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Abstrakt
Současné rutinní vyšetřovací metody pro diagnostiku karcinomu prostaty (PCa) jako digitální rektální vyšetření a měření hladiny prostatického specifického antigenu (PSA) v krevním séru významně zvýšily časný záchyt tohoto onemocnění. Bohužel zejména PSA test vykazuje nízkou specificitu, díky čemuž jsou k invazivnímu bioptickému vyšetření indikováni i pacienti s benigní hyperplazií, kteří jej podstupují zbytečně. V případě potvrzeného karcinomu je zase klíčové přesnější odlišení indolentních a agresivních karcinomů, což by zlepšilo péči o pacienty a snížilo zdravotní komplikace spojené s nesprávně indikovanou následnou terapií. Novými biomarkery umožňující odlišení indolentních a agresivních karcinomů by mohly být 
mikroRNA (miRNA), které jsou významně zapojeny do patofyziologie PCa. Zvýšení specificity PSA a zlepšení detekce by mohl nabídnout nový diagnostický přístup založený na analýze močových miRNA, což je přístup, který má zcela neinvazivní charakter. Profilování hladin miRNA v tkáni PCa vedlo k identifikaci 149 významně rozdílně exprimovaných miRNA 
u agresivních tumorů ve srovnání s indolentní formou karcinomu. Diagnostický potenciál byl úspěšně ověřen na nezávislé kohortě pacientů v případě miR‑15b‑5p (p < 0.0001) 
a miR‑106b‑5p (p = 0.0002). Navíc miR‑106b‑5p a miR‑103a‑3p vykazovaly významnou asociaci exprese s hladinou PSA. Výsledky RNA sekvenování určily 11 močových miRNA s významně rozdílnou hladinou u skupiny pacientů s indolentní formou karcinomu prostaty oproti skupině s agresivní formou nádoru. Dále bylo identifikováno 12 miRNA s významně odlišný-mi hladinami exprese u pacientů s maligním onemocněním prostaty ve srovnání se skupinou pacientů s hyperplazií prostaty a zdravých subjektů. Výsledky této diplomové práce naznačují možné využití miRNA jako potenciálních biomarkerů pro zpřesnění diagnostiky a prognózy 
u pacientů s karcinomem prostaty.
Abstract
Current routine screening methods for the diagnosis of prostate cancer (PCa) such as digital rectal examination and measurement of prostate specific antigen (PSA) levels in the blood serum have significantly increased the early detection of this disease. Unfortunately, the PSA test shows low specificity, so patients with benign hyperplasia are indicated for unnecessary invasive biopsies. In the case of confirming PCa, a more accurate distinction between indolent and aggressive cancers is crucial, which would improve patient care and reduce health complications associated with incorrectly indicated follow-up therapy. New biomarkers enabling the differentiation of indolent and aggressive PCa could be microRNAs (miRNAs), which are significantly involved in the pathophysiology of PCa. Increasing the specificity of PSA and improving detection could be achieved by a new diagnostic approach based on the analysis of urinary miRNAs, which is a completely non-invasive approach. Profiling of miRNA levels in PCa tissue led to the identification of 149 significantly differentially expressed miRNAs in aggressive tumours compared to the indolent form of cancer. The diagnostic potential was successfully verified in an independent cohort of patients for miR-15b‑5p (p < 0.0001) and miR106b5p (p = 0.0002). In addition, miR-106b-5p and miR-103a-3p showed a significant association of expression with PSA levels. The results of RNA sequencing identified 11 urinary miRNAs with significantly different levels in the group of patients with indolent prostate cancer compared to the group with aggressive tumour. In addition, 12 miRNAs with significantly different expression levels were identified in patients with prostate malignancy compared to the group of prostate hyperplasia patients and healthy subjects. The results of this diploma thesis suggest the use of miRNAs as potential biomarkers for more ac-curate diagnosis and prognosis in patients with prostate cancer.
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Prostate cancer (PCa) is the second most common malignancy among men worldwide. Regarding the risk of progression, indolent prostate tumours are classified as those that are slow growing, localized and are not life-threatening for the patient. However, some tumours manifest aggressive behaviour that includes local invasion of the seminal vesicles, followed by metastasis, which often leads to the patient’s death. 
Currently, molecular diagnosis of prostate cancer is based on digital rectal examination (DRE) and the detection of prostate specific antigen (PSA) in blood serum. In patients with elevated PSA levels, prostate biopsy is indicated to confirm the presence of cancerous growth. Although routine PSA testing has increased detection, PSA levels show very low specificity for prostate cancer. Because PSA is an organ specific biomarker, it can also be elevated in men with benign prostatic hyperplasia (BPH) and prostatitis. Resulting false positive results may lead to unnecessary biopsies and side-effects associated with the procedures or overtreatment. 
In recent years, short non-coding RNAs have attracted attention as a group of potential biomarkers. microRNA (miRNA) are involved in the post-transcriptional regulation of many genes and their altered expression profiles have been associated with the development of 
a number of diseases, including cancer. Apart from tissue, they also occur in body fluids, where they are very stable, and the detection of their levels suggests possible use in prostate cancer diagnosis. Additionally, their specific expression levels often reflect disease progression which could be useful for prognostic purposes. 
[bookmark: _Hlk48164496]The aim of this diploma project is to explore the potential of miRNAs to improve prostate cancer diagnostics using high-throughput methods. The discovered miRNAs with significantly changed expression levels between the investigated groups could refine PCa identification by discriminating between indolent and aggressive types of tumour. In addition, the non-invasive nature of obtaining circulating miRNAs might be a valuable diagnostic tool in clinical practice
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Epidemiology
Prostate cancer is estimated to be the second most often diagnosed cancer globally and the fifth most common cause of cancer-related death in men1. In the Czech Republic, prostate cancer was the most frequently detected cancer among men (excluding skin cancer) in the year 2017, with the crude incidence of 151 cases per 100,000 men. A mortality rate of 30 cases per 100,000 men made it the third leading cause of cancer death2. Prostate cancer is typically slow growing with 40% of men showing no clinical symptoms at the point of diagnosis. Over 99% of patients have a survival rate of at least five-years in the case of localized disease, however the rate drops to 30% if they are diagnosed at the advanced, metastatic stage3. The risk of clinically significant prostate cancer is related to age, ethnicity, family history, PSA level, free/total PSA ratio and findings on DRE. These clinical parameters are important for PCa diagnosis, with DRE being the main method of clinical T stage evaluation4.
[bookmark: _Toc47889314][bookmark: _Toc48160985][bookmark: _Hlk43386061]Tumour staging
The purpose of staging is to accurately assess the extent of cancer at the time of diagnosis. The cancer stage is also used as a prognostic tool and is essential in finding a suitable treatment that is based on clinical outcomes of prior patients with a similar stage. Staging is needed for evaluation of employed cancer intervention and clinical trials results, and lastly, it is a useful way of communication among clinicians, treatment facilities, cancer registrars and researchers so they can share information without ambiguity. The American Joint Committee on Cancer defines cancer stage using TNM categories, which comprises the size and extent of primary tumour (T category), the presence of metastasis in regional lymphatic nodes (N category), and metastatic invasion of distant sites (M category)5. 
In prostate cancer, the definition of primary tumour (T) is related to its size and location that can range from clinically inapparent and impalpable tumour in category T1 to palpable and confined one within prostate in category T2. If tumour progresses further, it is classified either as category T3, that describes its extension past the boundary of the prostate, or as category T4, if it affects adjacent sites such as rectum, bladder, or pelvis wall. For the definition of regional lymphatic nodes (N), the presence of lymph nodes metastases located in the true pelvis is assessed. The occurrence of metastases in non-regional lymphatic nodes or at other distant sites such as bones is recorded in M category. For prognostic stage grouping of patients (Table I), the TNM system is used in combination with PSA and grade group6 which is based on Gleason score (GS). 
[bookmark: _Toc47541134]Table I. Cancer prognostic stage grouping. 
	When T is
	And N is
	And M is
	And PSA is
	And grade group is
	Then the stage group is

	cT1a–c, cT2a
	N0
	M0
	< 10 ng·ml−1
	1
	I

	pT2
	N0
	M0
	< 10 ng·ml−1
	1
	I

	cT1a–c, cT2a
	N0
	M0
	≥ 10 ng·ml−1, 
< 20 ng·ml−1
	1
	IIA

	pT2
	N0
	M0
	≥ 10 ng·ml−1,
 < 20 ng·ml−1
	1
	IIA

	cT2b–c
	N0
	M0
	< 20 ng·ml−1
	1
	IIA

	T1–2
	N0
	M0
	< 20 ng·ml−1
	2
	IIB

	T1–2
	N0
	M0
	< 20 ng·ml−1
	3
	IIC

	T1–2
	N0
	M0
	< 20 ng·ml−1
	4
	IIC

	T1–2
	N0
	M0
	≥ 20 ng·ml−1
	1–4
	IIIA

	T3–4
	N0
	M0
	Any
	1–4
	IIIB

	Any T
	N0
	M0
	Any
	5
	IIIC

	Any T
	N1
	M0
	Any
	Any
	IVA

	Any T
	ANY
	M1
	Any
	Any
	IVB


[bookmark: _Toc47889315]Note: Reproduced from Buyyounouski et al. 6
[bookmark: _Toc48160986]Tumour grading
Prostate cancer grading is based on the Gleason system, which describes the architectural organization of cancer cells in hematoxylin and eosin stained samples of prostatic tissue. The decreasing level of differentiation in glandular structure of the prostate is described by growth patterns classified into five grades, with patterns 4 and 5 being associated with high-risk disease7. The Gleason score consists of two numbers that represent patterns found in the biopsy specimen – the first number describes the most prevalent pattern and the second number is assigned depending on the type of biopsy. Gleason score for needle biopsies consists of the most frequent and the highest patterns identified, whilst specimens from radical prostatectomy or transurethral resections require the two most frequent patterns observed8. Although the Gleason system ranges from 2 to 10, scores 2–4 are practically never present on biopsy samples. Moreover, single score 7 could represent both 3 + 4 and 4 + 3 patterns, with the latter having worse prognosis. In 2014, the International Society of Urological Pathology (ISUP) consensus conference decided to adopt a new system of grade groups 1–5 (Table II) that is based on the modification of the original Gleason scores9. 
[bookmark: _Toc47541135]Table II. Histological definition of new grading system by ISUP. 
	Grade group
	Original Gleason score
	Definition

	1
	≤ 6
	Only individual discrete well- formed glands

	2
	3 + 4 = 7
	Predominantly well-formed glands with lesser component of poorly- formed/fused/cribriform glands

	3
	4 + 3 = 7
	Predominantly poorly- formed/fused/cribriform glands with lesser component of well-formed glands

	4
	4 + 4 = 8
3 + 5 = 8
5 + 3 = 8
	Only poorly-formed/fused/cribriform glands or
Predominantly well-formed glands and lesser component lacking glands or
Predominantly lacking glands and lesser component of well-formed glands

	5
	9–10
	Lacks gland formation (or with necrosis) with or without poorly formed/fused/cribriform glands


[bookmark: _Hlk48034110]Note: Reproduced from Epstein et al. 9
The grading system is also included in the stratification of patients according to their risk for biochemical recurrence (BCR) with localised or locally advanced cancer (Table III). Low-risk (indolent) cancer is defined as ISUP grade 1 (GS ≤ 6) and is considered clinically insignificant. In practice, indolent cancers do not pose threat to the patient as their metastatic potential approximates zero10,11. Gleason patterns that have been associated with more aggressive form of cancer are placed in the intermediate-risk (ISUP grade 2–3) and high-risk (ISUP grade 4–5) categories12. 
[bookmark: _Toc47541136]Table III. Risk groups for BCR of localised and locally advanced prostate cancer. 
	Low-risk
	Intermediate-risk
	High-risk

