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Abstract

Epitranscriptomic analysis has recently led to the profiling of modified nucleosides in cancer cell 

biological matrices, helping to elucidate their functional roles in cancer and reigniting interest in 

exploring their use as potential markers of cancer development and progression. Pseudouridine, 

one of the most well-known and the most abundant of the RNA nucleotide modifications, is the 

C5-glycoside isomer of uridine and its distinctive physiochemical properties allows it to perform 

many essential functions. Pseudouridine functionally (a) confers rigidity to local RNA structure by 

enhancing RNA stacking, engaging in a cooperative effect on neighboring nucleosides that overall 

contributes to RNA stabilization (b) refines the structure of tRNAs, which influences their 

decoding activity (c) facilitates the accuracy of decoding and proofreading during translation and 

efficiency of peptide bond formation, thus collectively improving the fidelity of protein 

biosynthesis and (e) dynamically regulates mRNA coding and translation. Biochemical synthesis 

of pseudouridine is carried out by pseudouridine synthases. In this review we discuss the evidence 

supporting an association between elevated pseudouridine levels with the incidence and 

progression of human prostate cancer and the translational significance of the value of this 

modified nucleotide as a novel biomarker in prostate cancer progression to advanced disease.
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1. Introduction

Prostate cancer (PCa) is the second leading cause of death in American men, with around 

33,330 deaths predicted in 2020 [1]. Serum prostate-specific antigen (PSA) levels are 

frequently used for clinical diagnosis [2] however it lacks specificity for PCa [3] and its use 

results in overdiagnosis leading to unnecessary biopsies and overtreatment of indolent 

disease [4,5] as well as poor risk stratification [6]. In a report released by the US Preventive 

Services Task Force which systematically reviewed the effectiveness of PSA-based 
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screening, between 20.7% to 50.4% of screen-detected cancers were estimated to be 

overdiagnosed [7] and overtreatment of low-grade non-lethal disease was found to cost over 

1.3 billion dollars in the US annually [8]. Not only does PSA-based screening for PCa result 

in overdiagnosis and overtreatment, it can fail to detect cancer in almost 15% of men 

screened when levels are ≤ 4 ng/ml [9]. Although many PSA-derived or inclusive (e.g., 

free:total PSA ratio [10], PSA kinetic factors [11], the Prostate Health Index [12], Progensa 

Prostate Cancer Antigen 3 test, 4K Score test [13]), genomic (e.g., the Oncotype DX test, 

TMPRSS2-ERG and PTEN status [13] etc.) or other (e.g., circulating tumor cells, 

microRNAs, exosomal markers [13]) biomarkers and clinical tests have been shown to have 

improved specificity or performance over PSA alone in cancer detection or prediction of 

high-grade disease [13], PSA still remains an important and standard part of both diagnostic 

and prognostic procedures. In view of the challenges and limitations associated with the 

interpretation of PSA values as a biomarker of PCa progression, there is a huge clinically 

unmet need for novel biomarkers that can detect PCa at the onset of tumor development, 

distinguish between indolent and aggressive disease and predict therapeutic resistance [14]. 

In this review we discuss the current knowledge of RNA derived-modified molecules 

identified by epitranscriptomics that can be exploited for their potential biomarker role in 

PCa progression, with specific focus on the modified nucleoside pseudouridine.

Epitranscriptomics, the study of post-transcriptional modifications of RNA analogous to 

epigenetics is currently experiencing a revival of interest [15] as the techniques used to 

detect, sequence, and analyze them at the transcriptome-wide level have only been recently 

developed [16–22]. These modifications to RNA include methylation, hydroxylation, 

reduction, isomerization, sulfur or oxygen substitutions, or the addition of side chains 

[23,24]. Although modified RNA bases have been known to science for decades [25], 

modern next-generation sequencing (NGS) technologies [26] have enabled the discovery of 

over 170 of these post-transcriptional modifications [24,27] and several of them are now 

implicated in various human diseases, including cancer [28,29]. Interestingly in the years 

before the introduction of NGS many of these post-transcriptional modifications were 

evaluated for their use as biomarkers for malignant diseases [30–33], and are in fact still 

being exploited towards that scope [34–36]. Profiling of modified nucleosides (mNS) with 

an emphasis on biomarker discovery can be accomplished using a variety of biological 

matrices [23] (such as cancer cell lines [37], tissue [33], blood [38] and urine [39], although 

urine is most commonly used [23]) and is likely made possible by an impaired RNA 

metabolism, the increase in whole-body turnover of RNA in rapidly-proliferating tumors 

