RNA-seq data deposited in the Sequence Read Archive repository (SRA) under 

the project code PRJNA692378. Data can be accessed through the following web 

address: https://www.ncbi.nlm.nih.gov/bioproject/PRJNA692378 (accessed on 27 

October 2021)). The depletion of TRIT1 in the DMS-273 cells with gene amplification 

altered the levels of 4510 mRNAs (The entire list is available at 

https://www.mdpi.com/article/10.3390/cancers13081869/s1). Notably, 75.6% (3409 of 

4510) of mRNAs were found downregulated upon TRIT1 depletion (Figure 26).  

 

Figure 26. Transcriptional changes derived from TRIT1 shRNA-depletion. Volcano plot of the 

RNA-seq experiment showing mRNAs differentially expressed in TRIT1 shRNA-depleted DMS-

273 cells compared with scramble-shRNA DMS-273 cells. Significant differences in fold change 

(FC), p-value, or both are denoted in green, blue, or red, respectively. TRIT1 is indicated. NS: no 

significant (grey). 

Subsequently, a gene set enrichment analysis (GSEA), determined by gene ontology 

(GO), was carried out to investigate which biological aspects of the downregulated genes 

were overrepresented. The first ten categories of gene ontology from the downregulated 

genes in TRIT1 shRNA-depleted compared with scramble-shRNA DMS-273 cells are 

https://www.mdpi.com/article/10.3390/cancers13081869/s1
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shown in Figure 27. The first category overrepresented was the GO biological process 

“regulation of cell differentiation” (Figure 27).  

 

Figure 27. Functional enrichment upon depletion of TRIT1 in DMS-273 cells. Gene ontology (GO) 

analysis of Biological Process categories in the transcripts downregulated upon TRIT1 depletion 

in DMS-273 cells. 

 

We next validated by qRT-PCR the downregulation upon TRIT1 depletion of some 

candidates with a well-recognised role in differentiation and 

carcinogenesis: ID1 (Inhibitor Of DNA Binding 1, HLH Protein), ID3 (Inhibitor Of DNA 

Binding 3, HLH Protein) [274-276], COL3A1 (Collagen Type III Alpha 1 Chain) [277-

279], MT1X (Metallothionein 1X) [280], LAMA4 (Laminin Subunit Alpha 4) 

[281,282], ANGPTL4 (Angiopoietin Like 4) [283,284], and GPX4 (Glutathione Peroxidase 

4) [285,286]. Gene expression of these genes was decreased upon TRIT1 depletion, 

confirming the results obtained by RNA sequencing (Figure 28A). Remarkably, one of 

these transcripts is GPX4, one of the 25 selenoproteins described in humans. As 

previously commented, selenocysteine tRNA was the first to be described to contain i6A 

[222]. Further validation of the downregulation of GPX4 upon TRIT1 depletion by western 

blot (Figure 28B), reinforced the concept that defects in isopentenylated tRNAs can 

reduce the expression of selenoproteins. 
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Figure 28. Validation of downregulation of expression in genes involved in cell differentiation 

upon TRIT1 depletion. (A) RT-qPCR of genes related to the regulation of cell differentiation. 

Short-hairpin RNA-mediated knockdown of TRIT1 in DMS-273 cells caused a significant 

reduction in the expression of ID1, ID3, COL3A1, MT1X, LAMA4, ANGPTL4 and GPX4. Student’s 

t-test, *p < 0.05; **p < 0.01; ***p < 0.001.  (B) Western blot analysis of GPX4 protein expression, 

which is downregulated upon TRIT1 depletion. Actin was used as loading control. 
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6. Drug sensitivity associated to TRIT1 gene amplification in SCLC cell lines. 

Considering that therapeutic options in SCLC are limited, we wondered if TRIT1 

amplification could confer sensitivity to some drug, particularly some already approved 

in other tumour type that could potentially be repurposed to treat TRIT1-amplified SCLC 

patients. With this goal, we performed an exhaustive revision of the literature to identify 

drugs affecting TRIT1-targeted proteins. The most relevant candidate was arsenic 

trioxide (As2O3), able to inhibit selenoprotein activity and synthesis [287,288]. Importantly, 

As2O3 has been successfully used in the treatment of acute promyelocytic leukaemia 

(APL), as shown in several clinical trials [289-291]. Also, recent studies highlight its 

therapeutical potential in other malignancies [292,293] including lung cancer [294]. In 

addition, the arsenic trioxide effect in APL has been related to induce the differentiation 

of the leukaemia cells [295], fact that could be linked to the GO biological process 

“regulation of cell differentiation” obtained in our RNA-seq analysis (Figure 27A). 

Altogether, we wondered if TRIT1 expression levels could be associated with arsenic 

trioxide sensitivity in SCLC cells.  

We determined the half-maximal inhibitory concentration (IC50) by treating the cellular 

models of TRIT1 shRNA-mediated downregulation with increasing concentrations of 

arsenic trioxide. After 48 hours, the drug concentration at which cell viability was reduced 

by 50% was determined in triplicate through an assay with the MTT assay (Figure 29A). 

DMS-273 scramble shRNA cells overexpressing the TRIT1 gene were significantly more 

sensitive to the growth-inhibitory effect mediated by arsenic trioxide than were TRIT1-

depleted cells (Figure 29B).  

 

Figure 29. Sensitivity to arsenic trioxide upon modulation of TRIT1 expression in cultured cells. 

(A) Representative graphic of cell viability assessed by MTT assay of cell models treated with 

increasing concentrations of arsenic trioxide. (B) Data is summarised as the mean and standard 
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deviation. TRIT1 shRNA-depleted DMS-273 cells were significantly less sensitive to the 

antiproliferative effect of arsenic trioxide than were the shRNA scramble-transfected cells 

harbouring TRIT1 gene amplification-associated overexpression. Student’s t-test, ** p < 0.01. 

 

The positive result encouraged us to perform the assay in vivo. To this end, we injected 

the cells subcutaneously in the flanks of nude mice and started the treatment with arsenic 

trioxide on the tenth day. The DMS-273 scramble shRNA-derived tumours harbouring 

gene amplification-associated overexpression of TRIT1 were responders to arsenic 

trioxide administration. They showed decreased tumour size upon arsenic trioxide 

treatment compared with the lack of differences in the shTRIT1-derived tumours (Figure 

30).  