	PSA < 10 ng·ml−1
	PSA 10–20 ng·ml−1
	PSA > 20 ng·ml−1
	Any PSA

	and ISUP grade 1
	or ISUP grade 2/3
	or ISUP grade 4/5
	Any ISUP grade

	and cT1–cT2a
	or cT2b
	or cT2c
	cT3–4 or cN+

	Localized
	Locally advanced


Note: Reproduced from Mottet et al. 11 
[bookmark: _Toc47889316][bookmark: _Toc48160987]Molecular pathogenesis
The expansion of sequencing technologies led to an improved molecular classification of prostate cancer and a better description of its genomic landscape. It has become obvious that 
a variety of clinical manifestations of the disease mirror its molecular heterogeneity13. The genomic profile of prostate cancer is shaped by many effectors that include age, environmental impact, family history and germline predispositions14.
Germline variants
Prostate cancer is known to have many genetic variants which are heritable and can range from the common ones that carry weak risks to the rare variants linked to stronger risks for malignant growth. Genome-wide association studies have identified over 280 SNPs (single nucleotide polymorphisms) with low-to-moderate penetrance that are associated with a risk of prostate cancer development15. First discovered and one of clinically relevant regions with a high number of SNPs is the 8q24 locus16,17. Interestingly, it has been demonstrated that SNPs of that region have a long-range tissue-specific control on the expression of MYC oncogene that lies in the 8q24 neighbourhood. Also SNPs located on chromosome 19 are associated with prostate cancer, specifically variants of the 19q13 locus which contains the genes encoding the serine proteases KLK2 and KLK3, also known as PSA17.
Germline mutations in BRCA2 gene carry 8.6 times higher risk of developing prostate cancer in men younger than 65 years, whilst BRCA1 mutations increase the risk by 3.4-fold. Castro et al. showed that that metastasis in lymph nodes and distant sites occur more often in PCa patients with BRCA1/2 mutations carriers than in non-carriers. Moreover, localized PCa progressed in the metastatic form sooner in BRCA1/2 carriers, and patients both with metastatic disease and BRCA1/2 mutations were treated with chemotherapy more often because of the frequent development of castration-resistant PCa (CRPC)18. 
Another gene associated with a significantly increased prostate cancer risk is HOXB13 that encompasses an infrequent, recurrent G84E mutation. In the study of J. Xu et al., carriers of the mutations showed a range of clinical disease manifestations including high risk prostate cancers (GS ≥ 7) which were represented by 37% of patients and 27% patients had non-organ confined disease. In another study the gene variant was also significantly more common in the carriers with an early-onset, familial prostate cancer (3,1%) compared to the patients with late-onset, nonfamilial PCa (0,6%)19,20.
Somatic variants and their role in pathogenesis
Evaluation of prostate cancer samples revealed tumour-acquired genomic aberrations that affect a number of biological pathways and correlate with clinical and oncological outcomes13. In general, genomic mutations in cancer fall into two categories depending on the type of gene or a group of genes they disrupt. Inactivating mutations affect tumour suppressor genes and are 
a result of structural changes involving genomic DNA losses and gene rearrangements. Activating mutations are associated with oncogenes and occur as gene amplifications, point mutations and structural rearrangements such as gene fusions21.
Abeshouse et al. showed in their analysis of primary prostate tumours that most common molecular changes occurred as copy-number alterations at chromosomal arm level. The variation in copy-number involved recurrent chromosome 7 and 8q genomic gains and heterozygous 8p, 13q, 16q and 18 losses. Furthermore, their data revealed amplifications of regions with familiar oncogenes such as CCND1 or MYC, and very often, focal deletions. In fact, homozygous deletions covering the PTEN locus were identified altogether in 15% of analysed tumours. Losses of genomic segments between the TMPRSS2 and ERG genes on the 21q22.3 lead to recurrent TMPRSS2-ERG fusions, other deletions involved tumour suppressors TP53, CDKN1B, MAP3K1, FANCD2 and SPOPL. Co-deletion of the genomic regions covering MAP3K7 and CHD1 genes were associated with an aggressive type of cancer22.
In several other studies, deletions of PTEN (phosphatase and tensin homologue) gene were identified in 15–20% samples of primary prostate cancer and in up to 40% metastatic tissue specimens. PTEN is a tumour suppressor gene located on chromosome 10 and its protein product exerts a protein and lipid phosphatase activity. Besides that, PTEN acts as an antagonist of PI3K enzymes that phosphorylate PIP2 to PIP3. Deletion or inactivating mutation of PTEN results in the surplus of PIP3 product that further activates 3-phosphoinositide-dependent protein kinase 1 (PDPK1) and protein kinase AKT. AKT affects many downstream signalling components, including mTOR pathway, which regulates cellular processes such as apoptosis, metabolism, cell cycle progression, proliferation, differentiation and invasion23.
Furthermore, genomic deletions can result in gene overexpression and gene fusions, which are both present in the molecular profile of prostate cancer. The micro‑array experiments confirmed that members of the ETS family transcription factors, ERG (21q22) and ETV1 (7p21), were overexpressed in 57% prostate cancer samples. Observed overexpression indicated rearrangements between 5' untranslated region of TMPRSS2 (21q22) and ERG or ETV1 genes and these fusions were found in more than three quarters of examined cancer samples including both localized and metastatic tumours24. Moreover, fusions of TMPRSS2 to other ETS transcription factor genes, namely ETV4 (17q21)25 and ETV5 (3q27)26, were later identified in 
a smaller percentage of prostate cancer cases.
In addition to structural rearrangements, prostate cancer genomic landscape contains recurrent molecular alterations in several important genes. One of them is speckle-type pox virus and zinc finger protein (SPOP), which was found to be the most often affected gene as it carried mutations in 13% of primary prostate tumours and in 14,5% of metastatic prostate cancers27. SPOP codes for an adaptor protein of a Cullin-based E3 ubiquitin ligase which specifically binds substrates and thus mediates their ubiquitin-dependant degradation by the proteasome. Mutations in the SPOP binding domain result in an impaired ability to bind substrates such as androgen receptor or steroid receptor coactivator. In this way, substrates escape degradation and their subsequently altered levels in the androgen signalling pathway contribute to prostate cancer development28.
Another recurrently mutated gene was found to be forkhead box A1 (FOXA1). Its product belongs to a family of transcription factors that are distinguished by their forkhead DNA-binding domain (FKHD). Apart from its ability to bind DNA, FOXA1 can open compacted chromatin to increase the rate of DNA transcription29. The protein also plays a key role in epithelial cell differentiation in a mouse model of prostate cancer and it is important for cell cycle progression in CRPC. Moreover, FOXA1 activates prostatic genes through interaction with androgen receptor27,30. Recurrent mutations in the FOXA1 were observed in about 4% of primary prostate cancer samples and their frequency increased to approximately 10% in metastatic CRPC. About 60−80% of the detected mutations impacted the Wing2 region of FKHD31.
Around 1% of primary prostate cancer patients harbour mutations in IDH1 gene. Although IDH1 mutant tumours are not so common in prostate cancer, their sharply increased levels of DNA methylation across the whole genome are of interest. Mutated IDH1 and IDH2 genes manifest genome-wide hypermethylation phenotype in other cancers, particularly in gliomas and acute myeloid leukaemia. Interestingly, those levels are not as high as the ones observed in prostate cancer22. IDH1 and IDH2 genes normally code for the enzyme isocitrate dehydrogenase but the mutant enzyme cannot convert its substrate isocitrate to α-ketoglutarate, instead it gains a novel enzymatic activity leading to the production of a small oncometabolite D2-hydroxyglutarate (D-2HG). D-2HG works as a competitive inhibitor by preventing 
α-ketoglutarate to bind histone demethylases, which causes widespread epigenetic aberrations in IDH1 and IDH2 mutant cancers32,33.
Molecular taxonomy of primary prostate cancer
In 2015, The Cancer Genome Atlas (TCGA) network proposed a novel molecular classification of prostate cancer that is based on the results of a comprehensive analysis of 333 samples of primary prostate cancer. In their study, 74% of tumour samples contained distinctive molecular characteristics that classified them into seven molecular classes based on distinct oncogenic drivers: fusions involving 1) ERG, 2) ETV1, 3) ETV4, or 4) FLI1 or mutations in 5) SPOP, 
6) FOXA1, or 7) IDH122. 
Whole exome sequencing analysis confirmed recurrent gene fusions of ETS family members to the androgen responsive gene TMPRSS2, with 48% of prostate tumours displaying ERG fusions. Other members of ETS transcription factors showed lower prevalence of the fusion events, in particular 8%, 4%, and 1% for ETV1, ETV4 and FLI1 genes, respectively13. As ETS fusions could be used as prognostic parameters, in vitro experiments have been conducted to decipher their molecular mechanism and their role in cancer. In one study expression of ERG-TMPRSS2 in prostate cancer cells induced the TGF-β signalling pathway and the cells underwent epithelial-mesenchymal transition34. Another study revealed that the overexpression of the ERG gene fusion product in prostate epithelial cells significantly increased their invasion. Moreover, ERG overexpression in both the TMPPRSS2–ERG–positive prostate cancer cell line and benign prostate cells increased cellular invasion through the plasminogen activator pathway. On the other hand, the overexpression of ERG did not affect benign epithelial cell proliferation or their transformation and TMPRSS2-ERG fusion product did not cause induction of frank adenocarcinoma development35. Furthermore, chromosomal rearrangements of ERG show no correlation to PCa prognosis, despite high prevalence in prostate cancer and their possible oncogenic effects13. 
The TCGA classification defined three other molecular subtypes of prostate cancer that are ETS-fusion negative and are based on the recurrent somatic mutations in the genes coding for SPOP, FOXA1, and IDH1 proteins22. The mutual exclusivity of SPOP mutation with TMPRSS2-ERG fusion or other ETS member rearrangements suggested that these distinct events might occur early in the tumorigenesis. This assumption was further supported by the fact that high-grade intraepithelial neoplasia already contained SPOP mutations. Prostate tumours harbouring SPOP mutations were found to display recurrent somatic alterations, namely deletions in the regions 5q21 and 6q21, which encompass genes for CHD1 and FOXA1, respectively27. Blattner et al. demonstrated that the presence of SPOP mutations in prostate tumour indicated a distinct molecular subtype and they confirmed the occurrence of CHD1 deletions in 58% of SPOP mutated samples. Nonetheless, the SPOP status appear to be a poor prognostic biomarker because the study revealed no significant correlation between SPOP mutation and pathologic or clinical characteristics such as Gleason score, biochemical recurrence or patient survival36. A different study observed that SPOP expression was downregulated in most prostate cancer cases (93,5%) and the decreasing level of expression was directly associated with worse prognosis. Also, mutations in the SPOP gene were shown to be significantly associated with worse progression free survival compared to the wild type SPOP gene. However, the study did not find an association between the SPOP mutation and clinicopathological parameters37. 
Mutations located in the genomic region spanning the FOXA1 gene constitute the sixth subtype of prostate cancer. Gao et al. performed in vitro analysis that showed missense mutations at the winged-helix of the FKHD disrupted FOXA1 binding to DNA AR-dependent enhancers with subsequent suppression of AR transcriptional activity. RNA sequencing detected that the mutant FOXA1 caused the upregulation of the AR-independent subset of genes associated with epithelial-mesenchymal transition and metastasis31. Bioinformatic analysis of the Decipher Genomics Resource Information Database cohort of primary prostate cancer patients revealed that tumours with predicted FOXA1 mutation significantly correlated with worse prognostic parameters including higher Gleason score, decreased probability of BCR-free survival and faster progression to metastatic disease than FOXA1 wild-type carcinomas38. 
The last molecular subtype of PCa defined by TCGA concerns rare IDH1 mutations detected in 1% of PCa tumours. In their analysis, PCa tumours harbouring IDH1 R132 mutations were associated with a lower number of somatic copy alterations and fewer genomic lesions which are both attributes of a disease with an early age of onset22. The oncometabolite D-2HG expressed by cancer cells was found to affect hypoxia, DNA methylation and the modification of histones with subsequent aberrant changes in epigenetic regulation and gene expression. In addition to that, 2-HG caused suppression of T-cell antitumor activity which resulted in the modulation of the tumour immune microenvironment39.
[bookmark: _Toc47889317][bookmark: _Toc48160988]Diagnostics
Most clinical guidelines regarding screening, diagnostics and management of prostate cancer are published by urological, oncological and radiation oncology societies and by their collaborative efforts40. One of the recent guidelines issued by the European Association of Urology together with the European Society for Radiotherapy & Oncology and the International Society of Geriatric Oncology summarizes new evidence and provides recommendations for clinicians. Primary diagnostics of PCa is based on DRE and/or serum PSA level measurement. A limited PSA increase itself should be verified after several weeks under standardized conditions. Elevated PSA levels and/or an abnormal DRE result are an indication for transrectal ultrasound (TRUS) guided biopsy. During the prostate biopsy 10–12 cores are obtained in addition to 
a few samples from suspicious DRE/TRUS areas. Definitive diagnosis is based on a histopathological examination of the prostate core biopsies11.
Clinical staging of prostate cancer is determined by PSA and DRE and can be accompanied by multiparametric magnetic resonance imaging (mpMRI), computed tomography (CT) and bone scans. Clinical T category (cT) evaluation of localised or locally advanced prostate cancer is based on the DRE finding only and the use of CT or TRUS is not recommended. 
T2-weighted MRI scanning is very valuable for local staging, but it is not employed in low-risk patients because of its low sensitivity for microscopic extraprostatic tumour extension. Initial assessment of metastatic infiltration of regional lymph nodes or distant sites is performed by cross-sectional abdominopelvic imaging and a bone-scan. CT imaging and T1-T2-weighted MRI have sensitivity of less than 40% for N-staging, whilst 68Ga- or 18F-labelled prostate-specific membrane antigen PET/CT (PSMA PET/CT) can detect lymph node invasion with higher sensitivity. For M-staging 99mTc-Bone scan is the golden standard for the assessment of bone metastases. Another imaging method includes 18F-sodium fluoride (18F-NaF) PET that shows comparable specificity but much higher sensitivity to bone scans, though it is not suitable for finding affected lymph nodes or visceral metastases. Whole-body MRI demonstrates higher sensitivity and specificity than combined bone scan, targeted radiotherapy, and abdominopelvic CT. The use of more sensitive methods such as PSMA PET/CT and MRI over CT and bone scans needs to be assessed in randomised clinical trials regarding their clinical benefit and their role in prognosis and patient management41.