[36,40], and the inability of mNS to be recycled by cells [41,42], hence their excretion into 

bodily fluids [23]. Amongst the approximately 20–25 different modified RNA nucleosides 

that have been examined for their use as diagnostic biomarkers for cancer [43,44], 

pseudouridine (Ψ), an isomer of uridine (U) has repeatedly been seen to hold diagnostic 

potential for several kinds of cancers [44], implying that carcinogenesis may rely on or lead 

to increased rates of pseudouridylation. Excitingly, recent evidence may suggest its clinical 

utility as a novel biomarker for PCa as well.
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2. The evolution of the modified nucleoside pseudouridine: Significance 

as a marker

Historically, RNA nucleosides with peculiar intramolecular arrangements can be traced back 

to the late 1930s [45], although definitive proof of the existence of RNA modifications 

occurred later on in the 1950s with the discovery of pseudouridine [46]. By examining 

degradation products of acid-catalyzed hydrolysis of RNA, the four ribonucleosides (i.e. 

adenosine, uridine, guanosine, and cytidine) were typically only observed with phosphoryl 

linkages in either the C-2 or C-3 positions, with the assumption that C-5 linkages were not 

possible due to the inability to isolate such products using this method [46]. In historical 

context, in 1938, Gulland and Jackson first reported the hydrolysis of yeast RNA using a 

phosphodiesterase and the enzyme 5’-nucleotidase contained in snake venom, producing 

inorganic phosphate in yields that could only suggest that the phosphoryl groups were 

attached at the C-5 position [45]. Indirect evidence for C-5 phosphoryl linkages later 

appeared in 1951 when Schmidt et al. performed periodate titrations with hydrolyzed yeast 

ribonucleic acid and confirmed that some nucleotide groups were linked to positions other 

than C-2 or C-3 of the ribose [46,47]. Moreover in 1951, Cohn and Volkin [46] isolated an 

unknown nucleoside 5’-phosphate from enzymatically hydrolyzed calf liver transfer RNA 

(tRNA) [48]. Originally designated “?”, this unknown compound would also be successfully 

isolated from yeast RNA in 1957 by Davis and Allen [49], with other researchers making 

similar reports, isolating the nucleoside from bacteria, dog pancreas and rat liver [48,49]. 

Remarkably, considering how novel and revolutionary the discovery of an entirely new 

“building block” of RNA might have seemed at the time, researchers were forward-thinking 

enough to pioneer medical research of the nucleoside, measuring its levels in the urine of 

patients with various diseases (e.g., gout and leukemia [48]), and even observed abnormally 

high levels of the substance in the urine of “mentally defective” patients in 1967 [50]. The 

structure of this novel nucleoside was solved by Cohn in 1959 [51], and was first known as 

5-ribosyl uracil, but was later renamed and is now more commonly known as pseudouridine 

[51].

3. Pseudouridine: Physiochemical properties, biosynthesis and detection

Since its discovery, pseudouridine was commonly referred to as “the fifth nucleotide” and 

has been chemically characterized as the C5-glycoside isomer of uridine [52]. 

Pseudouridine, also known as β-pseudouridine and 5-(β-D-ribofuranosyl)uracil has a molar 

mass identical to uridine (244.2 g/mol) but differs in its mass spectrometric dissociation 

[53,54]. Pseudouridine is also among the most well-known of the RNA modifications, 

perhaps due to the relative abundance [55–57] and inertness of the isomer compared to other 

mNS within a cell, and is estimated to comprise ~5% of the total of all cellular RNA 

nucleotides [49,58]. The isomerization of uridine to Ψ confers to pseudouridine some 

additional and distinctive properties (Fig. 1). The C-C glycosyl bond, unique amongst 

modified nucleosides, is more freely able to rotate than the N-C bond in uridine and thus 

allows for greater conformational flexibility; when part of a polynucleotide chain however it 

has only been found to confer rigidity instead of flexibility on both single and double-

stranded regions of RNA [59]. Pseudouridine also slightly prefers the syn rather than anti 
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conformation that uridine and other nucleosides adopt and therefore can function as a 

conformational switch in RNA [59]. Moreover, Ψ has an increased capacity for hydrogen 

bonding and can donate an additional bond [59] (Fig. 1), allowing for enhanced local RNA 

stacking which is cooperatively increased through neighboring nucleosides [59]. Since this 

effect is propagated throughout adjacent helical regions, it is believed to be the most critical 

contribution of Ψ to the stabilization of RNA structure [59].