 

 

Figure 30. Arsenic trioxide sensitivity associated with TRIT1 gene amplification in in vivo mouse 

model. In vivo response to arsenic trioxide in mice. shRNA scramble (SCR, left panel) and TRIT1 

shRNA-depleted (shTRIT1, right panel) DMS-273 cells were injected into the flanks of nude mice 

to form subcutaneous tumours. Tumour volume over time according to treatment conditions, 

vehicle (black lines) vs arsenic trioxide-treated group (red lines) are shown. The black arrow 

indicates when the mice were randomised and started to be treated with arsenic trioxide or 

vehicle. Means and standard deviations (bars) are illustrated. Tumours derived from SCR DMS-

273 cells were sensitive to the growth inhibitory effect of arsenic trioxide, while TRIT1 shRNA-

mediated depletion eliminates the enhanced sensitivity to arsenic trioxide. Student’s t-test, * p < 

0.05; ns, non-significant. 
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In order to confirm the effect of TRIT1 expression in modulating the sensitivity to arsenic 

trioxide, we generated an additional depleted cellular model in the NCI-H1694 SCLC cell 

line. After validating the TRIT1 downregulation at mRNA (Figure 31A) and protein 

(Figure 31B) level, we established the IC50 concentration for arsenic trioxide for NCI-

H1694 SCR and shTRIT1 cells. In agreement with the previous result in DMS-273 cells, 

scramble shRNA cells overexpressing the TRIT1 gene were significantly more sensitive 

to arsenic trioxide (Figure 31C). 

 

Figure 31. Validation of the effect of TRIT1 expression in modulating the sensitivity to arsenic 

trioxide in NCI-H1694 cells. (A) Stable downregulation of the TRIT1 gene by short hairpin RNA in 

the NCI-H1694 SCLC cell line (shTRIT1) determined by RT-qPCR. SCR, scramble shRNA. 

Student’s t-test, ** p < 0.01. (B) TRIT1 protein underexpression by short hairpin RNA in the NCI-

H1694 cell line (shTRIT1) determined by western blot analysis. SCR, scramble shRNA. Actin was 

used as loading control. (C) Arsenic trioxide IC50 of NCI-H1694 cell models assessed by MTT 

assay summarised as mean and standard deviation. TRIT1 shRNA-depleted NCI-H1694 cells 

were significantly less sensitive to the antiproliferative effect of arsenic trioxide than were the 

shRNA scramble-transfected cells harbouring TRIT1 gene amplification-associated 

overexpression. SCR, scramble shRNA. Student’s t-test, * p < 0.05.   

 

Once we demonstrated the sensitivity to arsenic trioxide, we then applied an additional 

approach to identify other compounds effective against small cell lung tumours 

harbouring TRIT1 gene amplification. We analysed the correlations between the IC50 

values for 265 drugs in the SCLC cell lines from the Cancer Gene Project and the TRIT1 

mRNA expression available from RNA sequencing [258]. The dimethyloxalylglycine 

(DMOG), a competitive inhibitor of the hypoxia-inducible factor prolyl hydroxylase, an 

antagonist of the α-ketoglutarate cofactor, and inductor of autophagy [296-298] displayed 

the best correlation with TRIT1 expression (Pearson correlation: -0.4735, p-value = 
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0.0008; Figure 32A). From those SCLC cell lines with available copy number status, we 

determined that TRIT1-amplified cell lines were significantly more sensitive to DMOG 

(Figure 32B). Next, we performed the MTT assay in triplicate to calculate the IC50 for 

DMOG in DMS-273 cellular models (Figure 32C). As in silico predicted, DMS-273 

scramble shRNA cells overexpressing TRIT1 were significantly more sensitive to DMOG 

than the TRIT1-depleted cells (Figure 32D). 

 

Figure 32. Effect of TRIT1 expression in sensitivity to dimethyloxalylglycine (DMOG). (A) 

Correlation between IC50 and TRIT1 mRNA expression in a panel of 47 SCLC cell lines. Data 

collected from Iorio et al. [258]. (B) Effect of TRIT1 copy number status in a panel of 49 SCLC 

cell lines from Iorio et al. [258]. Wilcoxon rank-sum test, ** p-value = 0.006. (C) Representative 

graph of cell viability assessed by MTT assay of SCR and shTRIT1 DMS-273 cells treated with 

increasing concentrations of DMOG. (D) Data is summarised as the mean and standard deviation. 

TRIT1 shRNA-depleted DMS-273 cells were significantly less sensitive to the effect of DMOG 

than the shRNA scramble-transfected cells harbouring TRIT1 gene amplification-associated 

overexpression. Student’s t-test, *** p < 0.001. 
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Finally, considering cisplatin-based chemotherapy is extensively used in the first-line 

treatment of small cell lung cancer [299], we analysed the effect of TRIT1 modulation in 

cisplatin sensitivity. We carried out the three MTT assay replicates for DMS-273 SCR 

and shTRIT1 cell lines treated with cisplatin (Figure 33A) and, after analysing the IC50 

mean, we found no difference in the sensitivity to cisplatin (Figure 33B).  

 

Figure 33. Effect of modulation of TRIT1 expression in cisplatin sensitivity in DMS-273 cells. (A) 

Representative graphic of cell viability assessed by MTT assay of DMS-273 SCR and shTRIT1 

cells treated with increasing concentrations of cisplatin. (B) Data is summarised as the mean and 

standard deviation. TRIT1 shRNA-mediated depletion did not affect sensitivity to cisplatin. 

Student’s t-test, ns, non-significant. 

 

7. Occurrence of TRIT1 gene amplification in SCLC patients. 

The outstanding results in SCLC cell lines prompted us to assess the occurrence of 

TRIT1 amplification in primary tumour samples from SCLC patients. We studied a cohort 

of 39 primary SCLC cases and found that 10.3% (4/39) harboured TRIT1 gene 

amplification, analysing the samples by MLPA. Figure 34A shows representative 

examples of TRIT1-amplified and TRIT1- non amplified SCLC cases.  

Clinicopathological features of the studied SCLC cohort are summarised in Table 7. 