Non-invasive diagnostic tests
Prostate specific antigen has proven to be an inexpensive biomarker with good sensitivity for prostate cancer detection. Some of its measurement variations are used to monitor disease progression or to indicate a biochemical recurrence after local therapy42,43. PSA is encoded by the kallikrein 3 gene (KLK3) that belongs to a family of tissue kallikreins found on chromosome 19q13.4. The KLK3 transcription is positively regulated by the androgen receptor and the expressed serine protease is primarily produced by the prostate epithelial cells44. The use of PSA as a biomarker for detecting prostate cancer is based on the observation of a ten-fold higher PSA serum concentration that is attributed to prostate cancer tissue compared to the equivalent amount of benign prostate tissue45. In a multicentre clinical trial, PSA was shown to be superior to DRE as it was able to detect significantly more tumours in early stages of prostate cancer than DRE – 82% vs 55%, respectively46. 
PSA was approved by Food and Drug Administration (FDA) in 1986 for monitoring the progress of prostate cancer patients, and in 1994 as a diagnostic tool. PSA based screening caused a sharp increase in prostate cancer incidence and lowered the number of diagnosed metastatic or locally advanced tumours. However, routine clinical screening also led to overdiagnosis and unnecessary treatment of indolent cancers that do not pose threat to life or health. Besides, PSA is prostate- but not cancer specific marker and may be elevated in benign prostate diseases such as prostatitis or benign prostatic hyperplasia42. Adverse effects of overdiagnosis include psychological harm of false-positive test result, pain, bleeding, fever, infection, and urinary problems connected to prostate biopsy. Subsequent cancer treatment can cause erectile dysfunction, urinary incontinence, bowel dysfunction and possibly premature death. In 2012, US Preventive Services Task Force recommended against using PSA-based screening for prostate cancer in general population regardless of the age47. Their recently updated guidelines specified that men in the age category 55–69 can undergo regular PSA screening based on their personal preference, but the decision should be made after discussing potential gains and harms with their clinicians. In men of 70 years and older, the benefits of regular screening do not outweigh the expected harms48. The data collected in the control group of the Prostate Cancer Prevention Trial suggest that there is no clear cut-off of PSA for early detection of PCa with acceptable sensitivity and specificity49. The specificity and sensitivity range from 20 to 40% and 70 to 90%, respectively, depending on the cut-off value used (for example, 3.0 versus 
4.0 ng·ml−1)43.
 In addition to the total serum concentration, several clinically important variations on the PSA quantification are utilised in disease monitoring and management. Free and complexed PSA are two main forms of PSA in the blood serum that are measured either as PSA bound to protease inhibitors such as α1-antichymotrypsin or as the free form (fPSA). FDA approved fPSA test improves specificity in prostate cancer detection and helps to distinguish men with BPH from men with cancer43,50. The threshold of 25% or less fPSA provides 95% sensitivity for patients with normal DRE result and total PSA levels of 4.0 to 10.0 ng·ml−1, whilst sparing 20% of patients with BPH from biopsy50.
[bookmark: _Hlk42523167]Apart from the main PSA forms, there are several additional isoforms of PSA proenzyme that can be elevated in PCa44. The serum concentration of truncated proPSA forms including [−2]pPSA, was found to increase specificity of prostate cancer detection to 31% among men with PSA levels of 4.0 to 10.0 ng·ml−1 compared to the specificity of 20% for % fPSA51. To further improve the performance of PSA measurement, a new formula called The Prostate Health Index (PHI) was introduced to aid with biopsy indication, risk stratification and treatment decisions. This FDA approved test represents a score calculated from the combination of three forms of serum PSA: total PSA, fPSA, and [−2]pPSA52. In a large multicentre trial, PHI showed 26% specificity (at 90% sensitivity) for biopsy indication compared to 18% specificity of free-to-total PSA ratio in the PCa patients with 2.0 to 10.0 ng·ml−1 PSA levels53. 
Another established parameter to evaluate the need for prostate biopsy is PSA density. 
It is defined as PSA serum divided by prostate volume and its value should correspond to the tumour size within the gland. It has been shown that a PSA density increase is associated with higher Gleason score and more aggressive form of the disease. It can also be used as an additional parameter for the prediction of insignificant cancers after radical prostatectomy of organ confined tumours54. However, PSA density is not recommended to evaluate the need for biopsy (at 0.15 cut-off) because it might miss more than half of the cancers in men with a normal DRE or TRUS result and PSA level between 4.1 and 9.9 ng·ml−1 compared with the decision based on the PSA serum concentration in the same group of patients55. 
PSA velocity (PSAV) together with PSA doubling time (PSADT) are dynamic parameters that are dependent on the baseline PSA value and show its rate of change over time. PSAV is defined as a change of PSA concentration per year and its higher rate has been associated with the occurrence of prostate cancer43,56. D’ Amico et al. evaluated the risk of men dying from prostate cancer after radical prostatectomy and concluded that annual PSAV over 
2.0 ng·ml−1 was associated with an almost ten times higher relative risk of death when compared to the value of 2.0 ng·ml−1 or less57. Another study found significantly increased PSAV in men with prostate cancer up to 20 years before diagnosis. However, when the authors compared predictive accuracy of PSAV with PSA alone, they have found no additional predictive value contributed by PSAV58.
[bookmark: _Hlk43140903]PSADT represents the time it takes for the baseline PSA to double. It is most often used for predicting treatment outcomes and is associated with the length of survival45. As 
a prognostic tool, it can be used in patients after radiation therapy or radical prostatectomy. For instance, PSADT of less than three months has been associated with high risk cancer and disease mortality of almost 100%59. Although both PSAV and PSADT have a prognostic role during prostate cancer treatment, they are not recommended for diagnostic purposes because of interfering factors (total prostate volume, and BPH), different intervals between PSA measurements, and acceleration/deceleration of PSAV and PSADT over time. Their predictive accuracy for diagnosis is comparable to using PSA alone41.
Apart from PSA derivatives, attempts to improve low PSA specificity include detection of circulating tumour cells, cell-free DNA, circulating RNA, proteins, peptides, as well as exosomes60. The gene coding for prostate cancer gene 3 (PCA3) is located on chromosome 
9q21–22. The gene transcript, a non-coding RNA, is specific to normal prostate and BPH tissue and its overexpression was detected in prostate cancer tissue samples61. Because PCA3 mRNA is present also in noncancer prostate cells, its signal is normalized to the copy number of PSA mRNA that shows similar expression levels in benign and prostate cancer cells. Unlike the PSA serum test, the resulting ratio of PCA3/PSA mRNA concentrations is not influenced by prostate size and its increased values correlate with the probability of a prostate biopsy positive for prostate cancer. A decreased ratio is associated with a low risk/low volume disease62,63. The FDA approved assay measures PCA3 levels in whole urine relative to prostatic biopsy outcome with sensitivity of 78% and specificity of 57% (cut-off value ≥ 25)64.
To further improve operating characteristics of PSA for prostate cancer detection, researchers developed diagnostic tests that integrate several biomarkers in one panel. 4Kscore combines serum concentration of four kallikreins (total PSA, fPSA, intact PSA, and human kallikrein 2) with clinical parameters that include age, a DRE result, and a biopsy outcome. Interestingly, when a study compared the diagnostic ability of predicting GS ≥ 7 cancer in the group of men with PSA levels of 3–15 ng·ml−1, 4Kscore and PHI tests performed similarly with areas under curve (AUC) of 0.718 and 0.711, respectively65. Mi-Prostate score is another algorithm that utilizes a combination of PSA, PCA3 and TMPRSS2-ERG gene fusion urine biomarkers to detect aggressive prostate cancer. Sanda et al. confirmed 33% specificity of the assay for predicting GS ≥ 7 cancer at initial biopsy and concluded that up to 42% unnecessary biopsies could have been avoided in the group of participants with either PSA levels higher than 10 ng·ml−1, or a positive PCA3, or a positive TMPRSS2-ERG test66,67. ExoDX Prostate IntelliScore also detects urinary mRNA levels of TMPRSS2-ERG and PCA3 genes but the measured RNA is derived from exosomes. The assay’s predictive performance plus parameters of standard of care (PSA serum level, age, race, and family history) demonstrated AUC of 0.73 in discrimination between GS ≥ 7 and benign disease, and a reduction of 27% in unnecessary biopsies68. Post-DRE urine test called SelectMDxTM is based on the quantification of mRNA of the DLX1 and HOXC6 genes. Their expression levels showed AUC of 0.76 for prediction of high-grade (GS ≥ 7) prostate cancer on biopsy, and AUC of 0.9 when clinical parameters such as PSA density, DRE result and prior cancer-negative biopsies were included in the assay66,69.
Despite advances in diagnosis summarized in Table IV, there is a lack of a biomarker that would have a sufficient specificity and would also be able to distinguish between indolent and aggressive tumours or to indicate patients for biopsy/rebiopsy. This gap could be filled by 
miRNAs thanks to their characteristics and key role in cancer development and progression.
[bookmark: _Toc47541137]Table IV. Diagnostic accuracy of available biomarker tests for predicting aggressive (GS ≥7) or overall prostate cancer (GS ≥ 6).
	[bookmark: _Hlk43551730]Test
	Cut-off value
	SE %
95% CI
	SP %
95% CI
	PPV %
95% CI
	NPV %
95% CI
	Note
	Ref.

	Progensa PCA3
	25
	78
(68–85)
	57
(52–62)
	34
(30–37)
	90
(87–93)
	Overall PCa;
FDA approved
	70

	4Kscore
	20; 12
	74
(73–76)
	60
(59–61)
	59–92
	28–64
	Overall PCa;

	71

	PHI
	20.9–48.5
	89
(88–90)
	34
(32–35)
	76–98
	15–63
	Overall PCa;
FDA approved.
	71

	Mi-Prostate score
	PSA > 10 T2:ERG > 8
PCA3 > 20
	93
(88–97)
	33
(29–38)
	33
(31–35)
	93
(88–96)
	Aggressive PCa
	67

	ExoDx Prostate IntelliScore
	15.6
	92
(88–96)
	34
(29–39)
	36
(31–41)
	91
(87–96)
	Aggressive PCa
	68

	SelectMDxTM
	27.5
	91
	36
	27
	94
	Aggressive PCa
	69

	Abbreviations: SE, sensitivity; SP, specificity; PPV, positive predictive value; NPV, negative predictive value; CI, confidence interval; 
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miRNAs is a class of small non-coding RNAs that regulate gene expression at the post-transcriptional level. They are 20–24 nucleotide long and have an indispensable function in many biological processes such as cell development, differentiation and proliferation, DNA damage repair, apoptosis, or cellular communication. According to their genomic location, miRNAs can be distinguished as intergenic or intragenic. Whilst intragenic miRNA’s loci can be found in exonic or intronic regions of protein-coding or non-coding genes and are usually co-transcribed with their host genes, intergenic miRNAs (located between genes) have their own polymerase II or III promoters72. 
About half of mammalian miRNA loci are positioned near other miRNAs forming clusters which are transcribed from a single polycistronic transcription unit. The primary transcripts (pri‑miRNAs) can be several kilobases long, they are capped, polyadenylated and in some cases spliced73. In the nucleus, pri-miRNA is processed by RNAse III Drosha into an approximately 70-nucleotide pre-miRNA that contains a stem-loop structure74,75. Drosha is part of a microprocessor complex in which it is associated with DGCR8/Pasha, a double stranded RNA binding domain (dsRBD) protein76. The cleaving by RNAse III leaves a two‑nucleotide 3’ overhang that is necessary for the pre-miRNA export from the nucleus. Pre-miRNA’s transport to the cytoplasm is facilitated by the formation of a complex with Exportin 5 and GTP-bound Ran cofactor. The subsequent hydrolysis of Ran causes a release of pre-miRNA from the bond77. 
Dicer is another RNAse III enzyme that is involved in pre-miRNA processing. In cooperation with dsRBD proteins, TRBP or PACT, Dicer generates a ⁓22 nt long miRNA duplex, which is further loaded onto RNA-induced silencing complex (RISC) containing Argonaut (Ago) proteins 78,79. In RISC, only the leading strand of the duplex is associated with one of the Argonaut protein isoforms, the other strand is unwound by helicase and degraded. After loading, the miRNA-RISC complex binds to a 3’ untranslated region of the target mRNA which is silenced through degradation or translation inhibition80. Figure 1 shows miRNA biogenesis.
The type of silencing mechanism depends on the level of their mutual complementarity: perfect pairing between miRNA and mRNA is most common in plants and warrants the mRNA sequence degradation by Ago protein, whereas partial complementarity of animal miRNA-mRNA interaction represses the initiation step of mRNA translation80. A single miRNA guide can bind various mRNA targets thus regulate expression of multiple genes and conversely different miRNAs can cooperatively regulate an individual mRNA target81,82. 
[image: ]
[bookmark: _Toc47541123]Figure 1. miRNA biogenesis. Adapted from Terrinoni et al. 83
[bookmark: _Toc47889320][bookmark: _Toc48160991]miRNAs and their role in cancer
As one miRNA regulates many mRNAs, its dysregulated expression can have a profound effect on cellular homeostasis. Disrupted miRNA levels are implicated in molecular pathogenesis of cardiovascular and central nervous system disorders and various malignancies including solid tumours84–86. miRNAs play an important role in tumour initiation and development by acting either as tumour promoting (oncogenic) or tumour suppressing miRNAs. Whilst upregulated oncogenic miRNAs promote cancer by inhibiting expression of tumour suppressor genes, the downregulation of tumour-suppressing miRNAs causes a decrease in the number of silenced oncogenes87. Considering that one miRNA can regulate various genes, some miRNAs naturally demonstrate both tumour-promoting and tumour supressing properties depending on the tumour type and the mRNA they target88. 
Cancer-promoting changes in miRNA expression have been associated with genetic and epigenetic alterations affecting miRNA loci and the components of their biogenesis. Significant number of human miRNA genes are positioned at fragile regions or in chromosomal regions that are deleted, amplified, or translocated in cancer. For example, overexpression of the miR‑21 and miR‑17‑92 cluster has been detected in various human tumours including breast, colon, lung, pancreatic, prostate and stomach cancers89. Another process causing changes in expression is associated with miRNAs that are targeted by transcription factors. The dysregulation of transcriptional regulator MYC enforces expression of the miR‑17‑92 cluster and both together accelerate the development of B cell lymphoma. Epigenetic silencing is also an important mechanism driving miRNA dysfunction in cancer. Hypermethylation of CpG islands that are located at the gene promoters of tumour-suppressive miRNAs leads to their silencing and the loss of tumour-supressing function. In addition to other adverse events, dysregulation in miRNA biogenesis can occur at different stages of miRNA maturation and it is caused by genetic alterations, mutations, or changes in transcriptional regulation89,90.
Because miRNA expression can be highly tissue-specific91 and the levels of a single miRNA vary in different types of tumours, disease-specific miRNAs have become a promising biomarker for cancer detection. Apart from diagnostics, miRNA quantification is an emerging prognostic tool based on the observed patterns that reflect miRNA levels’ fluctuation during the disease progression88. Besides their intracellular roles, miRNAs are secreted by donor cells as a part of intercellular communication that includes gene expression regulation in the recipient cells92. Cell-free miRNAs have been detected in different body fluids including plasma, serum, urine, and saliva and they show remarkable stability in both tissue and liquid biopsies93–96. 
It has been proposed that miRNA can be released to the extracellular space by passive leakage from broken cells in the case of tissue injuries, chronic inflammation etc., or they can be actively secreted by the cells in the form of microvesicles (exosomes), as well as bound to high-density lipoprotein. Circulating miRNAs have also been found to be associated with either nucleophosmin 1 (NPM1) and argonaut 2 (AGO2) RNA-binding proteins outside the cell92. Owing to their stability and distinctive expression levels in both tissue and body fluids, a scientific interest in differentially expressed miRNAs in prostate cancer has grown over the last ten years.