Biosynthesis of Ψ is carried out by a class of enzymes known as pseudouridine synthases 

(PUSs), which are classified into 6 different families: (TruD, TruA, TruB, RsuA [which is 

not present in eukaryotes] RluA, and PUS10 [which is not present in E. coli] [60]). In 

eukaryotes, pseudouridine synthases can either function as standalone enzymes (i.e., PUS1 

through PUS9 in yeast, although very similar enzymes exist in humans) or as part of RNA-

guided ribonucleoprotein (RNP) complexes [60] (Fig. 1). These RNP complexes containing 

the TruB family member [61] dyskerin (DKC1), the enzymatic component that catalyzes the 

isomerization reaction and additional core proteins (NOP10, GAR1 and NHP2) are guided 

to the appropriate, specific uridines to be modified by non-coding RNAs (ncRNAs) called 

H/ACA box snoRNAs (H/ACA snoRNAs) [62]. Together, they comprise the H/ACA small 

nucleolar RNA-ribonucleoprotein complex (H/ACA snoRNP) [62]. To date, 12 

pseudouridine synthase genes have been discovered in humans: PUS1, TRUB2, PUS3, 

PUS4, RPUSD1, RPUSD2, RPUSD3, RPUSD4, PUS7, PUS7L, PUS10, and DKC1 [60].

Pseudouridine can be detected using a number of different methods, including high 

performance liquid chromatography (HPLC) [63], liquid chromatography-mass 

spectrometry (LC-MS) [64], capillary electrophoresis (CE) [65] and immunological 

antibody-based methods [66] (including flow cytometry [60,67]). Deep sequencing methods 

include pseudo-seq [68], Ψ-seq [69], PSI-seq [70], and CeU-seq [71], and are all capable of 

mapping Ψ positions across the entire transcriptome with single nucleotide resolution [72]. 

These methods all work by using the chemical N-cyclohexyl-N′-(2-morpholinoethyl)-

carbodiimide metho-p-toluenesulfonate (CMC) to selectively label Ψ [72]. These 

pseudouridine-CMC adducts efficiently block reverse transcription one base downstream of 

Ψ, thus making pseudouridylated residues detectable as a distinct stop [72]. NGS techniques 

have presently identified more than 9500 putative Ψ modification sites across most types of 

RNA [60].

4. Functions of pseudouridine

Functionally Ψ can provide enhanced rigidity to local RNA moieties but how that relates to 

RNA biology is not yet fully understood. Pseudouridine was first discovered in ncRNAs 

such as ribosomal RNA (rRNA), tRNA and small nuclear RNA (snRNA) [59,60] however 

recent sequencing studies have discovered modifications sites in many other types of RNA 

including messenger RNA (mRNA) [19,69] microRNAs [60] long non-coding RNAs 

(lncRNAs) [21] small Cajal Body-specific RNAs (scaRNAs), small nucleolar RNAs 

(snoRNAs), and other exotic kinds of RNA [60], indicating that proper pseudouridylation is 

likely essential to overall RNA integrity and that Ψ has many diverse RNA-specific 

functions. For example Ψ is present in both large and small subunits of rRNA, clustering in 

domains II, IV, and V and contributes to the proper functioning of ribosomes [62]. Domain 
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V contains the peptidyltransferase center (PTC) [59], where peptide bonds are formed 

between amino acids during protein biosynthesis. As such, Ψ in rRNA has been implicated 

in ribosomal folding and assembly, and given its presence in functional domains (i.e. the 

PTC), it directly impacts the speed and accuracy of decoding and proofreading during 

translation and alters the efficiency of peptide bond formation [59]. In tRNA, while Ψ does 

not affect overall structure it does affect the structure of the local domains in which it 

resides, and these modifications may in fact be critical for proper binding of tRNA to 

ribosomes [59]. Overall Ψ can fine tune the structure of tRNAs, which influences their 

decoding activity and improves the fidelity of protein biosynthesis [59]. When incorporated 

into in some of the major spliceosomal small nuclear RNAs of eukaryotes, particularly in 

regions that are important for RNA-RNA or RNA-protein interactions within a spliceosome, 

Ψ contributes to proper spliceosome formation, rendering such modifications essential for 

premRNA processing [59].