Patient age, gender, smoking status, or clinical stage were not associated with TRIT1 

amplification (Table 7). Moreover, no differences were detected in the distribution 

of RB1 and TP53 mutations [16] between TRIT1 amplified and non-amplified cases 

(Fisher’s exact test, p = 1). TRIT1 gene amplification was not associated with overall 

survival (hazard ratio = 0.625; p = 0.449; 95% CI = 0.185–2.113; log-rank test, p = 0.445), 

although lack of association could be limited by the relatively low number of cases 

available for the analysis. 
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Figure 34. TRIT1 amplification and expression in primary tumours of SCLC patients. (A) MLPA 

assay of primary small-cell lung cancer samples. Probe mixes contained two probes for exons 4 

and 9 of the TRIT1 gene (in orange). Six reference probes were also included (in grey). Values 

greater than 2 (two copies, corresponding to MLPA ratio of 1) were considered to indicate the 

presence of extra copies. Patient 1241 is shown as an example of a TRIT1 two copy number 

case, whilst patient 391 shows TRIT1 gene amplification. (B) TRIT1 RNA expression levels were 

derived from Affymetrix U133Plus2.0 microarray data in six primary SCLC samples where the 

TRIT1 copy number was determined. 
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Table 7. Clinicopathological features of the studied SCLC patients according to TRIT1 gene 

amplification status.  

  *p-value represents Fisher's exact test or X2.  

 

 

The expression microarray data was available for six of these SCLC cases [300]. The 

only patient that exhibited TRIT1 gene amplification (#012) showed the highest TRIT1 

expression level. Two copies of TRIT1 were observed in the 006, 010, 011, 014 and 018 

samples (Figure 34B).   

We also datamined a set of 68 SCLC cases with available copy number information [301]. 

In this dataset, 14.7% (10/68) of primary SCLC cases showed TRIT1 gene amplification. 

For the subset of 23 cases with available microarray expression data [301],  TRIT1 gene 

amplification (observed in three cases) was correlated with higher TRIT1 expression 

levels (Spearman’s correlation test, p = 0.05). For these 23 cases, expression patterns 

of ASCL1, NEUROD1, POU2F3, and YAP1 were analysed to classify the tumours by the 

molecular subtypes [34] and assess the distribution of TRIT1 gene amplification. The 

three cases with TRIT1 gene amplification corresponded with the ASCL1 subtype 

(Figure 35). 

 

Clinical characteristics 
Total 

(n=39) 

TRIT1          

Non-amplified 

(n=35) 

TRIT1          

Amplified 

(n=4) 

p value* 

Age years [median (range)] 65 (49-84) 65 (49-84) 65 (55-71)  

< 65 17 (43.6%) 15 (42.9%) 2 (50.0%) 
1.000 

 65 22 (56.4%) 20 (57.1%) 2 (50.0%) 

Gender     

Female 8 (20.5%) 7 (20.0%) 1 (25.0%) 
1.000 

Male 31 (79.5%) 28 (80.0%) 3 (75.0%) 

Smoker     

Yes 33 (84.6%) 29 (82.9%) 4 (100.0%) 

1.000 No 3 (7.7%) 3 (8.6%) 0 (0.0%) 

Unknown 3 (7.7%) 3 (8.6%) 0 (0.0%) 

Stage     

I 10 (25.6%) 7 (20.0%) 3 (75.0%) 

0.098 
II 4 (10.3%) 4 (11.4%) 0 (0.0%) 

III 11 (28.2%) 10 (28.6%) 1 (25.0%) 

IV 14 (35.9%) 14 (40.0%) 0 (0.0%) 
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Figure 35. Molecular classification of SCLC tumour samples and TRIT1 copy number (CN) status. 

The 23 samples with matched CN and gene expression data were used to perform a hierarchical 

clustering, and heatmap representation of the expression values of the four genes (ASCL1, 

NEUROD1, POU2F3, YAP1) used to classify SCLC samples as described by Rudin C.M et al. 

[34]. The vast majority of the samples (19 out of 23) can be classified as SCLC-A by showing 

significantly higher ASCL1 expression (Wilcoxon rank-sum test p-value = 0.0023). TRIT1 copy 

number status is also denoted. 
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The results derived from this study were published in Cancers journal (Coll-SaMartín et 

al., 2021), available at: https://www.mdpi.com/2072-6694/13/8/1869/htm. DOI: 

10.3390/cancers13081869 [302]. 

For my experience in FISH, I also participated in another study which objective was to 

identify Cancer of Unknown Primary (CUP) patients with FGFR2 rearrangements that 

could benefit from the treatment with pemigatinib, recently approved (2020) by the US 

Food and Drug Administration (FDA). This study is summarizedin the Annex section. 

https://www.mdpi.com/2072-6694/13/8/1869/htm
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V. DISCUSSION 

 

The epitranscriptomic field has experienced a development boost in the last few years, 

mainly associated to the technological advances. Previously unknown modifications 

have been discovered in all life domains as well as the enzymes that incorporate and 

detect them. Our group has already demonstrated key roles of epitranscriptomics players 

in colon cancer [187], glioma [303], and NSCLC [304] and we continue to explore this field 

to broad our knowledge about the impact of epitranscriptomics in cancer with the main 

goal of providing information that guide novel approaches to improve the clinical 

management of cancer patients.  

RNA modifications have a crucial role in the RNA life cycle and functions. Disruptions in 

RNA modification patterns and enzymes have been associated with numerous diseases. 

In particular, the epitranscriptome has been described to participate in acquiring the 

different hallmarks of cancer, partially through alterations in the genes encoding the 

related enzymes [62]. 

This fact encouraged us to focus our research on the identification of alterations in key 

epitranscriptomic players occurring in cancer. Specifically, we investigated genetic and 

epigenetic alterations that would affect transfer RNAs modifications, which are the most 

tightly modified.  

TRIT1 gene is amplified in small cell lung cancer (SCLC). 

Transfer RNAs have a central role in translation, consequently impacting protein 

synthesis. Control of translation is readjusted in cancer to cope with the protein needs of 

the tumour, which triggers changes in cell proliferation and cell fate [85,305]. It is well 

known that genetic alterations are involved in malignancy transformation. Moreover, 

epigenetic effects through promoter CpG methylation and histone marks changes have 

been vastly described in cancer [306]. After data-mining the copy number and DNA 

methylation data for tRNA modifier enzymes in about 1000 cell lines, the frequency of 

TRIT1 gene amplification in small cell lung cancer (SCLC) caught our attention (Figure 

13). SCLC is characterised by rapid growth, aggressive invasion, and early metastasis. 