[bookmark: _Toc47889321][bookmark: _Toc48160992]The role of miRNAs as biomarkers in prostate cancer
Tissue miRNAs 
The first analysis of dysregulated miRNA expression in prostate cancer tissue was published in 2006 by Volinia et al.97 This large-scale study analysed 363 tissue samples representing six types of solid tumours and included 56 samples from prostate cancer patients with seven corresponding controls. Out of 228 measured miRNAs, the authors reported 39 upregulated and six downregulated miRNAs in PCa versus noncancer tissue. They also found 21 miRNAs that were overexpressed in at least three different types of tumour. Furthermore, elevated levels of miR‑17‑5p and miR‑191 were detected in five types of cancers and miR‑21 in all of them98. Another profiling study was performed by Porkka et al. and involved four BPH and nine PCa tissue samples. Using the array hybridization method, the authors discovered 51 differentially expressed miRNAs, with 14 miRNAs being upregulated and 37 downregulated in PCa compared to BPH. The following validation confirmed the array data and the clustering analysis separated PCa samples from the benign ones99. Srivastava and colleagues tested the diagnostic potential of four miRNAs to discriminate between PCa and adjacent non-cancer tissue. The validation of preliminary results was carried out using 40 PCa tissue samples and receiver operating characteristics (ROC) reached the best AUCs of 0.92 and 0.86 for miR‑214 and miR‑99, respectively100. More recently, Bidarra et al. detected significant overexpression of miR‑182‑5p in prostate cancer tissue vs. the control group. The diagnostic performance of miR‑182‑5p in the validation cohort achieved AUC value of 0.81 with 60% sensitivity and 100% specificity for the discrimination between malignant and non-malignant prostate tissue101. In a large profiling study, Kristensen et al. identified 15 significantly differentially expressed miRNAs in prostate tissue with diagnostic efficacy for cancer detection. The candidate miRNAs were subsequently validated in two independent patient sets. The highest diagnostic potential was reached by miR‑375, miR‑425-5 and miR‑222‑3p, which were significantly upregulated in PCa tissue and reached AUCs of 0.83, 0.83, and 0.92, respectively. Significantly downregulated expression was found in miR‑205‑5p and miR‑221‑3p with the calculated AUCs of 0.86 and 0.93, respectively. In addition to that, the authors successfully tested a combination of three miRNAs (miR‑185‑5p + miR‑221‑3p + miR‑326) with significant prognostic capacity to predict time to BCR independently of clinicopathological parameters in the group of patients after radical prostatectomy (n=126) and subsequently validated the classifier in two independent cohorts102. The prognostic significance of dysregulated tissue miRNAs was also explored by Fendler et al. who confirmed the ability of miR‑10b and miR‑222/miR10b ratio (AUC=0.72 and AUC=0.70, respectively) to predict BCR of less than a year in prostate cancer patients compared to the patients that had no biochemical relapse for at least two years. Whilst miR‑10b showed no correlation with histological grade, the tumour stage, or the surgical margin, miR‑222 was inversely correlated with the Gleason score103. 
Cell-free miRNAs
Apart from tissue-based miRNAs, cell-free miRNAs found in liquid biopsies have also attracted attention as a promising class of markers in prostate cancer diagnosis and management. In 2008, Mitchel and colleagues showed that tumour-derived miRNAs enter the circulation and determined that both serum and plasma are suitable for exploration of miRNAs’ potential as blood-based biomarkers. In their study, they further identified significantly upregulated levels of serum miR‑141 in 25 patients with metastatic prostate cancer compared to 25 healthy individuals and evaluated its diagnostic efficacy using ROC analysis that yielded an AUC of 0.90793. Moltzahn et al. analysed levels of 384 serum miRNAs utilizing a modified multiplex real-time polymerase chain reaction (RT-PCR) method for miRNA profiling in 36 men with prostate cancer and 12 healthy blood donors. In the published work, they showed ten miRNAs that had different levels between healthy versus malignant sera with four downregulated and six upregulated miRNAs in the cancer group. The top candidates were validated by individual qRT-PCR and the results revealed distinct miRNA patterns associated with prostate cancer risk. For example, whilst miR‑106a levels showed a direct linear relationship, the levels of miR‑24 steadily decreased with cancer risk104. In accordance with the findings of Mitchel et al.93, the upregulation of miR‑141 was detected in the patients with metastatic disease104. The stability of miRNA was also assessed for urine specimens by Yun et al. who concluded that seven freeze-thaw cycles or 72-hour storage at room temperature did not affect the levels of miRNA105. Urine miRNA’s resistance to degradation together with the non-invasive nature of sample collection represent useful qualities which have been explored in a growing number of biomarker studies106. The first comprehensive analysis of circulating miRNA in PCa was conducted by Bryant et al. who used TaqMan microRNA assay method to detect miRNAs that were profiled in the discovery phase. By analysing 135 urine sediments including 17 healthy controls and 118 of patients with localized or advanced PCa, the authors identified miR‑107 and miR‑574‑3p to be elevated in the urine of men with cancer in comparison to the control group. Even though the AUC of miR‑107 with a value of 0.74 scored higher than the AUC of PCA3 (0.61), the multivariate analysis of the PSA values demonstrated that selected miRNAs, miR‑107 and miR‑141, did not outperform the PSA testing for cancer detection in the cohort of non-metastatic patients vs healthy controls107. In their comprehensive study, Fredsøe et al. analysed the levels of 92 miRNAs found in the exosomal fraction of urine samples from BPH individuals and clinically localized PCa patients. They discovered and subsequently validated six elevated miRNAs and 22 miRNAs with low levels in the PCa group relative to BPH. The diagnostic capacity of individual top ten miRNAs ranged in values of AUC 0.67–0.97 and the three-miRNA classifier (miR‑222‑3p, miR‑24‑3p and miR‑30c‑5p) showed high diagnostic accuracy (AUC=0.89) for discrimination between BPH and PCa in the validation cohort108. Korzeniewski et al. were among the first to show that miRNAs can be detected in the exosome-independent fraction of the urine supernatant collected from PCa patients. Although they found a significant association of elevated levels of miR‑483‑5p in the urine of men with PCa compared to the control group, the PSA levels performed better in the disease detection (AUC = 0.81) than miR‑483‑5p (AUC = 0.69)109. 
Nonetheless, the number of dysregulated miRNAs identified in both tissue and body fluids which have been validated and showed good clinical performance (Tables V and VI) demonstrates that miRNAs have a great capacity to reflect the pathological changes in prostate tissue and could be the key to more accurate prostate cancer diagnosis or prognosis.
[bookmark: _Toc47541138]Table V. An overview of miRNAs with diagnostic potential for prostate cancer detection.
	Biomarker
	
	Sample
	Case/control
	SE %
	SP %
	AUC
	Ref.

	miR‑205
	↓
	tissue (FFPE)
	40 paired PCa/
adjacent non-cancer tissue
	
	
	0.83
	100

	miR‑214
	↓
	
	
	
	
	0.92
	

	miR‑221
	↓
	
	
	
	
	0.75
	

	miR‑99b
	↓
	
	
	
	
	0.86
	

	miR‑182‑5p
	↑
	tissue (fresh frozen)
	98 PCa/
15 controls 
	60.2
	100
	0.81
	101

	miR‑375
	↑
	tissue (FFPE)
	113 PCa/
28 controls
	
	
	0.83
	102

	miR‑425‑5p
	↑
	
	
	
	
	0.83
	

	miR‑222‑3p
	↑
	
	
	
	
	0.92
	

	miR‑205‑5p
	↓
	
	
	
	
	0.86
	

	miR‑221‑3p
	↓
	
	
	
	
	0.93
	

	miR‑455‑3p
	↓
	
	
	
	
	0.70
	

	miR‑106a
	↑
	serum
	12 LR/12 IR/12 HR/12 controls
	
	
	0.928
	104

	miR‑1274a
	↑
	
	
	
	
	0.928
	

	miR‑93
	↑
	
	
	
	
	0.907
	

	miR‑223
	↓
	
	
	
	
	0.876
	

	miR‑141
	↑
	serum
	25 mPCa/
25 controls
	
	
	0.842
	110

	miR‑200a
	↑
	
	
	
	
	0.638
	

	miR‑200c
	↑
	
	
	
	
	0.645
	

	miR‑25
	
	serum
	40 PCa/
32 controls
	
	
	0.66
	111

	miR‑101
	
	
	
	
	
	0.80
	

	miR‑628‑5p
	
	
	
	
	
	0.94
	

	miR‑21
	↑
	plasma
	26 localized PCa/25 mPCa/, 20 controls
	
	
	0.88
	112

	miR‑221
	↑
	
	
	
	
	0.83
	

	miR‑21
	
	peripeheral blood (mononuclear cells)
	75 PCa/
75 controls
	87.5
	85.7
	0.833
	113

	miR‑375
	↑
	serum
	146 PCa/35 BPH/18 controls
	
	
	0.720
	114

	miR‑129
	↓
	peripeheral blood (mononuclear cells)
	98 PCa/ 
56 controls
	88.9
	66.7
	0.846

	115

	miR‑141
	↑
	serum
	25 mPCA/
25 controls
	60
	100
	0.907
	93

	miR‑483‑5p
	↑
	urine (supernatant without DRE)
	71 PCa/
18 controls
	
	
	0.694
	109

	miR‑19a‑3p
	↓
	urine (sediment after DRE)
	41 PCa/
38 BPH
	
	
	0.723

	116

	miR‑9‑3p
	↓
	
	
	
	
	0.769
	

	miR‑107
	↑
	urine (sediments) after DRE
	70 localized PCa/ 
48 mPCa/
17 controls
	
	
	0.74
	107

	miR‑183
	↑
	urine (sediments)
	38 PCa/
38 controls
	
	
	0.58
	117

	miR‑205
	↓
	urine (whole)
	36 PCa/
12 controls
	
	
	0.708
	100,117

	
	
	urine (sediments after DRE)
	38 positive biopsy/38 negative biopsy
	
	
	0.56
	

	miR‑214
	↓
	urine (whole)
	36 PCa/
12 controls
	
	
	0.743
	100

	miR‑574‑3p
	↑
	urine (sediments) after DRE
	70 local PCa/
48 mPCa/
17 controls
	
	
	0.66 
	107,118

	hsv-miR‑H18
	↑
	urine (supernatant)
	14 PCA/5 BPH
173 PCa/
108 BPH
191 PCa/143 BPH
	66.5
	74.1
	0.761
	119

	hsv-miR‑H9‑5p
	↑
	urine (supernatant)
	
	72.0
	70.2
	0.738
	

	Abbreviations: SE, sensitivity; SP, specificity; LR, low risk; IR, intermediate risk; HR, high risk; mPCa, metastatic prostate cancer; FFPE, formalin-fixed paraffin-embedded; ↑, miRNa upregulation in PCa vs condition/control; ↓, miRNa downregulation in PCa vs condition/control



[bookmark: _Toc47541139]Table VI. An overview of miRNAs with prognostic potential in prostate cancer management.
	Biomarker
	
	Sample
	Case/control
	SE %
	SP %
	AUC/
Clinical significance
	Ref.

	miR‑10b
	↑
	tissue (FFPE)
	46 paired PCa/
adjacent non-cancer tissue
	
	
	0.72
BCR prognosis < 1 year
	103

	miR‑16
	
	plasma
	37 HR/33 LR
	
	
	0.62
	120

	miR‑26a
	↑
	serum
	18 BPH/37 localized/
8 mPCa/20 controls
	89
	56
	0.703
	121

	miR‑21
	↑
	serum
	10 PCa/10 BPH
	90
	80
	Positive prostate biopsy prediction
	122

	miR‑221
	↑
	
	
	90
	80
	Positive prostate biopsy prediction
	

	miR‑375
	↓
	plasma
	59 PCa/16 BPH/
11 controls
	81.3
	72.9
	0.809 
	123

	miR‑1825
	↑
	urine (whole)
	8 PCa/12 BPH/10 controls
	60
	69
	
	124

	miR‑141
	↑
	serum (exosomes)
	31 PCa/20 mPCa/
40 controls
	
	
	0.869 
	125

	miR‑141
	↑
	plasma
	26 localized PCa/
25 mPCa/20 controls
	
	
	0.755 
	112

	miR‑106a
	↑
	serum
	12 LR/12 IR/12 HR/
12 controls
	
	
	0.928 
prognosis of high-risk PCa
	104

	miR‑93
	↑
	
	
	
	
	0.907 
prognosis of high-risk PCa
	

	Abbreviations: SE, sensitivity; SP, specificity; LR, low risk; IR, intermediate risk; HR, high risk; mPCa, metastatic prostate cancer; FFPE, formalin-fixed paraffin-embedded; ↑, miRNa upregulation in PCa vs condition/control; ↓, miRNa downregulation in PCa vs condition/control
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Diploma thesis objectives
The aim of the diploma thesis is to detect specific tissue and urinary miRNA profiles in patients with prostate cancer using high-throughput methods. The expected outcome of the miRNA profiling is the identification of miRNAs that are able to distinguish indolent and aggressive forms of prostate cancer and possibly increase the specificity of PSA. In the next stage, if possible, the aim is to validate discovered miRNAs on an independent group of patients.







[bookmark: _Toc47889323][bookmark: _Toc48160994]PRACTICAL PART
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 Cohort of prostate cancer patients
The discovery phase of the project includes 40 formalin-fixed paraffin-embedded (FFPE) tissue samples that were retrospectively collected in the years 2010–2015 at the Department of Urologic Oncology at Masaryk Memorial Cancer Institute (MMCI) in Brno and stored in the Bank of Biological Material at MMCI. The cohort consists of 20 samples of indolent PCa (ISUP grade 1) and 20 samples of aggressive PCa (ISUP grade 3–5). The validation cohort comprises of 94 retrospectively collected FFPE tissue samples. Apart from samples of patients diagnosed with either low-grade or high-grade PCa, the cohort also includes 24 tissue samples identified as GS 3+4. The summary of clinical characteristics is listed in Table VII.
[bookmark: _Toc47541140]Table VII. Clinical characteristics of patients included in the discovery and the validation cohort.
	