Pseudouridinylation has recently been identified as a dynamic process with context-

dependent effects. Thus 28S rRNA was found to be inducibly pseudouridylated by the 

mammalian target of rapamycin (mTOR) pathway in Chinese hamster ovary (CHO) cells 

[73]. This study found that the mTOR pathway controls cellular growth via inducible 

pseudouridylation in CHO cell cultures, and that treatment with rapamycin (an mTOR 

inhibitor) increases 28S rRNA pseudouridinylation without conferring enhanced ribosomal 

functionality; instead it’s more associated with the negative effects of rapamycin treatment 

on the cellular phenotype [73]. Pseudouridine profiling in yeast and human cells revealed 

that the majority of Ψs in mRNA are regulated in response to environmental signals, such as 

nutrient deprivation in yeast and serum starvation in HeLa cells [19]. Additional 

pseudouridylation sites have also been discovered in response to heat and cold shock and 

treatment with H2O2, cycloheximide, and hepatocyte growth factor, further suggesting that 

pseudouridylation plays a role in dynamically modulating RNA function [72]. 

Pseudouridylated mRNAs exhibit enhanced stability and translation efficiency [72,74]; 

targeting pseudouridylation to specific U residues within nonsense codons converts them to 

sense codons in budding yeast [72,75]. Overall this evidence suggests that dynamic mRNA 

pseudouridylation could be a mechanism for rapid rewiring of the genetic code [19].

5. Role of pseudouridine as a cancer biomarker

As mentioned previously, approximately 20–25 different mNS have been examined for their 

use as diagnostic biomarkers for cancer [43,44], and out of these modifications Ψ has been 

one of the most frequently studied (Table 1). Increased levels of Ψ have been observed in 

the blood, urine or tissue of patients with breast cancer [76], colorectal cancer [77], 

esophageal cancer [33], gallbladder cancer [78], hepatocellular carcinoma [79,80], leukemia 

[81], lymphoma [82,83], ovarian cancer [84,85], and small cell lung cancer [86,87]. A 

summary of 25 different studies evaluating the efficacy of Ψ as a biomarker are referenced 

in Table 1 and organized by sample type and method of detection used. Analysis of Ψ in 

urine is the most common as sample collection is easy and non-invasive. Urinary analysis is 

also ideal because the levels of mNS in urine reflect the rate of RNA (particularly tRNA) 

degradation within an organism, a process that is known to be hyperactivated in neoplastic 

tissue [43,88] hence the increased urinary excretion of Ψ seen in cancer patients. In terms of 
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clinical feasibility some methods of detection (such as those utilizing mass spectrometry) 

may be prohibitively expensive or require a certain level of expertise [89] whereas other 

methods such as ELISA (enzyme-linked immunosorbent assay) are routinely used in clinical 

diagnostics. Improvements upon already-established methods such as those developed for 

analysis of mNS in urinary samples using CE [65] offer other advantages. Altogether there 

are multiple proven methodologies available for the detection, analysis and quantification of 

Ψ in human samples that are amendable for biomarker discovery in PCa.

6. Pseudouridine in prostate cancer

Growing evidence suggests a potential association between elevated levels of Ψ with the 

incidence and/or progression of PCa. Recently it has been shown that there is an increased 

expression of H/ACA snoRNAs associated with PCa progression [62], including 

SNORA74A, SNORA42, and SNORA64 [62,90]. A study by Martens-Uzunova et al. that 

examined the small noncoding transcriptomes of organ-confined and metastatic lymph node 

PCa LN-PCa in an effort to identify novel diagnostic and prognostic ncRNA expression 

profiles revealed that the total amount of snoRNA fragments (including H/ACA snoRNAs) 

in metastatic tumors increased by >20% (20,569 counts in LN-PCa compared to 16,762 

counts in organ-confined PCa) [90] and approximately 14 to 16 non-putative H/ACA 

snoRNAs were unique to and detected only in LN-PCa [90]. In a separate study published 

by Crea et al. [91] SNORA55 was found to be upregulated during PCa progression and 

predicts significantly shorter recurrence-free survival after prostatectomy [91]. Furthermore 

silencing of SNORA55 in PCa cell lines reduced their proliferation and metastatic potential 

[91,92]. Increased expression of pseudouridine synthases has also been associated with the 

progression of PCa. Sieron et al. had shown that prostate carcinomas were found to have a 

higher expression of DKC1, particularly in high-stage and recurring cases, and 

overexpression of the protein was associated with the progression of the disease [93]. 