Patients usually have metastatic disease at the time of presentation and diagnosis. The 

first and second-line standard treatments have been barely changed for several 

decades. Although patients initially respond well to cytotoxic therapy, tumour recurrence 
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frequently occurs within the first 2 years after treatment with the development of acquired 

drug resistance. Due to the lack of effective drugs for second-line chemotherapy, the 5-

year survival rate of SCLC patients is lower than 5% [307]. The lack of driver oncogenic-

activating genetic events, in contrast to the common loss-of-function events, have 

seriously difficulted the identification of actionable targets that can be efficiently targeted 

by drugs. Almost all SCLC cell lines showed characteristic TP53 and RB1 loss-of-

function events. For instance, RB1 inactivating mutations, even prevalent in SCLC, lack 

intrinsic factors that guide the design of small chemical inhibitors [308]. 

Thus, the identification of the cancer-specific amplification of TRIT1 gene in SCLC was 

the starting point of an exhaustive study. We focused on evaluating the implication of 

this event in tumorigenesis, as well as its potential as a drug target candidate. 

The TRIT1 gene amplification in cancer cell lines (Figures 13, 15) and SCLC primary 

samples (Figure 34) was associated to a significant increase at transcriptional and 

protein levels (Figures 14, 16, 34).  

In healthy cells, TRIT1 partially isopentenylates adenosine 37 [212], but amplification and 

tumoral conditions might increase the modification rate. The modification proportion 

deviation can change the translation process, as occurs with mcm5s2U34-related 

enzymes overexpression in BRAFV600E mutated melanoma cells that favour the hypoxia-

induced factor 1α (HIF1α) translation promoting tumour progression [141]. 

In order to elucidate the functional role of TRIT1 amplification in SCLC in tumorigenesis, 

we assessed the consequences of decrease the expression of TRIT1 using the shRNA 

approach in the TRIT1-amplified DMS-273 SCLC cell line. In agreement with previous 

reports in the literature [212], the level of isopentenyladenosine decreased upon 

decreasing TRIT1 expression (Figure 18) and, so does the level of ms2i6A (Figure 19), 

the hypermodification introduced after i6A in some mitochondrial tRNAs. 

We first evaluated several processes frequently altered in cancer using classical in vitro 

assays of cell proliferation, colony formation capacity, cell cycle, apoptosis, senescence, 

and endoplasmic reticulum (ER) and mitochondrial stress; by comparing the results 

obtained in the parental DMS-273 TRIT1-amplified cell line vs. the knockdown (DMS-

273 shTRIT1).  

We speculated that changes in the tRNA modification level and, therefore, in translation 

might have affected the cellular division rate. Actually, it has been described that NSCLC 
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cell lines transfected with TRIT1 show a reduction in colony formation [211]. However, 

cell proliferation analysis using MTT and clonogenicity assays revealed no changes in 

cell proliferation or colony formation in vitro upon TRIT1 knockdown in the DMS-273 

TRIT1-amplified SCLC cell line (Figure 20). We neither detected differences in cell cycle 

after TRIT1 knockdown, neither in the flow cytometry analysis by propidium iodide nor 

by the expression of CDN1A, involved in the mitotic arrest in G1 / S and G2 / M (Figure 

21). Negative results were also obtained when we explored the role of TRIT1 in apoptosis 

and senescence, evaluated by Annexin V flow cytometry (Figure 22), and the activity of 

the enzyme β-galactosidase, respectively (Figure 23).  

Considering the lack of effects of restoring the TRIT1 levels to basal-like conditions in 

the DMS-273 TRIT1-amplified SCLC cell line observed upon the analyses of the classical 

in vitro assays to study cancer-related features, we decided to investigate more specific 

processes related to the TRIT1 molecular functions.  

Modifications in tRNA[Ser]Sec have been related to oxidative stress, as some 

selenoproteins have a role in reducing ROS [309]. Although oxidative stress can be toxic 

for the tumour for raising genomic instability and mutation, can also enhance 

tumorigenesis in some contexts [211,310]. Consequently, selenoproteins can have both 

positive and negative effects on the tumour. Also, it has been described that patients 

with mutations in TRIT1 gene show combined oxidative phosphorylation deficiency 35 

(COXPD 35), a combined OXPHOS deficiency [216,311] that could trigger mitochondrial 

stress. Apart from that, seven selenoproteins localise to the endoplasmic reticulum 

maintaining its homeostasis. Cancer cells might be dependent on the role of some 

selenoproteins in unfolded protein response [264,312] and being affected by the decrease 

in tRNA[Ser]Sec modification. Altogether encouraged us to study ER and mitochondrial 

stress, but we did not observe changes upon TRIT1 knockdown (Figure 24). 

As in vitro assays did not provide keys to elucidate the role of TRIT1 in cancer, we 

decided to go one step further and perform in vivo assays in mice. In contrast with 2D 

cell cultures, murine models are able to provide the proper microenvironment to better 

recapitulate key molecular processes occurring in tumour cells. The interactions with the 

stroma, the activation of specific molecular pathways and the triggering of inflammatory 

responses could favour the tumour development [272] and provide the optimal scenario 

to unravel the functional effects of TRIT1 deregulation. In fact, after subcutaneous 

injection of parental TRIT1-amplified or shTRIT1-silenced cells in mice, we observed a 
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significant reduction in tumour growth upon TRIT1 knockdown, providing a robust 

evidence of the impact of TRIT1 amplification in cancer (Figure 25). 

Consequences of TRIT1 overexpression in transcription 

Aimed to further identify specific molecular pathways and/or biological processes 

governing the TRIT1 cancer-related roles, as well as potential target genes whose 

expression could be modulated by i6A modification levels in the context of SCLC, we 

carried out massive RNA sequencing of the loss-of-function model in the DMS-273 cell 

line. The capability to evaluate the entire transcriptome makes RNA sequencing an ideal 

strategy to study the ultimate transcriptional consequences. After computational 

analysis, 4510 differential expressed mRNA were identified. Notably, 3409 (75.9%) of 

these mRNAs were found downregulated upon TRIT1 depletion reflecting the significant 

impact of i6A hypomodification (Figure 26). 