	Cohort 1 (discovery)
	Cohort 2 (validation)

	
	Indolent PCa
	Aggressive PCa
	Indolent PCa
	Aggressive PCa
	GS 3+4

	Patients (n)
	20
	20
	30
	40
	24

	Median age, yr (range)
	62.5 
(47–73)
	[bookmark: OLE_LINK1]65 
(52–70)
	64 
(53–75)
	65 
(53–73)
	64
(53–76)

	Median PSA (range)
	6.1 
(2.8–17.6)
	13.0 
(6.8–58.0)
	5.1 
(2.5–11.8)
	11.3
(3.0–80.0)
	7.7
(3.6–34.0)

	≤10 ng ml
	16
	6
	29
	18
	15

	>10 ng ml
	4
	14
	1
	22
	9

	Tumour stage, n
	
	
	
	
	

	T1a–c
	
	
	
	
	

	T2a–c
	20
	4
	30
	8
	16

	T3a–c
	
	16
	
	31
	8

	T4
	
	
	
	1
	

	Gleason score, n
	
	
	
	
	

	<7
	20 
	
	30
	
	

	7–8
	
	17
	
	29
	24

	9–10
	
	3
	
	11
	

	Grade group, n
	
	
	
	
	

	1
	20
	
	30
	
	

	2
	
	
	
	
	

	3
	
	14
	
	23
	24

	4
	
	3
	
	6
	

	5
	
	3
	
	11
	


 RNA isolation
The sample was transferred in a microfuge tube and carefully cut into smaller pieces. A volume of 1 ml of xylene (Lachema, Czech Republic) was added to the sample and the suspension was gently mixed by inverting the tube in hand for 5 minutes. After mixing, the sample was incubated at 50 °C for 3 minutes and then centrifuged at room temperature at 15,000 rpm for 2 minutes. The supernatant was removed, and 1 ml of 96% ethanol was added to the pelleted sample. The tube was vortexed, centrifuged at 15,000 rpm for 2 minutes and the supernatant was discarded. In the next step, 1 ml of 96% ethanol was pipetted to the pellet again and the tube was vortexed and centrifuged as in the previous step. After the supernatant removal, the open tube was left in a thermoblock at 50 °C for 10 minutes. When the sample dried, 100 µl of proteinase K buffer was pipetted to the tube together with 16 µl 10% SDS (Sigma-Aldrich Inc., USA) and 40 µl proteinase K (Sigma-Aldrich Inc., USA). The tissue digestion took place at 55 °C and 400 rpm shaking overnight.
For the miRNA isolation, a mirVana Isolation Kit (Ambion INC, USA) was used. The following day, 600 µl of Lysis/Binding Buffer and 60 µl of miRNA Homogenate Additive was pipetted to a microfuge tube containing the lysate. The mixture was thoroughly vortexed, and the tube transferred on ice for 10 minutes. Next, 600 µl of acid-phenol:chloroform (Ambion INC, USA)was added to the mixture. The tube was vortexed for 60 seconds and centrifuged for 5 minutes at 13,400 rpm at room temperature. After centrifugation, the upper aqueous phase was carefully transferred to a fresh tube. In the next step, 1.25 volumes of 100% ethanol were added to the volume of recovered aqueous phase and the tube was thoroughly vortexed. The lysate/ethanol mixture was loaded onto the filter cartridge assembled with a collection tube provided by the manufacturer. The mixture was centrifuged at 13,400 rpm for 15 seconds and the flow-through was discarded. After all the lysate was passed through the filter, 700 µl miRNA Wash Solution 1 was pipetted to the filter cartridge and centrifuged for 10 seconds at 13,400 rpm. The flow-through was removed and 500 µl Wash Solution 2/3 was applied and drawn through the filter again by centrifuging. The previous step was repeated with a second aliquot of Wash Solution 2/3. After the last flow-through removal, the assembled filter cartridge was spun for an additional 1 minute to remove residual fluid from the filter. The used collection tube was replaced with a fresh tube and 50 µl of pre-heated (95 °C) Elution Solution was applied to the centre of the filter. The tube was centrifuged at 13,400 rpm for 30 seconds and the collected eluate was stored at −80 °C for later use. 
 Reverse transcription 
The first strand cDNA synthesis was performed using the miRCURY LNA RT Kit (Qiagen GmbH, Hilden, Germany). The template RNA was diluted to a working concentration of 5 ng·µl−1 using nuclease-free water. The reverse transcription reaction was prepared on ice by adding the components specified in Table VIII. The reaction was incubated in a PCR cycler at 42 °C for 60 minutes followed by 5 minutes at 95 °C to heat inactivate the reverse transcriptase. After the incubation, the cDNA reaction mixture was immediately cooled to 4 °C. Synthetic transcript UniSp6 RNA was used to monitor successful reverse transcription.
[bookmark: _Toc47541141]Table VIII. Reverse transcription reaction setup per sample.
	Component
	Volume/reaction

	5x miRCURY RT Reaction Buffer
	8 µl

	RNase-free water
	18 µl

	10x miRCURY RT Enzyme Mix
	4 µl

	UniSp6 RNA spike-in
	2 µl

	Template RNA (5 ng·µl −1)
	8 µl

	Total volume
	40 µl


 Quantitative Real-Time PCR 
The detection of miRNA targets was performed using miRCURY SYBR Green PCR Kit (Qiagen GmbH, Hilden, Germany) and miRCURY LNA miRNome Human PCR Panels (Qiagen GmbH, Hilden, Germany). The reaction mix was prepared according to Table IX. The reaction mixture was inverted several times to ensure thorough mixing and then it was briefly centrifuged. 
[bookmark: _Toc47541142]Table IX. Reaction setup for miRCURY LNA miRNome PCR panels.
	Component
	Volume/reaction

	2x miRCURY SYBR Green Master Mix
	4000 µl

	ROX Reference Dye
	40 µl

	Undiluted cDNA template
	40 µl

	RNase-free water
	3960 µl

	Total volume
	8000 µl



A volume of 10 µl of the reaction mixture was dispensed into each well of miRNome Human PCR Panel 1 and 2. The plates were sealed with sealing foils and spun at 1,000 rpm at room temperature for 1 minute. After the centrifugation, the primers were left to dissolve in the reaction mix for 5 minutes. In the meantime, QuantStudio 12K Flex Real Time PCR system (Thermo Fisher Scientific, Waltham, MA, USA) was programmed according to Table X with the data set to be collected during the annealing step.
[bookmark: _Toc47541143]Table X. PCR cycling conditions.
	Step
	Time
	Temperature
	Ramp rate

	PCR initial heat activation
	2 minutes
	95 °C
	Fast mode

	2-step cycling
	
	
	

	 Denaturation
	10 seconds
	95 °C
	Fast mode

	 Combined annealing/extension
	60 seconds
	56 °C
	Fast mode

	 Cycle Number 40
	
	
	

	Melting curve analysis
	
	60–95 °C
	


 Data processing and analysis
The qRT-PCR data were evaluated by QuantStudio 12K Flex software (version 1.2) and the acquired data pre-processed. Assays with a detected cycle of threshold (Ct) value and at the same time with multiple melting points indicating off-target amplification products were manually checked and removed for the subsequent analysis. For the quality control of each plate run the inter-plate calibrators were calculated. Three wells within each miRNome PCR panel contained UniSp3 as the inter-plate calibrator (IPC) assay. First, the average of the replicates for each plate and the overall average (average of IPC values from plates 1 and 2) were calculated. Next, the calibration factor was determined as the difference between plate average and overall average for plate 1 and 2 (calibration factor = IPC plate − IPC overall). Each plate was then calibrated by subtracting the calibration factor from Ct values in the plate.
For the data normalization we used three stably expressed reference genes that were identified using genEx software (MultiD Analyses AB, Sweden). The data was normalized using the formula , where Ct GOI represents Ct values of the gene of interest and 
Ct REF is the geometric mean of Ct values of three reference miRNAs. All the miRNAs that were expressed in less than two thirds of samples were excluded from the following statistical analysis. Significantly differentially expressed miRNAs were identified using the Mann-Whitney U test and the Benjamini-Hochberg correction for multiple hypothesis testing was used as well.
[bookmark: _Toc47889326][bookmark: _Toc48160997]miRNA validation 
cDNA synthesis and qRT-PCR
RNA was isolated according to 4.1.2 protocol from 94 FFPE tissue samples and diluted to 
a working concentration of 5 ng·µl−1. Next, cDNA was prepared using TaqMan® Advanced miRNA cDNA Synthesis Kit (Thermo Fisher Scientific, Waltham, MA, USA). The first three reactions (poly-A tailing, adaptor ligation, reverse transcription) were performed according to the manufacturers’ instructions. In the miR‑Amp reaction step, the reaction volume was proportionally scaled down to 20 µl. After the amplification, the synthetized cDNA template was diluted with 0.1X TE buffer 10-fold. Next, the PCR reaction mix was prepared using TaqMan® Fast Advanced Master Mix (2X) (Thermo Fisher Scientific, Waltham, MA, USA), TaqMan® Advanced miRNA Assay (20X) (Thermo Fisher Scientific, Waltham, MA, USA), and RNase-free water according to the manufacturers’ instructions. The volume of the PCR reaction master mix used for each reaction was adjusted to 7.5 µl. For each reaction, 2.5 µl of diluted cDNA template was added to the PCR reaction mix giving a final reaction volume of 10 µl. The samples were pipetted in duplicates, with one negative control duplicate (RNAse-free water instead of a sample). The qRT-PCR reaction was run on the QuantStudio 12K Flex Real Time PCR system (Thermo Fisher Scientific, Waltham, MA, USA), which was set according to the manufacturers’ instructions. 
Data processing and analysis
The quantification of real-time PCR data was performed in QuantStudio 12K Flex software (version 1.2.). Obtained Ct values were first processed in Microsoft Excel. After calculating the average Ct values of measured duplicates, data were normalised with a geometric mean value of three reference genes. hsa‑miR‑26a‑5p, hsa-miR‑26b‑5p, and hsa-miR‑30e‑5p were found to be the most stably expressed genes across all the samples in the discovery cohort. The data normalization was performed using the  method where the ΔCt value corresponds to the difference between the Ct of the detected miRNA and the Ct of the reference genes. Statistical analysis of normalized data was completed in GraphPad Prism (version 8.4.3).
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Cohort of prostate cancer patients
The prospective cohort for urine miRNA profiling consists of 80 men that were diagnosed and treated at the Department of Urologic Oncology at MMCI in Brno between the years 2015 and 2019 with suspected prostate cancer. The discovery phase of the study used 20 urine samples of patients diagnosed with indolent prostate cancer (ISUP grade 1), 20 patients with aggressive prostate cancer (ISUP grade 3–5), 20 patients with detected benign prostatic hyperplasia, and 20 samples from heathy controls. Table XI provides clinical characteristics of the cohort. 
[bookmark: _Toc47541144]Table XI. Baseline clinical characteristics.
	Discovery cohort

	
	Indolent PCa
	Aggressive PCa
	BPH
	Healthy

	Patients (n)
	19
	19
	20
	14

	Median age, yr (range)
	65 (49–75)
	68 (48–88)
	64.5 (52–77)
	67 (43–77)

	Median PSA (range)
	5.2 (2.5–9.3)
	12.5 (4.1–291)
	3.7 (0.6–9.2)
	0.8 (0.2–1.9)

	≤10 ng ml
	19
	7
	20
	14

	>10 ng ml
	0
	12
	
	

	Tumour stage, n
	
	
	NA
	NA

	T1a–c
	16
	5
	
	

	T2a–c
	3
	9
	
	

	T3a–c
	
	4
	
	

	T4
	
	
	
	

	Unknown
	
	1
	
	

	Gleason score, n 
	
	
	NA
	NA

	<7
	19 
	2
	
	

	7–8
	
	12
	
	

	9–10
	
	5
	
	

	Grade group
	
	
	NA
	NA

	1
	19
	1
	
	

	2
	
	2
	
	

	3
	
	6
	
	

	4
	
	5
	
	

	5
	
	5
	
	

	
Abbreviation: NA, not applicable



RNA isolation
A volume of 10 ml of first morning urine after a prostate massage was collected into a tube containing 186 mg of EDTA. The sample was spun at 4 °C at 2000 g for 15 minutes and the collected sediment and supernatant aliquots were stored at −80 °C. For RNA isolation, Urine microRNA Purification Kit was used (Norgen, Biotek Corp, Ontario, Canada). First, 2 ml supernatant aliquot was centrifuged at 4 °C at 11,400 rpm for 15 minutes and the supernatant was transferred to a 15 ml conical tube. After pipetting 30 µl of β-mercaptoethanol (Sigma-Aldrich, St. Louise, MO, USA) to 3 ml of Lysis Buffer A, the lysis buffer was transferred to the tube containing the urine supernatant and the sample was vortexed for 30 seconds. Next, 3 ml of 96% ethanol was added to the lysate and the contents were mixed by 30-second vortexing. 
A spin column provided by the manufacturer was attached to QIAvac 24 Plus Vacuum Manifold (Qiagen, Hilden, Germany) and 650 µl of the lysed sample was loaded onto the column. After vacuum processing the entire lysate, 400 µl of Wash Solution A was applied to the column and processed. The washing step was repeated twice. Then the column was assembled with one of the provided collection tubes and centrifuged empty for 2 minutes at 14,000 rpm. Next, the column was placed into a fresh 1.7 ml Elution tube provided with the kit. RNA elution was performed by adding 30 µl of Elution Solution A to the column and 20-minute incubation at room temperature. Then the column was spun for 2 minutes at 2,000 rpm, followed by additional 2 minutes at 14,000 rpm. RNA concentration and purity were measured using NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, Wilmington, DE, USA), and the RNA sample was stored at −80 °C. 
 Next-generation sequencing library preparation
Sequencing libraries were prepared using a QIAseq™ miRNA Library Kit (Qiagen, Hilden, Germany) and QIAseq™ miRNA NGS 96 Index IL (Qiagen, Hilden, Germany). A ProFlex PCR System (ThermoFisher Scientific Inc., DE, USA) was used for the following reactions.
3’ ligation
The 3’ ligation reaction was set up on ice and the components were added according to 
Table XII. Using nuclease-free water QIAseq miRNA NGS 3’ Adapter was diluted 10-fold and the starting volume of undiluted template RNA was 5 µl. The reaction mix was incubated at 28 °C for 60 minutes followed by 20 minutes at 65 °C. The ligation reaction was left at 4 °C for a further 5 minutes. 