Additionally, increased abundance of PUS1 was recently found to be associated with 

increased risk for biochemical relapse [94]. Taken together, this evidence suggests that 

increased pseudouridylation may result from the upregulation of these components that arise 

from or contribute to the progression of PCa. Indeed, 1H nuclear magnetic resonance 

metabolomic analysis of urine sampled from men with PCa revealed that these men, 

compared to men diagnosed with benign prostatic hyperplasia have different metabolite 

profiles including increased levels of urinary Ψ [95,96]. In a study using gas 

chromatography-time of flight-mass spectrometry (GC-TOF-MS) to discover new 

biomarkers for metastatic PCa, Ψ was found to be significantly increased in the plasma 

analyzed from PCa patients with bone metastases (M1 disease) compared to men with 

benign disease [97,98]. Work done by our group recently provided new evidence on 

establishing the relationship between pseudouridine expression and clinical progression of 

PCa [96]. Using antibody-based methods of detection [66] to examine the levels of 

pseudouridine in RNA extracted from PCa cell lines representative of different stages of 

disease progression we observed the highest levels of Ψ in androgen-independent PCa cells 

(PC3 and Du145), followed by castration-resistant PCa cells (22Rv1), compared to 

androgen-sensitive (LNCaP) PCa cells and normal prostate cells [96]. Immunohistochemical 

analysis of a prostate tissue micro array (TMA) containing normal adjacent tissues and 
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tissue sampled from adenocarcinomas with Gleason sums ranging from 6 to 9 revealed that 

pseudouridine was highly expressed in and localized to glandular cells belonging to 

adenocarcinomas with negligible staining of the glandular cells of normal adjacent tissues 

[96].

7. Future directions

Evaluating pseudouridine levels in the blood, urine or tissue of patients in the context of 

relevant clinical (e.g., Gleason grade, biochemical recurrence, PSA levels, tumor volume, 

TNM stage, development of metastasis, presence of neuroendocrine disease, etc.), and 

genetic factors (e.g., PTEN loss, TMPRSS2-ERG fusions, genomic alterations in AR, PI3K/

AKT, and/or DNA repair pathways [99] etc.) would greatly aid in parsing the potential value 

of Ψ as a diagnostic or prognostic tool for PCa. Transcriptomic analysis of Ψ in malignant 

vs. normal or benign patient tumors would be an innovative approach to study the 

differences between tumors of various grades or clinical parameters and could potentially 

yield novel biomarkers or therapeutic targets for PCa. The true relationship between 

pseudouridine and prostate cancer, and the potential functional contributions of elevated Ψ 
levels to PCa initiation, regardless of whether or not these levels result from increased 

expression of H/ACA snoRNAs, DKC1 or other pseudouridine synthases remains to be 

elucidated.

Pseudouridine synthases may one day become viable drug targets or biomarkers themselves. 

Besides catalyzing the isomerization of uridine to Ψ, DKC1 is also required for ribosome 

biogenesis and telomerase complex stabilization, processes that are hyper-active during 

neoplastic transformation, and as such have been and are still currently being explored as 

targets for the development of drugs to selectively or preferentially kill cancer cells 

[100,101]. Homology modelling and virtual ligand screening have yielded several novel 

inhibitors of DKC1 [100,101]. Rocchi et al. had found that the drug pyrazofurin was able to 

reduce the viability of breast cancer cells (MCF-7) as well as the in vitro pseudouridylation 

activity of DKC1 [100]. Armando et al. identified three novel compounds that successfully 

inhibit DKC1 and disrupt the formation of the telomerase complex, as they were observed to 

significantly decrease telomerase activity in vitro [101]. Furthermore, downregulation of 

DKC1 reduced the abundance of snoRNAs in neuroblastoma cells, inducing ribosomal stress 

which leads to G1 cell cycle arrest and cell death [61,102]. Evaluating the expression of 