We performed a gene set enrichment analysis (GSEA) from the downregulated genes 

and graphed the overrepresented GO biological processes. The most enriched process 

upon TRIT1 depletion was “regulation of cell differentiation”. Considering this interesting 

finding, from the genome-wide transcriptomic approach (RNAseq), we selected a set of 

genes with key roles in gene differentiation for further validation: 

• Inhibitor Of DNA Binding 1, HLH Protein (ID1) and Inhibitor Of DNA Binding 3, 

HLH Protein (ID3) are basic helix-loop-helix (bHLH) proteins that lack a DNA 

binding domain. bHLH proteins form dimers or heterodimers that bind to DNA 

and activate gene transcription, but they cannot bind to DNA when the dimer 

contains an ID protein. Thus, ID proteins act as dominant-negative regulators of 

transcription [276,313]. ID proteins have been reported to be upregulated in 

cancer cells, more interestingly in SCLC the ID upregulation has been associated 

with the malignant phenotype [314]. ID1 has a role in regulating proliferation and 

differentiation, and is considered a tumour promoter [276]. Moreover, it has been 

described that the suppression of ID3 significantly suppressed tumorigenesis in 

nude mice [275]. 

• Collagen Type III Alpha 1 Chain (COL3A1) composes type III collagen, a major 

structural component usually found in extensible connective tissues such as skin, 

lung, uterus, intestine and the vascular system [315]. COL3A1 play roles in cell 

adhesion, migration, proliferation, and differentiation via interactions with cell-

surface receptor integrins [316-318]. COL3A1 is upregulated in various cancers, 
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and its expression is correlated with the tumour immune microenvironment and 

pan-cancer prognosis [278,319]. Moreover, upregulation of COL3A1 expression 

has been associated to smoking-related NSCLC [320]. 

• Metallothionein 1X (MT1X) is a metallothionein (MT), a small cysteine-rich 

protein. Numerous studies have revealed a relationship between MT expression 

and tumour differentiation [280]. Moreover, MT1X was significantly 

overexpressed in highly metastatic NSCLC compared with weakly metastatic 

cells [321]. 

• Laminin Subunit Alpha 4 (LAMA4) belongs to the laminin family, extracellular 

glycoproteins that play essential roles in providing a microenvironment for cell 

functions through the regulation of cell differentiation, migration, and adhesion 

[322-324]. Furthermore, LAMA4 overexpression has been described in 

angiotropic melanoma areas [323].  

• Angiopoietin Like 4 (ANGPTL4) protein belongs to a superfamily of secreted 

proteins. ANGPTL4 has a highly multifaceted roles in cell differentiation and 

tumorigenesis, among others [325-327]. ANGPLT expression has been found 

upregulated in several tumour types including breast tumours, basal cell 

carcinoma, melanoma, and gallbladder cancer [284,328-332]. 

• Glutathione Peroxidase 4 (GPX4) is a selenoprotein whose expression can be 

triggered by differentiation [333]. There is controversy about GPX4 role in 

carcinogenesis. It has been proved that GPX4 sustains detoxification and 

prevents the triggering of cell death programs like the recently described 

ferroptosis. Consequently, tumours require inhibition of ferroptosis to sustain 

proliferation [334-336]. However, some studies have determined that GPX4 may 

function as a tumour suppressor in some contexts [337-339]. 

The downregulation of these genes upon TRIT1 knockdown identified by RNAseq, was 

successfully validated by RT-qPCR (Figure 28A). From the selected candidates, GPX4 

is, in our TRIT1 context, the most interesting gene because it is a selenoprotein that 

depends on the tRNA[Ser]Sec to be translated, directly linking the finding with the molecular 

role of TRIT1. Moreover, we observed a reduction in GPX4 protein expression upon 

shTRIT1 (Figure 28B). 
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TRIT1 amplification is a sensitivity marker for arsenic trioxide (As2O3) and 

dimethyloxalylglycine (DMOG). 

The identification of cell differentiation as a key biological process affected by the 

deregulation of TRIT1 provided clues about how TRIT1 amplification could be a realistic 

drug-targeting candidate, a crucial aspect considering the limited potentially targetable 

molecular lesions in SCLC. Some drugs have been proved to affect differentiation in a 

variety of primary tumour cells [295]. Remarkably, it has been shown that arsenic trioxide 

(As2O3) can induce differentiation in patients with acute promyelocytic leukaemia (APL) 

[340,341]. Furthermore, in our TRIT1-related context, As2O3 is an interesting drug for its 

described interaction with selenium and selenoproteins [150,287,342]. In addition, Sobh 

et al. observed that disruption of enzymes involved in selenocysteine metabolism and, 

therefore, selenoprotein synthesis results in a decreased tolerance to As2O3 [343]. In vitro 

studies showed that As2O3 also induces cell death, DNA damage and changes in levels 

of stress-related proteins in lung cell lines [344].  

Arsenic compounds have been used for more than 2000 years for different cultures as 

Chinese, Greek and Indian [292]. First, well-known as a poison, its virtue as a medicine 

to successfully treat several diseases including syphilis became As2O3 an attractive 

therapeutic agent. Importantly, As2O3 can not only be administrated by intravenous 

infusion, but also by oral routes, simplifying its use in the clinical practice [292,345,346]. 

In 2000, the FDA approved the use of As2O3 for the treatment of APL [347].  As2O3 has 

demonstrated strong clinical benefits as a single agent in APL, with a 5-year disease-

free survival rate around 70% [348]. Moreover, As2O3 has shown to decrease the 

incidence of relapse in de novo APL [349]. The success of As2O3 in APL treatment has 

encouraged to test its use in other haematological malignancies and, also solid tumours 

including glioma, hepatocellular carcinoma and, bladder, cervical, colorectal, liver and 

lung cancers [345,349,350].  