[bookmark: _Toc47541145]Table XII. Setup of 3’reaction. 
	[bookmark: _Hlk35799723]Component
	Volume/reaction

	Diluted QIAseq miRNA NGS 3’ Adapter
	1 µl

	QIAseq miRNA NGS RI
	1 µl

	QIAseq miRNA NGS 3’ Ligase
	1 µl

	QIAseq miRNA NGS 3’ Buffer
	2 µl

	2x miRNA Ligation Activator
	10 µl

	Template RNA
	5 µl

	Total volume
	20 µl


5’ ligation
The 5’ ligation reaction was prepared on ice and the components listed in Table XIII were added to the tube containing the completed 3’ ligation reaction. A QIAseq miRNA NGS 5’ Adapter was diluted 5-fold using nuclease-free water. The ligation mix was left to incubate at 28 °C for 30 minutes and then at 65 °C for 20 minutes. After that, it was kept at 4 °C for 5 minutes. 
[bookmark: _Toc47541146]Table XIII. Setup of 5’reaction.
	Component
	Volume/reaction

	3’ ligation reaction (already in tube)
	20 µl

	Nuclease-free water
	15 µl

	QIAseq miRNA NGS 5’ Buffer
	2 µl

	QIAseq miRNA NGS RI
	1 µl

	QIAseq miRNA NGS 5’ Ligase
	1 µl

	Diluted QIAseq miRNA NGS 5’ Adapter
	1 µl

	Total volume
	40 µl


Reverse transcription
To initiate the reverse transcription reaction, 2 μl of QIAseq miRNA NGS RT Initiator was pipetted directly to the tube with the reaction product from the previous step. The tube was incubated in the thermocycler that was set according to Table XIV. 
[bookmark: _Toc47541147]



Table XIV. Incubation of the reaction mix with QIAseq miRNA NGS RT Initiator.
	Time
	Temperature

	2 minutes
	75 °C

	2 minutes
	70 °C

	2 minutes
	65 °C

	2 minutes
	60 °C

	2 minutes
	55 °C

	5 minutes
	37 °C

	5 minutes
	25 °C

	 ∞
	4 °C



After the incubation, the reverse transcription reaction mix was prepared on ice adding the components specified in Table XV directly to the tube containing the product. QIAseq miRNA NGS RT Primer was diluted 10x with nuclease-free water. The reverse transcription reaction was finished in the thermal cycler by a 60-minute incubation at 50 °C followed by 15 minutes at 70 °C. After that, the reaction tube was kept at 4 °C for at least 5 minutes.
[bookmark: _Toc47541148]Table XV. Setup of reverse transcription reaction.
	Component
	Volume/reaction

	5’ ligation reaction + QIAseq miRNA NGS RT initiator 
	42 µl

	Diluted QIAseq miRNA NGS RT Primer
	2 µl

	Nuclease-free water
	2 µl

	QIAseq miRNA NGS RT Buffer
	12 µl

	QIAseq miRNA NGS RI
	1 µl

	QIAseq miRNA NGS RT Enzyme
	1 µl

	Total volume
	60 µl


Preparation of QMN Beads
A volume of 400 µl of thoroughly vortexed QIAseq miRNA NGS Beads was transferred to 
a microfuge tube, briefly centrifuged and the beads were separated on a magnet stand (PureProteome™ Magnetic Stand (Millipore, MA, USA). After the beads migrated, the supernatant was removed and 150 µl of QIAseq miRNA NGS Bead Binding Buffer was pipetted onto the beads. The mixture was thoroughly vortexed, briefly centrifuged and separated on a magnet stand. After the bead separation, the supernatant was removed and 400 µl QIAseq miRNA NGS Bead Binding Buffer was added onto the beads. The suspension was vortexed again and prepared QMN Beads were stored at 4 °C until later use. 
cDNA Cleanup
The entire reaction of the 60 μl cDNA synthesis completed in step (C) Reverse transcription was the starting material for the cleanup procedure. A volume of 143 μl of vortexed QMN Beads was pipetted to the microfuge tube containing the cDNA reactions, the suspension was briefly vortexed and centrifuged. The reaction was left incubating at room temperature for 5 minutes. After the incubation, the reaction was placed on a magnet stand until the beads fully migrated. The supernatant was removed, and the bound beads were washed twice with 200 µl of freshly prepared 80% ethanol. The beads were left to air dry at room temperature for 8 minutes and then resuspended in 17 μl of nuclease-free water. The suspension was incubated for 2 minutes at room temperature and then returned to the magnet stand. After the beads migrated, 15 µl of eluted DNA was transferred to a new tube. The completed cDNA cleanup product was stored in −20 °C. 
Library Amplification using Tube Indices
The library amplification reaction was prepared on ice according to Table XVI. 
[bookmark: _Toc47541149]Table XVI. Setup of amplification reaction.
	Component
	Volume/reaction

	cDNA cleanup product
	15 µl

	QIAseq miRNA NGS Library Buffer
	16 µl

	HotStarTaq DNA Polymerase
	3 µl

	QIAseq miRNA NGS ILM Library Forward Primer
	2 µl

	QIAseq miRNA NGS ILM Index Primer
	2 µl

	Nuclease-free water
	42 µl

	Total volume
	80 µl



The thermal cycler setting is specified in Table XVII and the number of cycles was programmed to 22. Upon completion of the PCR reaction, the product was kept at 4 °C for at least 5 minutes. 




[bookmark: _Toc47541150]Table XVII. Thermal cycler setup.
	Step
	Time
	Temperature

	Hold
	15 minutes
	95 °C

	3-step cycling
	
	

	 Denaturation
	15 seconds
	95 °C

	 Annealing
	30 seconds
	60 °C

	 Extension
	15 seconds
	72 °C

	 Cycle Number 22
	
	

	Hold 
	2 minutes
	72 °C

	Hold
	 ∞
	4 °C


PCR product cleanup
A volume of 75 µl of vortexed QMN beads was placed to a new microfuge tube and 75 µl of library amplification reaction was added to it. The suspension was vortexed and briefly centrifuged. After the 5-minute incubation at room temperature, the tube was placed on a magnet stand. When the beads finished migrating, 145 µl of the supernatant was transferred to a new microfuge tube and 130 μl of vortexed QMN Beads were added to it. The suspension was then vortexed, briefly centrifuged and left to incubate at room temperature for 5 minutes. After that, the suspension was separated on the magnet stand and the supernatant was discarded. The bound beads were washed twice with 200 µl of freshly prepared 80% ethanol and air dried at room temperature for 8 minutes. Then they were resuspended in 17 µl of nuclease-free water and left to incubate at room temperature for 2 minutes. After the incubation, the beads were separated on the magnet stand and 15 µl of eluted DNA was transferred to a new tube. Prepared miRNA Sequencing Libraries were stored at −20 °C for later use.
miRNA library pre-sequencing quantity and quality control 
The library concentration was measured by Qubit 2.0 Fluorometer (ThermoFisher Scientific Inc., DE, USA) using reagents provided in Qubit™ dsDNA HS Assay Kit (ThermoFisher Scientific Inc., DE, USA). The Qubit working solution was prepared by diluting 1 µl of the Qubit dsDNA HS Reagent in 199 µl Qubit dsDNA HS Buffer. The calibration of the fluorometer was performed by using two standards. Both calibrating solutions were prepared by pipetting 10 µl Qubit dsDNA HS Standard #1 or #2 to 190 µl Qubit working solution. To prepare the sample, 2 µl of the library sample was added to 198 µl of the Qubit working solution. The solution was left incubating at room temperature for 2 minutes before the sample concentration was measured.
The quality of the library was analysed by capillary electrophoresis using 2200 TapeStation (Agilent, CA, USA). The assay was prepared by mixing 2 μl High Sensitivity D1000 Sample Buffer (Agilent, CA, USA) with 2 μl library sample, which was followed by thorough vortexing and centrifuging. For the sample analysis High Sensitivity D1000 ScreenTape (Agilent, CA, USA) was used and the results were processed in 2200 TapeStation Analysis Software (A.02.01 release).
Small RNA sequencing 
Each miRNA Sequencing Library was diluted with nuclease-free water to 4 nM (2nM) and 2 µl aliquot from each diluted library was pipetted in one tube to create a library pool. The amount of 5 µl (10 µl) of pooled 4.0 nM (2.0 nM) sequencing libraries was denatured using 5 µl (10 µl) of freshly diluted 0.2 M NaOH. The combined volumes were vortexed briefly, centrifuged at 280 x g for 1 minute and left incubating at room temperature for 5 minutes. Then 5ul (10 µl) of 200 mM Tris-HCl (Sigma-Aldrich Inc., MO, USA), pH 7 was added. The contents were again vortexed and centrifuged at 280 x g for 1 minute. Denatured libraries were diluted to the concentration of 20 pM by combining with 985 ul (970 µl) of prechilled HT1 buffer. The microfuge tube was vortexed briefly, centrifuged at 280 x g for 1 minute and placed on ice. The final dilution of 20 pM library solution to 1.8 pM was performed by combining 117 µl of diluted pool with 1183 µl of prechilled HT1 buffer. The tube containing diluted pool was gently mixed and briefly centrifuged. As a sequencing control, 2 µl of 20 pM PhiX (Illumina, CA, USA) was added to the tube. Then the total volume of 1302 µl was loaded onto the reagent cartridge (NextSeq 500/550 High Output v2 Kit (75 cycles) (Illumina, CA, USA) and Small RNA sequencing was performed on NextSeq 500 System (Illumina, CA, USA).
 Data processing and analysis
Initially, the raw sequencing images were converted to the fastq format using bcl2fastq (version 2.20.0). Preprocessing of the sequencing data involved several steps. First, the quality of raw reads was checked with the FastQC package (version 0.11.8), then adapter sequences were identified by Kraken package (15-065) and trimmed using Cutadapt (version 1.18). After that, reads were collapsed using unique molecular identifiers (UMIs) with FASTX-Toolkit (version 0.0.14). Lastly, reads originating from snoRNAs, snRNAs, rRNAs, tRNAs, piRNAs and YRNAs (sequences downloaded from Ensembl and RefSeq databases) were identified using Bowtie (version 1.2.2) and then removed from the data. Reads were mapped to miRBase (version 21) using miraligner tool (version 1.2.4). Statistical analysis was carried out in R (version 3.4.3) with DESeq2 package (version 1.18.1) and edgeR package (3.26.8).
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 RNA isolation
RNA was extracted from 40 FFPE samples of prostate tissue of indolent and aggressive prostate cancer patients who underwent biopsy at MMCI in Brno. Patient and clinical characteristics are summarized in Table VII. Obtained average concentration of RNA was 338 ng·µl−1; the concentration values ranged from 113 to 821 ng·µl−1. For the following cDNA synthesis, RNA was diluted to a working concentration of 5 ng·µl−1.
Quantitative Real-Time PCR assay and data analysis
The detection of miRNA expression levels was performed using miRCURY LNA miRNA miRNome PCR Panels that offer profiling of 752 unique and specific miRNA targets. One sample of indolent PCa was removed from the analysis because of the failed quantification reaction. After data pre-processing and Ct value recalculation by IPC calibration factor, three reference genes were selected for the following qRT-PCR data normalization. Using two genEx algorithms, GeNorm and Normfinder, hsa‑miR‑26a‑5p, hsa-miR‑26b‑5p, and hsa-miR‑30e‑5p were found the best endogenous controls with most stable expression across the analysed cohort. All three miRNAs were top candidates with lowest M-values identified by GeNorm (Figure 2) and low standard deviation calculated with Normfinder (Figure 3). 
[image: ]
[bookmark: _Toc47541124]Figure 2. Identification of reference genes using GeNorm algorithm. Candidate genes with lowest M-values are considered the best.
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[bookmark: _Toc47541125]Figure 3. Identification of reference genes using Normfinder algorithm. Candidate genes with low standard deviation are considered the best.

Normalised miRNA expression profiles were evaluated by Mann-Whitney U test and by Benjamini-Hochberg correction for multiple hypothesis testing performed by bioinformatician Mgr. Karolína Trachtová. At the significance level of 0.01, the statistical analysis revealed 149 dysregulated miRNAs, with 137 miRNAs upregulated and 12 miRNAs downregulated in aggressive prostate cancer (ISUP 3–5) compared to indolent PCa (ISUP 1) tissue. By implementing stricter criteria: Ct < 30, fold change (FC) > 2 at the adjusted significance levels of 0.001, we identified 21 miRNAs with upregulated gene expression in the tissue of high-grade prostate cancer (Table XVIII). Employed statistical methods for qRT-PCR data analysis also included hierarchical clustering algorithm. The algorithm groups samples with similar miRNA expression profiles and displays them in a tree-structured graph (dendrogram). In Figure 4, the dendrogram is combined with a heat map representing 21 miRNAs that were differentially expressed between aggressive and indolent PCa. Based on the recent literature, microRNAs that exceeded FC = 2.5 with adjusted p-value < 0.00005 were chosen for the training phase. The panel of miRNAs selected for validation is highlighted red in Table XVIII. 

[bookmark: _Toc47541151]Table XVIII. Overview of miRNAs with upregulated expression levels in aggressive vs indolent PCa tissue. Highlighted miRNAs were selected for validation.
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	FC
	Adjusted p-value
	Average Ct value