DKC1 in PCa cell lines and testing their sensitivity to pyrazofurin or other DKC1 inhibitors 

would be useful in regards to evaluating the therapeutic potential of DKC1 inhibition to treat 

different stages of PCa. As mentioned previously, increased expression of PUS1 was found 

to be associated with increased risk for biochemical relapse [94] and interestingly, PUS1 

modifications are required for the proper interaction of one of its targets, the ncRNA steroid 

receptor RNA activator 1 with several kinds of nuclear receptors, in particular the RARγ 
receptor in melanoma cells and the oestrogen receptor in breast cancer cells [103,104]; 

therefore PUS1 may be contributing to prostate carcinogenesis in yet unknown ways via 

interaction with SRA1. The upregulation of H/ACA snoRNAs in PCa progression [91], the 

differential expression of H/ACA snoRNAs in organ-confined vs. LN-PCa [90] and the 

reduction of proliferation and metastatic potential of PCa cells via silencing of SNORA55 

suggests that H/ACA snoRNAs may be contributing to more advanced stages of PCa.
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8. Conclusions

The detection and clinical management of prostate cancer was revolutionized by the 

introduction of PSA testing more than 30 years ago, an innovation which has reduced overall 

PCa mortality rates and improved the overall survival of men with PCa. Despite this 

progress, men are still being overdiagnosed and overtreated for prostate cancer, and 

significant cancer is missed in many men, thus there is a crucial need for novel biomarkers 

for PCa. Modified nucleosides have repeatedly been shown to hold diagnostic and 

prognostic potential for a number of malignancies, of which few have greater potential than 

pseudouridine. As a non-invasive marker that can be easily collected and detected from 

patient samples, coupled with the increasing evidence suggesting an association of Ψ with 

the incidence or progression of PCa as well as the introduction of novel Ψ-sequencing 

technologies, the time has never been better than now to explore the potential of 

pseudouridine as a novel biomarker for prostate cancer.
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Abbreviations:
1H-NMR 1H-nuclear magnetic resonance

BPH Benign prostatic hyperplasia

CE Capillary electrophoresis

CHO Chinese hamster ovary

CMC N-cyclohexyl-N′-(2-morpholinoethyl)-carbodiimide 

metho-p-toluenesulfonate

CTCs Circulating tumor cells

DKC1 Dyskerin

ELISA Enzyme-linked immunosorbent assay

GC-TOF-MS Gas chromatography-time of flight-mass spectrometry

H/ACA snoRNA H/ACA box small nucleolar RNA

H/ACA snoRNP H/ACA small nucleolar RNA-ribonucleoprotein complex

HPLC High performance liquid chromatography

HPLC-ESI-MS/MS High-performance liquid chromatography-electrospray 

ionization-tandem mass spectrometry

IHC Immunohistochemistry

Stockert et al. Page 8

Urol Oncol. Author manuscript; available in PMC 2021 February 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.chemaxon.com
http://www.chemaxon.com


LC-MS Liquid chromatography-mass spectrometry

LC-MS/MS Liquid chromatography-tandem mass spectrometry

LN-PCa Metastatic lymph node prostate cancer

lncRNA Long non-coding RNA

MEKC Micellar electrokinetic chromatography

miRNA MicroRNA

mNS Modified nucleosides

mRNA Messenger RNA

mTOR Mammalian target of rapamycin

NAT Normal adjacent tissue

ncRNA Non-coding RNA

NGS Next-generation sequencing

PCa Prostate cancer

PCA3 Prostate cancer antigen 3

PHI Prostate health index

PSA Prostate-specific antigen

PTC Peptidyltransferase center

PUS Pseudouridine synthase

RNA Ribonucleic acid

RNP Ribonucleoprotein

RP-HPLC Reverse phase-high performance liquid chromatography

rRNA Ribosomal RNA

scaRNA Small Cajal body-specific RNA

snoRNA Small nucleolar RNA

snRNA Small nuclear RNA

SRA1 Steroid receptor RNA activator 1

TMA Tissue micro array

TNM Tumor, node, metastasis

tRNA Transfer RNA
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U Uridine

UPLC-MS Ultra performance liquid chromatography-mass 

spectrometry

UPLC-QTOFMS Ultra performance liquid chromatography-quadrupole time 

of flight-mass spectrometry

Ψ Pseudouridine
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Fig. 1. 
Biosynthesis and chemical properties of pseudouridine. The isomerization of uridine to 

pseudouridine is performed by either standalone pseudouridine synthases (PUSs) or H/ACA 

snoRNP complexes containing the catalytic component dyskerin (DKC1), additional core 

proteins (NOP10, GAR1 and NHP2) and an H/ACA snoRNA which serves as a guide. 

Uridine can accept (A) and donate (D) one hydrogen bond (gray dashed arrow) each 

whereas pseudouridine can donate an additional hydrogen bond.
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