Remarkably, previous in vitro and in vivo studies support the anti-tumour benefits of 

(As2O3) in SCLC [351]. When we tested As2O3 in our cells, we observed sensitivity to this 

drug in the TRIT1-amplified cell lines that was significantly decreased upon TRIT1 

depletion (Figures 29, 31). More relevant, in vivo experiment reinforced our findings with 

the decreased tumour burden observed in the As2O3-treated DMS-273-derived tumours, 

in comparison with the ones with vehicle (Figure 30), an effect abolished in the TRIT1-

depleted DMS-273 cells. Altogether, in vitro and in vivo analyses confirmed the potential 

of TRIT1 amplification as a master of sensitivity to arsenic trioxide.  
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We also followed a computational approach to widen the drug candidates to treat small 

cell lung tumours harbouring TRIT1 gene amplification. Our group participated in a 

multiomic study to identify genomic and epigenomic alterations associated to drug 

sensitivity [258], findings summarized in the Genomics of Drug Sensitivity in Cancer Web 

portal of the Welcome Sanger Institute that holds the IC50 values for more than 200 

compounds for 1000 human cancer cell lines [258]. These pharmacogenomic screens in 

SCLC cell lines revealed a negative correlation between TRIT1 overexpression and 

resistance to dimethyloxalylglycine (DMOG), and our in vitro studies confirmed this 

finding (Figure 32). DMOG is a synthetic analogue of α-ketoglutarate that acts as a 

competitive inhibitor of prolyl-4-hydroxylase domain protein used for hypoxia-inducible 

factors (HIFs) stabilisation [352,353]. HIFs regulates more than 150 genes involved in 

tumour metastasis, angiogenesis, energy metabolism, cell differentiation, and apoptosis 

[354-356], highlighting the potential of this drug. 

Although the addition of the immune checkpoint blockade to the therapeutic arsenal 

against SCLC was a significant improvement after several decades of standard 

chemotherapy treatment [30,35], the FDA approved use of the anti-PD-L1 inhibitor 

atezolizumab in combination with carboplatin plus etoposide chemotherapy to treat 

extensive-stage disease, has shown only a modest clinical effect [31]. Thus, one of our 

more relevant findings in this study has been to identify a novel actionable alteration, that 

could provide novel therapeutic opportunities for SCLC patients. Although further 

validation in larger cohorts of patients is needed, we propose the gene amplification-

associated overexpression of the tRNA modifier TRIT1 in SCLC as an optimal bona fide 

target candidate that points out sensitivity towards arsenic trioxide and DMOG 

treatments.  

TRIT1 amplification in SCLC patients 

Despite SCLC and NSCLC presenting similar diagnostic symptoms, the fastest-

spreading is of SCLC, and consequent usual diagnosis at already metastatic stages 

entails a poor survival [357]. This fact also affects the availability of primary tumour 

samples for research. For this study, we were able to analyse 39 primary tumour 

samples, as well as a collection of 68 cases with available SNP array data [301]. 

More than a tenth of the analysed cases with SCLC cancer showed amplification of the 

TRIT1 gene: 4 of 39 from the first cohort (10.3%, Table 7), and 10 of 68 from the second 

cohort (14.7%). The analysis of these two sets of SCLC patients was key to demonstrate 
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that TRIT1 gene amplification in SCLC is not only limited to cell lines, but it happens in 

primary tumour samples.  

Our results show the relevance of an epitranscriptomic alteration in cancer and widen 

the current knowledge about TRIT1 enzyme and i6A modification roles in malignancy 

progression. We detected TRIT1 gene amplification both in cancer cell lines and primary 

tumour samples. In vivo analysis demonstrated the impact of TRIT1 amplification in 

tumorigenesis. The identification of cell differentiation as a key biological process 

affected by the TRIT1 deregulation leads us to discover the sensitivity of TRIT1-amplified 

cells to arsenic trioxide, a finding complemented with the identification of DMOG by the 

computational approach. Our work also highlights the need to further explore the 

molecular mechanisms involved in SCLC tumorigenesis to provide new therapeutic 

opportunities to better tailor treatment decisions in the precise medicine era. Finally, it is 

also essential to potentiate all the strategies to eradicate tobacco consumption in the 

population, the leading cause of SCLC as well as a vast range of cancers and diseases.  
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VI. CONCLUSIONS 

 

1. The tRNA modifier TRIT1 gene is amplified in 18.3% of small cell lung cancer 

(SCLC) cell lines, the most lethal and aggressive subtype of lung cancer. 

2. TRIT1 gene amplification occurs in about 10-15% of SCLC patients. 

3. TRIT1 amplification leads to an increase of its expression at the transcriptional 

and translational levels. 

4. The depletion of TRIT1 expression decreases the levels of i6A-modified 

nucleoside, as shown in the loss-of-function model generated in DMS-273 TRIT1-

amplified SCLC cell line. 

5. The reduction of i6A-modified nucleoside leads to a reduction of ms2i6A in some 

mitochondrial tRNAs, including mt-tRNASer(NGA), mt-tRNATrp and mt-tRNATyr. 

6. TRIT1 gene amplification increases the tumorigenic potential, as evidenced by 

the decreased tumour growth achieved by the tumours derived from TRIT1-

depleted cells, in comparison with those derived from TRIT1-amplified cells, in 

murine models. 

7. The shRNA-based TRIT1 depletion in the DMS-273 cells with gene amplification 

altered the levels of 4510 mRNAs, decreasing the expression of 75.6% of them, 

including genes related to differentiation. 

8. The gene amplification-associated overexpression of TRIT1 confers sensitivity to 

arsenic trioxide and dimethyloxalylglycine (DMOG), as shown in vitro cellular 

assays and in vivo experiments in mice. 
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VIII. ANNEX: Detecting FGFR2 rearrangements in 

Cancer of Unknown Primary as a potential 

therapeutic target. 

 

I. Introduction 

1. FGFR2 fusion proteins in intrahepatic cholangiocarcinoma. 

Fibroblast Growth Factor Receptor 2 (FGFR2) is a cell-surface receptor tyrosine kinase 

(RTK) for fibroblast growth factors. FGFR2 plays a key function in regulating 

development, and other cellular functions such as proliferation and apoptosis. FGFR2, 

in association with heparin sulphate proteoglycans, dimerises and autophosphorylates. 

Then, FGFR2 can phosphorylate downstream adaptor proteins [358,359]. 