	hsa-let-7d‑5p
	2.151023936
	0.0000100199
	29.43

	hsa-let-7e‑5p
	2.044189689
	0.0000002333
	27.74

	hsa-let-7g‑5p
	2.188596758
	0.0000289179
	27.98

	hsa-let-7i‑5p
	4.600238457
	0.0000020945
	28.73

	hsa-miR‑101‑3p
	2.175233624
	0.0000000151
	27.83

	hsa-miR‑103a‑3p
	4.404883568
	0.0000001871
	27.88

	hsa-miR‑106a‑5p
	2.051148845
	0.0000100199
	27.61

	hsa-miR‑106b‑5p
	3.750921099
	0.0000001030
	29.20

	hsa-miR‑107
	4.063626694
	0.0000000108
	28.72

	hsa-miR‑1260a
	3.676574882
	0.0000000108
	21.63

	hsa-miR‑141‑3p
	2.124813872
	0.0001007092
	25.42

	hsa-miR‑142‑3p
	3.945937544
	0.0003447558
	28.16

	hsa-miR‑148a‑3p
	4.129506183
	0.0000230055
	27.01

	hsa-miR‑15a‑5p
	4.504378162
	0.0000688603
	29.37

	hsa-miR‑15b‑5p
	2.591676712
	0.0000008699
	29.80

	hsa-miR‑199a‑3p
	3.34603603
	0.0000100199
	27.56

	hsa-miR‑21‑5p
	2.658130171
	0.0000062643
	23.69

	hsa-miR‑22‑3p
	5.367284021
	0.0001860936
	29.28

	hsa-miR‑29a‑3p
	2.512522107
	0.0000515057
	27.75

	hsa-miR‑29c‑3p
	3.376980106
	0.0000515057
	27.10

	hsa-miR‑93‑5p
	3.471889324
	0.0000000108
	28.72

	Abbreviations: FC, fold change; CT, the cycle threshold



[bookmark: _Toc47541126][image: ]
Figure 4. Heatmap visualization of sample clustering based on miRNA gene expression. Differentially expressed miRNAs with p-value < 0.0001 (log2 normalized), Ct < 30, and fold-change > 2 discriminate between indolent and aggressive PCa tissue specimens. Samples are clustered according to the similarity of their miRNA expression profiles. The heat scale illustrates the rate of miRNA expression in which blue (red) colour means low (high) expression of a given miRNA in a particular sample. In the heat map, columns represent analysed samples and rows depict miRNAs.
[bookmark: _Toc47889330][bookmark: _Toc48161001][bookmark: _Hlk47530526]miRNA validation
RNA isolation
RNA was extracted from 94 FFPE tissue samples of prostate cancer patients. The cohort consists of three groups (indolent PCa, aggressive PCa, and GS 3+4) which are based on identified histopathological grades with associated risk of cancer progression. Patient and clinical characteristics are summarized in Table VII. Extracted average concentration of RNA was 348 ng·µl−1, with concentration values ranging from 66 to 1059 ng·µl−1. For the following cDNA synthesis, RNA was diluted to a working concentration of 5 ng·µl−1.
Quantitative Real-Time PCR assay and data analysis
The expression of 10 miRNAs (Table XVIII) and three reference genes was measured across 94 tissue samples by TaqMan® Advanced miRNA assay. A Mann-Whitney test of miRNA expression levels revealed that out of the 11 biomarker miRNAs tested only miR‑15b‑5p and miR‑106b‑5p were significantly differentially expressed in aggressive versus indolent types of tumours with P < 0.0001 and P = 0.0002, respectively (Figures 5A and 5B). Subsequent ROC analysis showed the ability of listed miRNAs to classify PCa patients according to the disease aggressiveness with computed AUC values of 0.771 and 0.755 for miR‑15b‑5p and miR‑106b‑5p, respectively (Figures 6A, 6B). At the cut-off value of 0.2204, miR‑15b‑5p reached 70% sensitivity and 73% specificity, whilst miR‑106b‑5p showed 87% specificity at 58% sensitivity at the cut-off value of 0.1947. Additional ROC analysis based on the combination of both miRNAs obtained even better analytical output with AUC=0.808, and increased specificity of 83% at 68% sensitivity with the cut off value 0.4823 (Figure 6C). The analysis of variance (Kruskal Wallis test) revealed that miR‑15b‑5p and miR‑106b‑5p could divide patients into three separate groups in agreement with their histopathological grade (indolent, aggressive, Gleason score 3+4) with P < 0.0001 and P = 0.0002, respectively (Figures 5A, 5B). 
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[bookmark: _Toc47541128]Figure 5. Upregulation of miR‑15ba‑5p and miR‑106b‑5p in aggressive PCa. A comparison between relative expression of miR‑15ba‑5p (A) and miR‑106b‑5p (B) in indolent Pca tissue compared to aggressive PCa vs. GS 3 + 4 samples. GS; Gleason score.
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Figure 6. Diagnostic potential of validated miRNAs. Receiver operating characteristics (ROC) analysis of the miR‑15b‑5p (A), miR‑106b‑5p (B), and their combination (C) for distinguishing indolent PCa tumour from an aggressive type in the validation cohort.
 
To establish a potential association between serum PSA concentration and expression levels of a given miRNA, PCa patients were divided into two groups based on the PSA concentration regardless of the tumour grade group. The cut-off of 10 and 20 ng·ml−1 are clinically important because patients are stratified into prognostic groups based on the detected PSA levels. TheMann-Whitney test revealed that miR‑103a‑3p and miR‑106b‑5p had a significant capacity to differentiate between patients with PSA < 10 ng·ml−1 and patients with PSA > 20 ng·ml−1. In case of miR‑106b‑5p this association was also confirmed with a Spearman correlation test (P = 0.0366, R = 0.2159). The corresponding graphs are pictured in Figure 7A and 7B. Furthermore, miR‑106b‑5p showed the ability to also discriminate patients with PSA < 10 ng·ml−1 from patients with PSA ≥ 10 ng·ml−1 at the significance level p = 0.026 (Figure 7C). The association of trained miRNAs with other clinicopathological characteristic such as tumour stage or grade was not confirmed. 
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Figure 7. Significant association of relative expression of miRNAs with PSA value. (A, B) show ability of miR‑103a‑3p and miR‑106b‑5p to differentiate between patients with PSA < 10 ng·ml−1 and patients with PSA > 20 ng·ml−1, respectively. (C) miR‑106b‑5p is able to discriminate patients with PSA < 10 ng·ml−1 from patients with PSA ≥ 10 ng·ml−1.
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 miRNA profiling in urine
 RNA isolation
For the discovery phase of the project, 72 urine samples were collected from prostate cancer patients, BPH, and heathy individuals. Patient and clinical characteristics are summarized in Table XI. To obtain a higher concentration of RNA, the volume of urine supernatant for RNA isolation was increased to 2 ml. An aliquot of undiluted RNA sample was used for the library preparation.
 Next-generation sequencing library preparation
We generated 72 cDNA libraries and checked their quality by capillary electrophoresis 
(Figure 8). The average size of the library peak was 165 bp in the first 24 cDNA samples, 170 bp for the next 24 samples, and 180 bp for the last 24 samples. The library concentration was measured using Qubit® 2.0 Fluorometer and it ranged from 0.056 to 8.500 ng·µl−1 (molar concentration range 2.308–447.457 nM). Four libraries had undetectable concentration. For the first sequencing run, 24 cDNA libraries were diluted to molar concentration 2.0 nM and from each library we took a 2 µl aliquot to create a sequencing pool. For the other two runs we diluted libraries to 4.0 nM and prepared sequencing pools as well. 
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[bookmark: _Toc47541129]Figure 8. Electropherogram of a sequencing library. An example of a sequencing cDNA library showing a peak of 167 bp length 


 Mapping and gene quantification
Next generation sequencing system was employed to generate a profile of miRNA levels in the urine of patients with aggressive or indolent PCa, benign prostatic hyperplasia, and in healthy donors. The statistical and data analysis was performed by bioinformatician Mgr. Karolína Trachtová. Overall, the quality of reads was good regarding the content of N bases and per base sequence quality. Most samples exhibited over 90% of duplicates (Figure 9), which might be an indication of low miRNA concentration in the urine supernatant samples. In approximately 95% of all reads, adapters were present from the 30th nucleotide, so in many samples only adapters (QIAseq specific adapter + UMI + Illumina adapter) were sequenced without any real miRNA insert. 
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[bookmark: _Toc47541130]Figure 9. Adapter content plot for all samples.

Three samples showed very few reads and were removed from the subsequent statistical analysis. The mean library size had 12 million reads (a range of 974 thousand to 23 million reads) and after collapsing, libraries kept 2 million of initial reads on average. About 254 thousand of all pre-processed reads were potential miRNA reads of which 44 thousand were successfully mapped to miRNAs; only samples with more than 8,000 reads were included in further statistical analysis. Overall, 37 samples were eligible for expression analysis. Before analysis, libraries were normalized for their size and the batch effect was removed. Figure 10 shows the top ten most expressed miRNAs with the hsa‑let‑7 family being the most frequently detected miRNAs across all the samples. 
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[bookmark: _Toc47541131]Figure 10: Top ten most expressed miRNAs detected in small RNA sequencing of 37 urine samples.

Statistical analysis and miRNA profiling 
The threshold for significantly different levels of miRNAs was set to a fold change greater than 1.5 and p-value less than 0.05. The evaluation involved comparison between indolent and aggressive PCa and comparison of PCa versus BPH plus control group. Based on the selected criteria, the data analysis identified 11 and 12 dysregulated miRNAs for each comparison, respectively. Tables XIX and XX show miRNAs that had significantly different levels between given conditions. 





[bookmark: _Toc47541152]Table XIX: List of significantly dysregulated miRNAs in aggressive vs indolent PCa.
	[bookmark: _Hlk46344238]miRNA
	Base Mean
	Log2 FC
	p-value

	hsa-miR‑451a
	139.34
	-5.16
	0.00008

	hsa-miR‑4454
	16.32
	-2.9
	0.00179

	hsa-miR‑6765‑3p
	3.94
	-3.67
	0.00559

	hsa-miR‑486‑5p
	1787.78
	-2.61
	0.00677

	hsa-miR‑320b
	9.55
	2.38
	0.01359

	hsa-miR‑934
	2.88
	-4.82
	0.01502

	hsa-miR‑27b‑3p
	107.42
	-1.14
	0.02689

	hsa-miR‑130a‑3p
	4.31
	-2.89
	0.03871

	hsa-miR‑222‑3p
	6
	3.34
	0.04388

	hsa-miR‑3065‑3p
	6.49
	-2.23
	0.04471

	hsa-miR‑625‑3p
	14.5
	-3.37
	0.04689

	
Note: Log2 FC; binary logarithm of fold change is negative if given miRNA has lower levels in aggressive PCa compared to indolent PCa



.
[bookmark: _Toc47541153]Table XX: List of significantly dysregulated miRNAs in prostate cancer patients vs BPH + control group. 
	miRNA
	Base Mean
	Log2 FC
	p-value

	hsa-miR‑501‑3p
	6.68
	2.74
	0.00151

	hsa-miR‑191‑5p
	446.07
	0.97
	0.00176

	hsa-miR‑335‑5p
	16.17
	2.07
	0.00662

	hsa-miR‑342‑3p
	125.41
	0.89
	0.01583

	hsa-miR‑92b‑3p
	3.29
	3.51
	0.01783

	hsa-miR‑146a‑5p
	197.95
	1.38
	0.01786

	hsa-miR‑10b‑3p
	4.03
	2.12
	0.01881

	hsa-miR‑4286
	2.92
	-2.7
	0.01993

	hsa-miR‑151b
	4.85
	2.03
	0.02313

	hsa-miR‑196b‑5p
	100.94
	-1.13
	0.0234

	hsa-miR‑130a‑3p
	2.07
	3.25
	0.02363

	hsa-miR‑3168
	97.92
	2.5
	0.02567

	
Note: Log2 FC; binary logarithm of fold change is negative if given miRNA has lower levels in indolent + aggressive group patients compared to BPH + control group






Employed statistical methods for sequencing data analysis also included the hierarchical clustering algorithm. In Figures 11 and 12, the dendrogram is combined with a heat map, which visually differentiates levels of selected miRNAs detected in aggressive vs indolent prostate cancer and in PCa patients vs BPH patients and the healthy control group, respectively. 
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[bookmark: _Toc47541132]Figure 11: Heatmap visualization of sample clustering based on the detected miRNA levels. Selected miRNAs with significantly different levels (p-value < 0.01, log2 normalized) discriminate between indolent and aggressive PCa urine specimens. Samples are clustered according to the similarity of their miRNA profiles. The heat scale illustrates the levels of the detected miRNA. Blue (red) colour means low (high) levels of a given miRNA in a particular sample. In the heat map, columns represent analysed samples and rows depict miRNAs.
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[bookmark: _Toc47541133]Figure 12: Heatmap visualization of sample clustering based on the detected miRNA levels. Selected miRNAs with significantly different levels (p-value < 0.01, log2 normalized) discriminate between a group PCa patients vs a group of BPH and healthy individuals. Samples are clustered according to the similarity of their miRNA profiles. The heat scale illustrates the levels of the detected miRNA. Blue (red) colour means low (high) levels of a given miRNA in a particular sample. In the heat map, columns represent analysed samples and rows depict miRNAs.


[bookmark: _Toc47889332][bookmark: _Toc48161003]Discussion
[bookmark: _Toc47889333][bookmark: _Toc48161004][bookmark: _Hlk47435048]miRNA profiling in tumour tissue 
Prostate cancer is the second most common malignant disease among men. The detection of disease in its early stages is vital for favourable prognosis, but routinely used diagnostic methods such as DRE or PSA testing often lead to overtreatment or unnecessary biopsies. There is an effort to identify new approaches that would allow early detection of the disease and at the same time that their analytical parameters would outperform the standard methods. In this respect, the quantification of miRNAs has a great potential because their expression profiles are characteristic for the particular disease, its progression, or they may further correlate with the clinicopathological characteristics of the tumour. 
In the discovery part of the project, miRNA profiling data demonstrated significant differences in miRNA expression levels between indolent prostate tumour tissue and aggressive type of PCa. Using PCR arrays, we have identified 149 dysregulated miRNAs in prostate cancer, with most miRNAs showing significant upregulation in aggressive tumour. By applying more stringent selection criteria we have narrowed down the number of candidate biomarkers to 11 miRNAs. Some of the selected miRNAs also correspond to other studies’ results in which they have been associated with prostate malignancy or their role in the disease initiation and development has been described. A demonstrative example would be miR‑21‑5p that is found overexpressed in several cancer types including prostate cancer98,126. In prostate malignant tissue, miR‑21‑5p has also been correlated with pathological stage, Gleason score, and BCR127,128. 
For any potential biomarker to be transferred to clinical use, its diagnostic or prognostic performance has to be validated in a larger independent cohort120. Additionally, depending on the profiling technology, an appropriate method of data normalization is crucial for the correct interpretation of the data. In our case, miRNA profiling was performed by the qPCR method and for finding suitable reference genes we utilised Normfinder and Genorm algorithms which were successfully implemented in other studies as well108,129,130. The control genes identified in the discovery cohort were used for data normalization in the training phase. In particular, analysed miR‑30e‑5p was also identified by Huang et al. as a relatively stable endogenous control despite intragroup variation such as age, gender and health condition131. 
Expression of the discussed miRNA in the validation cohort was measured by real-time PCR quantification and statistical analyses evaluated the relationship between miRNAs expression among three prostate cancer risk-groups. From the selected panel of miRNAs, we have successfully validated miR‑15b‑5p and miR‑106b‑5p as single predictors of aggressive or indolent types of prostate tumour (AUCs of 0.771 and 0.755, respectively). The reasoning for choosing the higher specificity (87%) of miR‑106b‑5p at the expense of lower sensitivity (58%) is that we would combine the biomarker with the PSA value to increase its low specificity. The combination of two miRNAs further improved their diagnostic potential with the increase of the AUC to 0.808. Both miRNAs exhibited upregulated expression in aggressive tumour compared to indolent tumour tissue. Apart from their significant discriminatory power for the two groups, they also showed ability to identify tumours characterised by 3+4 Gleason score and differentiate among all three groups of patients. Supporting our results, meaningfully changed levels of both miRNAs in prostate cancer were reported in several other studies.
Significantly dysregulated levels of miR‑15b in prostate tumours were observed in the research by Chen and colleagues. The authors found upregulated levels of miR‑15b‑5p in prostate malignant tissue when compared to nontumor samples. Additionally, they demonstrated that some clinicopathological characteristics such as age and Gleason score were positively correlated with detected miR‑15b levels but other characteristics including lymphatic metastasis, pre‑operative PSA, and T‑stage were not. Patients with increased expression of miR‑15b had higher risk or disease recurrence in comparison to subjects with lower expression levels132. Our data did not associate marked upregulation of miR‑15b with clinical stage or individual grade groups but they confirmed its diagnostic and prognostic potential to differentiate between low, intermediate, and high-risk prostate cancer.
In our study we have also discovered significant association between PSA concentration and a change in miRNA expression levels. Two miRNAs, miR‑103a‑3p and miR‑106b‑5p, can differentiate between patients with PSA levels below 10 ng·µl-1 and patients with PSA above 20 ng·µl-1. In case of miR‑106b‑5p, it can stratify patients based on the PSA cut-off limit of 10 ng·µl-1. Human miR‑106b‑5p belongs to the miR‑106b∼25 cluster that contains two other miRNAs (miR‑25 and miR‑93‑5p, which was among potential markers selected for the validation part of the study). Genes encoding the cluster are located on chromosome seven in intron 13 of minichromosome maintenance protein 7 (MCM7) gene. MCM7 overexpression has been detected in PCa advancement and recurrence and it has been implicated in a range of other malignancies. Experiments with prostate cancer cell lines observed marked upregulation of miR‑106b∼25 cluster relative to non-tumour cell lines133. Poliseno and colleagues found an inverse correlation between the levels of tumour suppressor PTEN and the expression of each miRNA in the cluster. Moreover, the authors showed that the cooperation of miR‑93 and miR‑106b with miR‑25 enhanced PTEN downregulation which indicated their tumour-promoting potential134. Interestingly, in the discovery part our miRNA profiling, both miR‑106b and miR‑93 levels were significantly increased in aggressive prostate cancer, but the difference in expression was not confirmed for miR‑93‑5p in the independent cohort. Ambs et al. observed 1.4-fold change upregulation of miR‑106b‑5p in prostate tumours compared to nontumor tissues135. Jin et al. explored miR‑106b‑5p serum levels in BPH and PCa patients but did not find 
a significant difference in their expression between the two groups136. 
Apart from its association with PSA, miR‑103a‑3p was significantly upregulated in our profiling cohort. Although its ability to discriminate aggressive prostate tumours from indolent tumours was not confirmed in the independent cohort, other research suggests its potential diagnostic role. Aberrant expression of miR‑103a‑3p was investigated in a recent study by Ge et al. Their results indicated markedly decreased levels of miR‑103a‑3p in prostate tumour tissue and cells compared to normal gland and benign hyperplasia tissue. In vitro experiments showed that overexpression of miR‑103a‑3p inhibited cell proliferation, migration, invasion, and induced apoptosis, which was further confirmed by in vivo testing. The authors suggest that miR‑103a‑3p works as a tumour suppressor miRNA by targeting mRNA of TPD52 gene, an oncogene, that promotes cell differentiation and metastatic invasiveness in prostate cancer137. Interestingly, a different group of researchers found upregulated levels of plasma miR‑103a‑3p with malignant prostate disease compared to healthy controls. Their results were validated in an independent cohort and miR‑103a‑3p was included in combination with PSA and let-7a‑5p in a classifier that obtained an AUC of 0.76138. 
[bookmark: _Toc47889334][bookmark: _Toc48161005]miRNA profiling in urine
Apart from tissue, miRNAs have been additionally detected in body fluid as cell-free miRNAs. In this diploma project it has been demonstrated that urine supernatant is a source of potential markers for PCa screening and diagnostics. Urine sampling offers an easy and minimally invasive method for miRNA collection opposed to tissue biopsies and without post-treatment complication. Besides, miRNAs demonstrate a good stability in the urine which is an important attribute of a clinically competent biomarker96. Compared to blood, expression profiles of urine miRNA in PCa have not been extensively studied and the majority of the concerned studies are focused on miRNA determination in extracellular vesicles, urine sediments, or whole urine139. Although urinary EV were found to contain a significantly higher concentration of miRNAs than cell-free urine140, their purification requires the use of specialized equipment such as ultracentrifuges, which is not practical for most clinical diagnostic laboratories3. Whilst miRNAs found in urine supernatant are cell-free and emerge from microvesicles, using urine sediment for miRNA profiling might skew the expression data as the pellet contains also bladder or kidney epithelium cells that have variable proportions to tumour cells among subjects106. For miRNA profiling in the urine supernatant, we have chosen next generation sequencing technology which allows detection of molecules with low abundance and the discovery of novel biomarkers without a priori knowing their sequences141. 
The statistical analysis of the sequencing data identified 11 significantly different levels of miRNAs that can differentiate between indolent and aggressive PCa, with dysregulated levels of miR‑130a‑3p detected in both profiling cohorts (urine and tissue). The analysis also revealed 12 miRNAs with discriminatory power for prostate cancer versus BHP patients and healthy men. Furthermore, the results suggest that we have identified several miRNAs of which dysregulated levels have not been associated with prostate cancer before. Some of the discovered miRNAs, which have already been described in association with prostate cancer pathogenesis, support the results we have obtained in the profiling cohort and suggest the potential role of given miRNAs in prostate cancer detection and prognosis.
[bookmark: _Hlk47881002] Taj-Ahmad and colleagues assayed 894 miRNAs in whole urine using a microarray platform and found 17 dysregulated miRNAs of which five were also detected in our discovery phase. In their study, miR‑451a, miR‑486‑5p, miR‑625‑3p, miR‑92b‑3p and miR‑191‑5p were found with significantly lower levels in the PCa group compared to either the BPH group or healthy men124. For miR‑451a, miR‑486‑5p, and miR‑625‑3p, our sequencing data show lowered levels in the group of patients with aggressive PCa vs indolent PCa. Interestingly, we have observed significant elevation of miR‑92b‑3p and miR‑191‑5p in PCa patients compared to the group of BPH and heathy men combined. 
In a miRNA profiling study, Zaporozhchenko et al. compared levels of 84 miRNAs between urinary extracellular vesicles and the urine supernatant in paired samples of PCa patients, the BPH group and healthy controls. They discovered that almost half of the studied miRNAs had significantly different levels between cell-free urine and urine microvesicles in the group of PCa patients whilst in the group of healthy donors it was only 15 miRNAs. The results of the qPCR array confirmed quantitative differences in distribution between the investigated urinary fractions but some miRNAs, such as miR‑451 and miR‑143‑3p, were found mostly in one fraction. The finding of miR‑451 primarily in urine supernatant could be explained by its filtration from blood where it is highly expressed 142. Several other studies that examined the origin of circulating miRNAs demonstrated that miR‑451, miR‑16, and miR‑486‑5p were most highly expressed in red blood cells and their levels were significantly higher in samples that were affected by haemolysis143–145. Additionally, haematuria is a common symptom experienced by PCa patients at any clinical stage146, as well as by BPH individuals147 so careful consideration should precede any interpretation of the detected levels of miRNAs that have been implicated in hemolysis, or their use as reference genes139,145.
A profiling study by Yasui et al. used a nanowire-anchored microfluidic device for urine extracellular vesicles collection and in situ extractions of miRNAs. The microarray analysis evaluated 2330 miRNA profiles across a number of cancer types including prostate cancer148. In concordance with their published results, we also identified miR‑151b to be significantly elevated in the urine of PCa patients vs BPH and healthy individual groups. Although their sample size was very small (three PCa patients and three healthy controls) and did not include BPH diagnosed men, the results indicate that miR‑151b could be further explored as a possible diagnostic biomarker for PCa. 
In the urine profiling cohort, miR‑130a‑3p was one of the significantly lowered miRNA in the group of high-risk PCa relative to the low-risk group and at the same time it was elevated in PCa opposed to the group of healthy men with BPH diagnosed individuals. Surprisingly, it was overexpressed in the tissue of aggressive tumours compared to the indolent type in our discovery cohort. A study that focused on the epigenetic disruption of miR‑130a‑3p revealed that hypermethylation of its gene promoter occurred in 82% PCa tissue specimens relative to morphologically normal prostate tissue. The authors evaluated the diagnostic potential of miR‑130a‑3p for the discrimination between healthy and PCa tissue and tested its performance also in urine sediments yielding 83.5% sensitivity and 82.3% specificity for PCa detection (AUC=0.89). Additionally, when PCa cell lines were transfected with miR‑130a‑3p, its overexpression decreased cell viability, increased apoptosis and reduced invasive potential suggesting a tumour-suppressor function of miR‑130a‑3p149. 
Our results show that miR‑222‑3p was found significantly lowered in the high-risk PCa group compared to low-risk PCa patients in the discovery cohort. Fredsøe et al. analysed the levels of miR‑222‑3p in the cell-free urine of BPH diagnosed men in comparison to the detected levels in patients with clinically localized PCa and found significantly lowered concentration in the latter group. The diagnostic ability to discriminate between the groups reached AUC=0.87 in the discovery cohort and was further validated in an independent cohort with AUC=0.79. miR‑222‑3p was included in a three-miRNA classifier which showed diagnostic capacity with AUC=0.89.108 Sapre et al. used microRNA profiling in urine and plasma to distinguish between indolent and aggressive prostate cancer. In agreement with our results, they showed significant elevation of miR‑222‑3p in the urine of high-risk PCa patients relative to patients with indolent disease. Furthermore, they developed a classifier based on the combination of miR‑16, miR‑222 and miR‑21 to predict high-risk prostate cancer with an AUC of 0.75 in the discovery phase, although its diagnostic performance was not confirmed in the validation cohort120. 
The inconsistencies emphasise the need for validated methods for extracellular RNA processing and its measurement. Discrepancies among studies’ results may arise from differences in sample collection and its processing, from the chosen method for RNA extraction, RNA quantification, or from the variability in the obtained yield and RNA population complexity due to different sample input. Moreover, diverse expression profiling technologies (qRT-PCR, microarrays, NGS, etc.) produce new sources of bias. Lastly, proper data normalization is crucial for addressing technical variation in sample processing, RNA isolation, and analysis150. 
As far as we are aware, this is the first RNA-sequencing study to investigate miRNA transcriptome of prostate cancer in the non-exosomal fraction of the urine supernatant. Although follow-up validation is needed, this study indicates that urine supernatant could be a valuable source of non-invasive biomarkers that warrant further research.





[bookmark: _Toc47889335][bookmark: _Toc48161006]Summary
Using high-throughput methods we have obtained global expression profiles of tissue and urinary miRNA in patients with prostate cancer. A PCR array platform was used to evaluate miRNA levels in FFPE tumour tissue. Generated expression data revealed 137 upregulated and 12 downregulated miRNAs in high-risk prostate malignancy in comparison to the low-risk disease. Based on their performance, we have chosen the best miRNAs for validation in an independent cohort. Out of 11 selected miRNAs, miR‑15b‑5p and miR‑106b‑5p have shown significant ability to differentiate between aggressive and indolent PCa. Additionally, both miRNAs were able to stratify patients into three groups in accordance with their histopathological grade. We also confirmed a significant correlation of patients’ PSA level with the expression of miR‑103a‑3p and miR‑106b‑5p. Short RNA sequencing identified 11 miRNAs with significantly different levels in the group of patients with indolent PCa versus patients with the aggressive form of the disease. Additionally, 12 miRNAs with significantly changed levels were identified in men diagnosed with prostate malignancy compared to the group that included subjects with benign prostate hyperplasia and healthy donors. The results suggest that identified miRNAs with significantly changed levels between the investigated groups have a potential to refine PCa identification by discriminating between indolent and aggressive types of tumour.
.
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Reditel Ustavu biochemie P¥F MU V4m ve smyslu Studijniho a zkugebniho fadu MU uréuje diplomovou praci s ndzvem:

Nazev prace: Vyuziti mo&ovych a tkafiovych mikroRNA k zpfesnéni diagnostiky karcinomu prostaty

Nazev prace anglicky: The use of urinary and tissue microRNAs to refine prostate cancer diagnostics

Oficidlni zadani:

Karcinom prostaty predstavuje celosvétové druhou nejéastéj$i malignitu mezi muzi. Navzdory vysokeé incidenci a mor-
talité je etiologie i molekuldrni pozad tohoto onemocnéni z velké Easti neobjasnéné a jedinymi potvrzenymi rizikovymi
faktory jsou vy$si vék a rasa. Na zakladé rizika |ze karcinomy prostaty délit na indolentni a agresivni. Zatimco do prvni
skupiny se fadi pomalu rostouci lokalizované nadory, které nepfedstavuji akutni ohrozeni zdravi pacienta, agresivni
formy karcinomu prostaty se vyznaguji rychlym ristem, invazivitou a tvorbou metastédz obvykle vedouci k imrti paci-
enta. Soudasna molekuldrni diagnostika karcinomu prostaty je zaloZzena detekci prostatického specifického antigenu
(PSA) v séru. Pacienti se zvy$enou hladinou PSA jsou indikovani k biopsii prostaty, kterd méa potvrdit pfitomnost
malignity. Pfesto, Ze rutinni testovani PSA neoddiskutovatelné zvysilo detekci karcinomu, md tato metoda nékolik ne-
dostatk a to i pfi kombinaci s dal§imi technikami. Stanoveni hladiny PSA vykazuje velmi nizkou specificitu, protoze
se nejedn4 o molekulu spojenou pouze s vyskytem nadorového onemocnéni — zvy$eny muze byt také v pfipadé be-
nigni hyperplazie prostaty nebo prostatitidy. To miZe u mnoha pfipadu vést k tzv. pfeléceni, kdy je pacient zbytetné
indikovén k biopsii a nasledné terapii i pfesto, Ze se nejedna o zdravi ohrozujici formu. Kromé toho PSA neumoziiuje
stratifikovat pacienty na zakladé agresivity onemocnéni nebo identifikovat pacienty vyzadujici biopsii a benefitujici
z terapie. MikroRNA (miRNA) jsou skupinou krétkych nekddujicich RNA, které hrajf kli¢ové role jak ve fyziologickych
procesech, jako diferenciace, proliferace a apoptdza, tak v rozvoji mnoha onemocnéni véetné nadorovych. Hiadiny
specifickych miRNA jiz byly asociovany s histopatologickymi znaky tumorli, coz naznacuije jejich vyuZiti v ramci dia-
gnostiky karcinomu prostaty. Cilem diplomové préce je pomoci vysokokapacitnich metod detekovat specifické profily
tkdriovych a mogovych miRNA u pacienti s karcinomem prostaty. MiRNA schopné bezpecné odlisit indolentni a
agresivni formy karcinomu prostaty a pfipadné navysit specificitu PSA validovat na nezavislém souboru pacientt.
Studentka zpracuie literdrni reSeri na dané téma a v ramci praktické ¢ésti si osvoji techniky vysokokapacitni analyzy
miRNA (NGS, gPCR array), izolaci NK, RT, gPCR a zdkladni statistické metody.
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