FGFR2 gene, located in 10q26.13, is often disrupted by chromosomal translocations 

during tumour initiation and progression, that can result in oncogenic fusion proteins. The 

resulting in-frame fusion proteins usually are composed of an N-terminal FGFR2 moiety 

retaining an intact kinase domain fused and a C-terminal partner gene which contains a 

dimerisation/oligomerisation domain. These fusion proteins lack the FGFR2 regulation 

becoming constitutively dimerised and, hence, constitutively activated. In turn, they 

activate several oncogenic downstream pathways. There are more than 150 known 

FGFR2 fusion partners such as Periphilin 1 (PPHLN1), Adenosylhomocysteinase Like 1 

(AHCYL1), Bicaudal family RNA binding protein 1 (BICC1), Transforming Acidic Coiled-

Coil Containing Protein 3 (TACC3), Meningioma Expressed Antigen 5 (Hyaluronidase) 

(MGEA5), and Shootin 1 (KIAA1598) [358,360]. Moreover, a single tumour can carry 

more than one FGFR2 fusion [358,361,362]. FGFR2 fusions can be found in different 

cancer types, but the highest frequency (15%) is found in intrahepatic 

cholangiocarcinoma (ICC) [359,361,363-365]. 

ICC is a subtype of cholangiocarcinoma, cancer that originates from the cells of the 

biliary tract. It represents 10-20% of all primary liver cancer [366], and is one of the most 

fatal malignancies with very limited treatment options that is usually diagnosed at an 

advanced unresectable stage [367-369]. 
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Pemigatinib (INCB054828) is a highly selective FGFR-inhibitor that has been recently 

approved (2020) by the US Food and Drug Administration (FDA) for the treatment of 

cholangiocarcinoma patients harbouring FGFR2 fusions or rearrangements [370,371]. 

This approval was based on the FIGHT-202 open-label single-arm phase II study that 

demonstrated a survival benefit of pemigatinib on patients with FGFR2 fusions [372]. 

Pemigatinib binding to FGFR1/2/3 results in the inhibition of the downstream signal 

pathways, and consequently inhibits proliferation on FGFR1/2/3-overexpressing tumour 

cells.  

2. Cancer of Unknown Primary (CUP). 

Cancer of Unknown Primary (CUP) is a heterogeneous group of confirmed metastatic 

tumours that lack an identifiable primary tumour, despite a standardized diagnosis work-

up [373]. They account for 3–5% of all human cancers [374,375]. Most of CUP patients 

(80-85%) have an unfavourable prognosis with a dismal survival of 3-6 months, despite 

empirical chemotherapy treatments. CUPs present a higher chromosomal instability 

compared to metastasis of known origin [376]. 

CUP aggressiveness and the limited treatment options result in poor outcomes [377,378]. 

Currently, treatment for CUPs mainly depends on clinical presentation as there is no 

existing standard chemotherapy, neither prognostic and predictive biomarkers [378,379]. 

Our laboratory developed EPICUP, a DNA methylation-based assay that allows us to 

identify the primary tumour site in CUPs [380]. Our and other studies have shown that 

the use of tumour-type specific therapies leads to improved outcomes. However, the 

occurrence of shared molecular alterations in different tumour types has supposed the 

emergence of tissue-agnostic approaches and basket trials which eligibility is based on 

the presence of specific genetic alterations, irrespective of histology. Identification of 

actionable alterations in CUP patients could improve the dismal outcome.  

II. Objective 

Identify CUP patients with FGFR2 rearrangements that could benefit from the treatment 

with pemigatinib. 

III. Material and Methods 

1. Cell Lines.  
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The HUT-78 cutaneous cell-lymphoma cell line (American Type Culture Collection, 

ATCC), and the SNU16 gastric adenocarcinoma and NCI-H716 colorectal 

adenocarcinoma cell lines (kindly provided by Dr Diego Arango, Institut de Recerca 

Hospital Vall d'Hebron) were used for this study. Cells lines were cultured according to 

the supplier's indications. HUT-78 was cultured with Iscove's Modified Dulbecco's 

Medium (IMDM, Gibco). SNU16 and NCI-H716 were cultured with Roswell Park 

Memorial Institute (RPMI1640, Gibco). Culture medium was completed with 10% foetal 

bovine serum (FBS, Gibco, Waltham, MA, USA) and 1% penicillin/streptomycin 

(Invitrogen, Carlsbad, CA, USA). Cells were cultured at 37°C with 5% (v/v) of CO2. All 

cell lines tested negative for mycoplasma.  

Cells were centrifugated and preserved in formalin-fixed, paraffin-embedded (FFPE) 

blocks in order to mimic a tumour tissue, as usually preserved in the clinical practice, to 

optimize the experimental approaches to assess CUP samples. 

2. Human Biological Samples. 

We analysed 52 CUP samples collected through collaborations with hospitals and health 

institutions. Samples derived from surplus of biological material used for diagnostic tests. 

Patient informed consents were signed, according to Biomedical Research law 14/2007. 

Comprehensive clinical information was collected, processed, and stored under 

confidentiality policies, following current legislation regarding personal data protection. 

Biological samples were identified with a code that was used by the researchers. 

Tumour samples preserved in FFPE tissue blocks were cut in 5 µm thick slices and 

placed on glass slides.  

Haematoxylin and eosin (H&E) stained slides were used to identify the optimal region of 

the tumour to perform the Fluorescence in situ hybridisation (FISH).   

3. Fluorescence in situ hybridisation (FISH) on Formalin-Fixed Paraffin-Embedded 

(FFPE) tissues. 

FFPE sections were incubated at 65ºC for 25 min and deparaffinised with xylene. Later, 

the slides were dehydrated in absolute ethanol and immersed in 1X SSC at 86ºC for 30 

min. After a water cleaning, the samples were digested with Pepsin (01N31-005, Abbott, 

Lake County, Illinois, USA) at 37ºC, and next, dehydrated in absolute ethanol. Then, 

samples were hybridised overnight with the probe Vysis 10q26 FGFR2 Break Apart FISH 

Probe Kit (09N23-060, Abbott) according to the manufacturer’s instructions. Before 
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microscope analysis, slides were washed with 2X SSC/0.3% Tween at 73ºC and stained 

with DAPI. 

Cell line images were acquired in the Cytogenetics Platform of the Institut Català 

d’Oncologia (ICO)-Hospital Germans Trias i Pujol (IGTP) (Barcelona, Spain). Tumour 

sample images were acquired by Atrys Health (Barcelona, Spain). 

IV. Results 

1. Detection of FGFR2 rearrangement in control cell lines. 

In order to optimise the FISH assay to detect FGFR2 rearrangements, we used 

previously characterised cell lines. To mimic a sample tissue, pelleted cells were fixed 

with formalin and embedded in paraffin. Then, samples were hybridized with the FGFR2 

Break Apart FISH Probe (Abbott). In this break apart design, the red probe targets the 3’ 

region of the FGFR2 gene while the green probe targets the 5’ region of the FGFR2 gene 

and the Arginyltransferase 1 (ATE1) neighbour gene (Annexed Figure 1). When there 

are no signals of the split, two pairs of closely approximated or fused signals (yellow) are 

observed; meanwhile, if there is a FGFR2 rearrangement, the two colours are clearly 

distinguished. 

 

Annexed Figure 1. FGFR2 break-apart FISH probe (Abbott). Dual colour probe involving the 

chromosomal region 10q26.1. Red probe targets the 3’ region of the FGFR2 gene and green 

probe targets the 5’ region of the FGFR2 gene and the ATE1 gene. 

 

We selected three previously characterised cell lines, the SNU16 and NCI-H71 

harbouring FGFR2 rearrangements, and the HUT-78 cell line as a negative control. HUT-

78 was karyotyped by Chen T. R. in 1992, showing that this cell line presents a 

hypodiploidy affecting chromosome 10 [381]. Also, the patient from which HUT-78 was 
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derived had mycosis fungoides and Sezary syndrome that has been associated with 

deletions in chromosome 10q [382]. In agreement, we observed the described 

hypodiploidy upon FISH assay. HUT-78 cells present nucleus with 1 or 2 copies of 

FGFR2 and ATE1 genes without rearrangements (Annexed Figure 2A).  

In the SNU16 cell line, the FGFR2 rearrangement involves the 5’ region of the APIP gene 

(11p13) and the 3’ region of the FGFR2 gene. In addition, a high level of amplification of 

this rearrangement has been reported [383]. In the FISH assay, we observed that some 

nucleus present FGFR2 and ATE1 co-amplification, the two genes covered by the probe 

in red (3’ region) and green (5’ region), and others amplification and rearrangement 

(break-apart) (Annexed Figure 2B).  

In the NCI-H716 colorectal cancer cell line, the previously reported FGFR2 amplification  

[384,385] seriously hindered the detection of the previously described FGFR2-COL14A1 

fusion [384,386] and it was difficult to define if the red and green-probes co-localised or 

there break-apart (Annexed Figure 2C).  

 

Annexed Figure 2. FGFR2 break-apart FISH analysis of control cell lines. (A) HUT-78 cells 

present nucleus with 1 or 2 copies of FGFR2 and ATE1 genes without rearrangement. (B) In 

SNU16 cells some nucleus present co-amplification of FGFR2 and ATE1 genes, others 

amplification and rearrangement (break-apart). (C) NCI-H716 cells present an amplification that 

includes FGFR2 gene (5’ region) and ATE1 gene. 

2. Detection of FGFR2 rearrangement in CUP samples. 

We performed a histopathological analysis of 52 CUP samples previously stained with 

haematoxylin and eosin to define the proper region for FISH. In preliminary analysis, four 

samples were discarded due to the lack of tumoral tissue. Once selected the optimal 

tumoral region, we hybridised the sample with the FGFR2 Break Apart FISH Probe 

(Annexed Figure 1). 
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After excluding 8 cases due to failed probe hybridisation, we analysed 40 samples. From 

them, we were able to identify a FGFR2 rearrangement in one CUP case (CGC-43, 

Annexed Figure 3); meanwhile, 39 cases were negative for FGFR2 break-apart. The 

26% of the analysed nucleus of the CGC-43 case were positives for the FGFR2 split. 

The positive sample was resected from the peritoneum, the serous membrane that lines 

the abdominal cavity.  

 

Annexed Figure 3. FGFR2 break-apart FISH analysis in Cancer of Unknown Primary (CUP) 

patient samples. FGFR2 rearrangement was detected in the CGC-43 case (upper panel). A 

negative representative example without FGFR2 rearrangement (CGC-51) is shown in the lower 

panel.  
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V. Discussion and Conclusions 

Genomic characterization of tumours and emergence of target therapies and 

personalized medicine have changed the panorama of clinical management in several 

cancer types. Moreover, novel precision oncology trial designs, such as basket trials, 

which eligibility is based on the presence of a specific genomic alteration, irrespective of 

histology, are an efficient strategy for patients with tumours harbouring actionable 

alterations.  

However, the relatively low incidence of CUPs could be one of the reasons why this 

orphan disease does not significantly benefit from the progress of precision oncology. 

The recently demonstrated efficacy of pemigatinib in cholangiocarcinomas with FGFR2 

fusions or rearrangements encouraged us to evaluate the presence of FGFR2 

rearrangements in CUP cases, to assess the potential of pemigatinib as therapeutic 

strategy for this orphan disease.  

The identification of an FGFR2 rearrangement in one of the 39 CUP cases assessed in 

this study is a proof-of-concept that the identification of the status of actionable targets 

for existing drugs could open new therapeutic opportunities for CUP patients. 

Considering the clinical challenge of diagnosing a CUP, the identified FGFR2-rearranged 

CUP case could be an intrahepatic cholangiocarcinoma (ICC) misdiagnosed as CUP. 

Remarkably, the peritoneum, the anatomic site of the analysed tissue, is one of the most 

common metastasis sites of cholangiocarcinoma [387,388]. Our results encourage to 

study additional cohorts of patients, as the identification of FGFR2 rearrangements in a 

subset of CUP patients would represent a great milestone for management of this 

disease guiding treatment decision towards a more effective tailored therapy, as the use 

of pemigatinib. 

Moreover, the break-apart FISH assay, commonly used to identify gene translocations 

events on formalin‐fixed, paraffin‐embedded (FFPE) material [389], is an easy-to-use 

technique and also relatively inexpensive, both key features in the clinical practice. 

Considering the dismal prognosis of CUP patients, with a 1-year survival rate that hardly 

reaches 25%, we need to increase our efforts to expand the therapeutic alternatives 

beyond the empirical chemotherapy. 
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